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YBa2Cu3O7−x epitaxial films have been studied by near-field nonlinear microwave and low-temperature
scanning microscopies. A correlation between the half-widths of peaks in the temperature dependences of
third-harmonic power, electron-beam-induced voltage, and the size of the x-ray coherent region �average grain
size� was revealed. According to a two-phase model, the nonlinear microwave response is determined by
intragrain vortex pinning at large grain sizes and by pinning at intergrain boundaries at small grain sizes. The
results of model calculations suggest that a threefold increase in the average grain size can result in a 100-fold
decrease in the nonlinear coefficient of YBa2Cu3O7−x films.
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At present, high-temperature superconducting �HTSC�
films are successfully used in transmission lines, filters, and
antennas.1–3 However, the nonlinearity of the microwave re-
sponse of HTSC films at high power levels gives rise to
intermodulation distortions,4,5 generation of higher harmon-
ics of the basic frequency,6 and higher microwave loss,7

which restricts the applicability range of these films. As it
has been shown earlier, the nonlinear effects in the HTSC
films may be associated both with intrinsic sources of the
nonlinearity and with the real microstructure of a sample. In
particular, the nonlinear microwave response of homoge-
neous superconductors has been attributed to pair-breaking
effect in d-wave4,5,8 or s-wave9 superconductors and nonlin-
earity of a superconductor with a mixed order parameter.10

At the same time, mechanisms of technological origin have
been suggested for explaining the nonlinear microwave prop-
erties of these films: structural defects,9,11,12 edge effects,13

chaotic Josephson boundaries �weak links�,7,14,15 and thermal
nonlinearity.16 However, all the characteristic current densi-
ties jNL for various nonlinearity mechanisms tend to zero at
temperatures close to Tc, and many mechanisms can contrib-
ute to the overall nonlinear response. Therefore, the nature of
the nonlinear microwave response in the vicinity of Tc re-
mains unclear despite the large number of theoretical and
experimental studies devoted to this issue.

Modern microwave superconductor electronics uses suffi-
ciently thick �0.5–1 �m� YBa2Cu3O7−x films. Therefore, the
influence exerted by the microscopic structure of such
YBa2Cu3O7−x films on their nonlinear microwave properties
and electrical parameters was examined in this study. A cor-
relation between the size of the x-ray coherent region �aver-
age grain size� and half-widths of peaks in the temperature
dependences of the third-harmonic �TH� power and electron-
beam-induced voltage �EBIV� signal at temperatures close to
Tc was revealed. It was shown in terms of the effective-
medium model that the nonlinear microwave response is due
to �i� intragrain vortex pinning at large grain sizes and �ii�
pinning at intergrain boundaries at small grain sizes.

Epitaxial YBa2Cu3O7−x films of thickness d=0.7–
0.9 �m were produced by magnetron sputtering from targets
of compositions 1:2:3 and 2:3:5. The films were grown on
LaAlO3 substrates in the Ar/O gas mixture under pressure of

40 Pa at a substrate temperature of 750 °C. The temperature
of the superconducting transition found by means of dc mea-
surements was in the range of 86–92 K, with a transition
region width of 0.15–3.6 K.

YBa2Cu3O7−x films had a depinning current density
jp�77 K� of 105–1.4�106 A/cm2. The value of jp�77 K�
was determined in terms of the Bean model from the residual
magnetic field Bz found by noncontact Hall probe
measurements.17 After the magnetic field was raised to B
�600 Oe, which provided a complete penetration of the
magnetic flux into the film, and was then lowered to zero, the
maximum magnitude of the captured field Bz�x ,y� was deter-
mined by the Hall probe. Then, the value of jp, averaged
over the film surface, was calculated using the formula18 jp
=c max�Bz� /2�d0 ln�L /RH� in terms of the critical-state
model j= jp=const. Here, d0 and L are the thickness and the
linear dimension of the film; RH�250 �m is the parameter
that describes the spatial resolution of the Hall probe.

Statistically averaged structural parameters of the films
were determined by measuring x-ray diffraction curves with
a RIGAKU �DMAX-B /RC� diffractometer in the �-2� scan-
ning mode, with a special collimation scheme aimed to re-
duce the beam divergence ��Cu=1.541 83 Å�. The average
size of the x-ray coherent region was calculated for each
sample �0.19–0.76 �m� by processing the x-ray data with
the mosaic-block model formulas.19 In what follows, by the
average grain size a we mean the average size of the x-ray
coherent region. In particular, the widths of the �005� �-2�
peak for samples with a=660 and 754 nm are 0.05° and
0.04°, respectively.20,21 The epitaxial structure and high crys-
tal quality of studied films were also proven with x-ray dif-
fraction analysis. The full width at half maximum of the
�005� rocking curves estimated by � scan technique was less
than 0.5° for all films.20

Two independent probing techniques were used to reveal
correlations between the structural and electrical parameters.
For local analysis of the nonlinear microwave response, a
near-field nonlinear microwave technique was used.17,22 This
method is based on recording a TH signal using a near-field
probe with inductive coupling. The probe has the form of a
wire, 2 mm long and 50 �m in diameter, which connects the
outer and inner conductors of a coaxial cable. A microwave
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signal with a basic frequency �=472 MHz is nearly totally
reflected because the probe impedance is considerably lower
than the wave impedance of the coaxial cable. This gives rise
to a high density current in the wire, which induces a rather
strong quasistatic magnetic field localized on a scale of the
order of the probe diameter. Higher harmonics are generated
because of the nonlinear properties of a superconducting film
and are picked up by the same probe. The incident power at
the first-harmonic frequency was 100 mW. The half-width
WTH �Fig. 1� of the peak in the temperature dependence of
the TH power P3��T� at temperatures close to Tc was deter-
mined using this near-field technique and the function
WTH�a� was plotted �Fig. 2, open circles�.

The second procedure, low-temperature scanning electron
microscopy23,24 �LTSEM� is based on thermal heating by an
electron beam of a local area of a superconducting micro-
bridge, which changes its local resistivity 	 and the voltage
recorded. This EBIV signal is proportional to the temperature
derivative of the local resistivity of this area �Fig. 1�. This
procedure makes it possible both to determine the tempera-
ture dependence of the local resistivity 	i�T� from the f�Tci�
function, the EBIV-signal curve of single film fragment, and
to plot the distribution function of film fragments over criti-
cal temperatures, F�Tci�. The fragment size of about 4 �m is
defined by the sizes of the probe and heated region. In the
case of LTSEM, a convolution procedure was performed for
the F�Tci�, f�Tci� functions for determining the half-width,
because the temperature dependence of the integral resistiv-
ity may differ from that of local area resistivities. First, the

temperature dependence of the local resistivity of fragments,
	i�T�, was calculated from the curve of the EBIV signal of a
fragment, f�Tci�.24,25 Then, the resistivity �	��T� on a scale of
the order of the microwave probe size was found in the
effective-medium approximation for the two-dimensional
case.25,26 Finally, the reconstructed function SEBIV�T� was
found from the temperature dependence �	��T� on the same
scale. The inset in Fig. 2 shows the half-width of the function
SEBIV�T�, WEBIV�a�. For EBIV measurements, 100
�500 �m2 microbridges with contact pads were fabricated
by ion etching from YBa2Cu3O7−x films studied by near-field
microwave technique. The EBIV signals were measured with
a CamScan Series 4-88 DV 100 electron microscope
equipped with a nitrogen cooling system, ITC temperature
control unit, and an intrachamber preamplifier for reducing
the noise intensity. The standard four-probe measuring
scheme was used. Both the microwave �MW� response and
EBIV signals were measured in the 77–95 K range.

It can be seen from Fig. 2 that the half-widths of the
signals, obtained by two independent techniques, decrease as
the average grain size increases. The inset in Fig. 2 shows
the correlation function between WTH and WEBIV, which dem-
onstrates a fundamental relationship between these param-
eters.

In order to elucidate the physical mechanism by which the
microstructure affects the electrical and microwave param-
eters of HTSC films �Fig. 2�, let us consider a phenomeno-
logical model of a two-phase superconductor: a film that
consists of cylindrical superconducting grains embedded in a
host medium �matrix�. It is assumed in this approach that the
physical properties of the grains and the matrix are the same
for all of the films studied, and samples differ from each
other only in the relative volume fractions of these phases.

FIG. 1. Temperature dependences of the third harmonic power
P3��T� normalized to maximum magnitude P3� max, microbridge
resistivity 	�T� normalized to normal phase resistivity 	n �at T
=300 K�, and temperature dependence of effective critical current
jc�T� normalized to jc�77 K�=5�106 A/cm2 for YBa2Cu3O7−x

film with a=470 nm. The inset represents the temperature depen-
dence of EBIV signal curve normalized to its maximum magnitude.
The figure also shows the critical temperature of superconductor
transition Tc defined with EBIV technique. The main parameters
used in the paper are pointed out: half-widths of peaks in the tem-
perature dependences of third-harmonic power, WTH, and EBIV sig-
nal, WEBIV.

FIG. 2. Half-widths of the TH signal WTH �open circles� and the
pinning current jp �open triangles� vs the average grain size for
YBa2Cu3O7−x. The dashed lines are fitting curves for W�a� and
jp�a�, calculated in terms of the effective-medium model for the
nonlinear response, EBIV signal, and pinning current. Inset: the
experimental and theoretical correlation functions between WTH and
WEBIV parameters obtained at the same grain sizes. Both the MW
response and EBIV signals were measured in the 77–95 K range
and the pinning current at 77 K.
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Thus, the first phase describes the superconducting proper-
ties of a grain, and the second one represents the grain
boundaries in a superconducting film. In particular, this ap-
proach also allows modeling of superconducting grains con-
nected by Josephson junctions �weak links�.7,15

Let us find the current-voltage �I-V� characteristic
�E���j�� of a two-phase medium containing a phase of cylin-
drical inclusions �grains� of radius a and volume fraction p
=V1 /V �where V1 is the total volume of all grains and V the
volume of the superconductor as a whole�. For calculations,
we use the effective-medium approximation25,26 which is
valid at any volume fractions p of inclusions:

p
�	� − 	1�j1,T�
�	� + 	1�j1,T�

+ �1 − p�
�	� − 	2�j2,T�
�	� + 	2�j2,T�

= 0, �1�

where �	�= �E� / �j� is the effective resistivity of the super-
conductor, and 	1=E1�j1 ,T� / j1 and 	2=E2�j2 ,T� / j2 are the
resistivities of the first and second media, respectively. We
use the phenomenological approach for describing the main
specific features of the I-V characteristic of these supercon-
ductors and take as a model dependence the I-V characteris-
tic of a nonhysteretic Josephson junction.27 In this case, the

electric field strengths E1,2
� are related to the current densities

in both media, j1,2
�, by

E1,2
��j1,2,T� = 	n1,2 sgn�j1,2��j1,2

2 − jc1,2
2 �T�

j1,2
�

j1,2
, �2�

where jc1�T� and jc2�T� and 	n1 and 	n2 are the critical cur-
rent densities and resistivities of these phases, respectively.
Further, we assume that the effective current density �j� in
the superconductor is given by

�j� = pj1 + �1 − p�j2, �3�

where j1 and j2 are the current densities in the grains and
matrix, respectively. Finally, taking into account the expres-
sion for the effective electric field strength �E�,

�E� = pE1�j1,T� + �1 − p�E2�j2,T� , �4�

and solving numerically the system of equations �1�–�4�, we
can determine �E� and the I-V characteristic of the composite
two-phase superconductor, �E���j��.

The results of a numerical fitting to the dependence of
WTH and WEBIV on the average grain size a, performed in
terms of the effective-medium model, are also shown in Fig.
2 and its inset �dashed lines�. It was assumed that the depen-
dence of p on the grain size is given by the following
expression:7

p�a� = 	 a

a + d

2

, �5�

where d is a phenomenological parameter characterizing the
linear dimension of the intergrain medium. Experimental
data on WTH�a�, WEBIV�a�, and jp�77 K��a� were fitted with
jc�a�, W�a� theoretical curves with least-squares method re-
garding jc1�77 K�, jc2�77 K�, and d as model fitting param-
eters. These theoretical dependences jc�a� and W�a� were

found by means of I-V characteristics of two-phase medium
�E���j�� calculated for various grain sizes with expression
�5�.

It can be seen from Fig. 2 that, as the average grain size a
increases and, consequently, so does the volume fraction of
inclusions, p�a2, the half-widths WTH and WEBIV, i.e., the
width of the superconducting transition, decrease. It follows
from the model calculation that such a dependence can exist
if the medium consists of single crystals �grains� embedded
in a superconducting matrix with a suppressed critical cur-
rent jc1�T�
 jc2�T�. In this case, the current starts to concen-
trate in grains as the volume of the single-crystal phase in the
superconductor grows, and this leads to an increase in the
effective current density of the superconductor, �jc�.

According to the two-phase model, an increase in jc�a�
leads to a decrease in W�a� as a grows. Experiments in
which the depinning current density jp was measured at vari-
ous grain sizes a �Fig. 2, open triangles� also demonstrated a
good qualitative and quantitative agreement with the model
of a two-phase superconductor: the half-widths WTH and
WEBIV decrease as the average grain size grows, and this
occurs because of the increase in jp. Thus, the presence of
the experimental correlations between WTH, WEBIV, and
jp�77 K� suggests that the nonlinear and transport properties
of YBa2Cu3O7−x films are determined by a vortex pinning.
This model conclusion is proven by the presence of the
pointed out experimental correlations between WTH, WEBIV,
and jp�77 K� with statistically significant correlation coeffi-
cient R �R=0.81, �R=0.72�.28

Note also that generally, the critical current in a supercon-
ductor can be determined both by a bulk pinning and the
presence of edge and/or surface barrier. However, local tech-
niques have allowed us to avoid influence of the edge effects
on the measurements of the TH signal and the EBIV signal.
In particular, in the near-field nonlinear microwave micros-
copy case, the probe was placed in the film center. It has
allowed us to exclude the vortex penetration through the film
edges, because the magnetic field has been localized on a
scale of the order of the probe diameter of �50 �m. In the
EBIV case, scanning of the sample was also made at dis-
tances at which the edge barrier did not influence on our
measurements. Therefore, we think that in our case, a critical
current in the epitaxial YBa2Cu3O7−x films is determined by
the bulk pinning, and the edge and/or surface barrier can be
neglected at measurements of the TH power and EBIV sig-
nal.

Further, since the two-phase model predicts that the su-
perconducting properties are controlled only by the intra- or
intergrain medium at p=1 or p=0, one can obtain the limit-
ing parameters of the material, namely, the critical currents
of intragrain jc1�77 K� and intergrain jc2�77 K� media using
the theoretical dependences jc�a� and W�a�. To evaluate
these parameters at temperatures close to Tc, linear tempera-
ture dependences of the critical currents jc1,2�T�
= jc1,2

0 �1-T /Tc� were chosen because they were in agreement
with the temperature dependence of jp�T� of the films stud-
ied. Thus, the critical pinning currents jp1�77 K�=1.4
�106 A/cm2 for intragrain medium and jp2�77 K�
=105 A/cm2 for intergrain medium are well consistent with
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the critical currents for both media, obtained by calculations
in terms of the two-phase superconductor model: �a� TH sig-
nal, jc1�77 K�=2.5�106 A/cm2 and jc2�77 K�=105 A/cm2;
�b� EBIV signal, jc1�77 K�=4�106 A/cm2 and jc2�77 K�
=3�105 A/cm2. Thus, the phenomenological model of the
superconductor suggests that the nonlinear and transport
properties of YBa2Cu3O7−x films near Tc are determined by
intragrain vortex pinning at large grain sizes and by pinning
at intergrain boundaries at small grain sizes.

It should also be noted that it follows from the experimen-
tal dependences �Fig. 2� that a threefold increase in the av-
erage grain size leads to a sixfold decrease in WEBIV and a
tenfold decrease in WTH and to an order-of-magnitude rise in
the critical pinning current jp of the superconductor. It is well
known that, in the weak-signal approximation, i.e., at a cur-
rent density j much less than a critical current density jc, E�j�
can be written as29 E=��T�j+�T�j3, and the nonlinear co-
efficient �T� is inversely proportional to a squared charac-
teristic nonlinearity current density of the superconductor
jNL, �T�� 1

jc
2�T� .

7,17 In this case, a threefold increase in the

average grain size leads to a 100-fold decrease in the nonlin-
ear coefficient. Such a decrease in �T� results in a 104-fold
reduction of the intermodulation level and third-harmonic
power because the third-harmonic power quadratically de-
pends on the nonlinear coefficient,30 P3��E3�

2 �2� jNL
−4 .

This diminishes intermodulation distortions of the signal,
loss, and heating in superconducting microwave devices,16

thereby extending the applicability range of YBa2Cu3O7−x
films.

Finally, we would like to tell some words about the con-
trol method of the grain size. It is known that in the magne-

tron technique case, the average grain size of the epitaxial
YBa2Cu3O7−x films can be controlled by the film growth
conditions and, primarily, by the substrate temperature and
composition of targets. At various growth conditions, the av-
erage size of the x-ray coherent region may be varied in the
range of 0.05–1 �m.7,31 Therefore, the film manufacturing
process allows us to obtain the film with given average grain
size by means of optimization of these technological param-
eters. Thus, the average grain size can be used as a control-
lable parameter for improving of the nonlinear properties in
YBa2Cu3O7−x films.

In summary, the effect of the microstructure of
YBa2Cu3O7−x films on their nonlinear microwave properties
and electrical parameters was studied. A correlation between
the half-widths WTH and WEBIV and the size of the x-ray
coherent region �average grain size� was experimentally re-
vealed. At temperatures close to Tc, the contributions to the
nonlinear microwave response from intragrain and intergrain
vortex pinning were distinguished in the framework of the
phenomenological model of a two-phase superconductor.
The possibility of diminishing the nonlinear effects in
YBa2Cu3O7−x films by making the average grain size larger
was demonstrated.
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