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Temperature dependences of the microwave surface impedance, Zs(T), are measured in the
c-axis oriented single-crystal high-Tc superconducting cuprate YBa2Cu3O7–� (YBCO) thin films
deposited by the off-axis dc magnetron sputtering onto CeO2-buffered single-crystal sapphire
substrates (film thickness is d � 150, 300, 480 nm). Measurements are performed by a use of the
coplanar resonator as well as the end-plate cylindrical cavity resonator techniques at a number of
several discrete frequencies within the range of 5–134 GHz. The measurements have revealed
unexpected peculiarities on the Zs(T)-dependences for the most perfect films under study. The
peculiarities appear to be most strongly pronounced on the temperature dependences of the film
surface resistance Rs(T) = Re {Zs(T)}. The most important features of the unusual surface
resistance behavior are: (i) the temperature dependence Rs(T) of YBCO films under study at low
temperatures obeys the exponential law: Rs(T) = Rres + R0 exp [–�s/T] with the small energy gap
�s (�s � 0.5Tc at f = 5 GHz); (ii) the most perfect films reveal a distinct two-peak structure of the
Rs(T) dependence with peaks positioned at 27–30 K and 48–51 K, while such peaks are not
observed in less perfect films. The peaks are mostly pronounced at moderate (e.g. 34 GHz)
frequencies and gradually disappear both at higher and lower frequencies, while their temperature
positions remain unchanged. These features of perfect single-crystalline YBCO films are believed
to reveal their intrinsic electron properties. Taking into account the possibility of a mixed
(s+id)-type pairing symmetry as well as a significant role of extended out-of-plane crystal defects
(such as dislocation lines or twin planes) in Bogolyubov’s quasiparticle scattering within the most
perfect YBCO films, one can suggest a consistent explanation for the anomalies observed in the
Zs(T) behavior.
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1. Introduction

Studies of microwave properties of high-Tc super-
conducting cuprates (HTS) are known to be one of the
most effective and fruitful methods which provide rich
information concerning electron properties and
mechanisms of superconductivity in these materials.
Measurements of the microwave surface impedance
Zs(T, �) = Rs(T,�) + iXs(T,�) of high quality HTS

single crystals or perfect single-crystalline films
provide information on two general aspects of the
superconducting state: the superfluid density and
quasiparticle excitations from the condensate. Measu-
rements of the imaginary part of the surface im-
pedance Xs(T,�) provide a direct measure of the
penetration depth �(T), while measurements of the
real part of the surface impedance Rs(T) combined
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with data on �(T) determine the real part �1 of the
microwave conductivity �(T,�) = �1(T,�) – i�2(T,�),
that in turn yield complementary information on the
microscopic electronic properties of HTS, such as:
low-energy quasiparticle excitations from the super-
fluid condensate, their scattering rate and density of
states, the symmetry of Cooper pairing, etc. Numerous
experimental and theoretical studies of microwave re-
sponse, carried out during the last decade, revealed a
lot of interesting features of the superconducting state
in HTS metal-oxide compounds and partly shed light
on the nature of superconductivity in these materials.
For instance, the d-wave scenario of electron pairing
symmetry in HTS is strongly supported by the data of
microwave measurements [1–9]. However, all the
features of the microwave response of HTS are not
clear enough at present. In particular, it concerns a
nature of the residual resistance, Rres(�), microwave
conductivity spectrum �(T,�), energy dependence of
quasiparticles density of states and relaxation rate, a
role of crystal defects of the different dimensionality
and collective modes in quasiparticles scattering, etc.
There are still a number of difficulties in under-
standing and explanation some experimental results
on microwave properties of HTS cuprates in the
framework of existing theoretical models [10–16].

One of the most pronounced peculiarities in micro-
wave response of perfect single crystals and epitaxial
thin films is nonmonotonous temperature dependence
of the surface resistance, Rs(T), observed up to now in
different HTS cuprates. In particular, the temperature
dependence Rs(T) in YBa2Cu3O7–� (YBCO) perfect
single crystals [1,3–5,7,8] and epitaxially grown
single-crystalline thin films [2,6,17] experimentally
observed by different groups, turned out to be non-
monotonous and revealed a pronounced peak at
T � Tc/2. The temperature position and the height of
the peak depend upon the frequency and crystal per-
fection. Such a peculiarity in Rs(T) appears to be very
sensitive to the crystal defect density. For instance,
impurities (i.e., point defects) suppress the peak in
Rs(T) [1,17]. Analysis of the experimental data based
on the phenomenological approach [4,7,18–22], as-
suming the Drude form of microwave conducti-
vity for thermally excited quasiparticles �(T,�) =
= (nq(T)e2/m)[i� + 1/�]–1, sheds a light on the
nature of observed broad peaks on Rs(T) curves and
explains also (at least qualitatively) its frequency
dependence and suppression of the peak by impurities.
This approach also allows one to extract the value of
quasiparticle relaxation time �(T) directly from
microwave measurements of Rs(T). It was demon-
strated that �(T) in perfect single crystals appears to
be strongly increasing with the temperature reduction

and reaches the saturation value of order
10–10–10–11 s at low temperatures (below 20 K) [4,7].

In the present work Zs(T,�) dependences of
perfect quasi-single-crystalline YBCO films deposited
on CeO2 buffered sapphire substrates are studied in
order to establish relation between the microwave
response and electron structure of the films under
study, as well as their defect nanostructure. We have
observed a distinct exponential type of Rs(T)
dependence at low temperatures for our films: Rs(T) =
= Rres + R0 exp [—�s/T], characterized by a small
gap value (�s � 0.5Tc), thus confirming the result of
M. Hein et. al. [23] for this sort of YBCO films. On
the other hand, we demonstrate that for the most
perfect epitaxially grown single-crystalline YBCO
films the nonmonotonous character of Rs(T) can be
even more complicated than it was observed before:
for such films our experiments have revealed two
distinct rather narrow peaks on Rs(T) curves, po-
sitioned at quite different temperatures: T1 = 27–30 K
and T2 = 48–51 K [24]. This observation clearly
indicates that the microscopic scenario of electron
properties in HTS cuprates (like YBCO) is more
intriguing and sophisticated, than it was assumed
before. We suggest a theoretical explanation of ob-
served results based on two main assumptions: (i) ani-
sotropic (s + id) electron pairing ; (ii) the dominant
role of extended defects (c-axis aligned edge dis-
locations or twin planes) in the quasi-particle scat-
tering. Such assumptions appear to be sufficient to
explain the anomalous behavior observed in Zs(T,�)
dependences and also to understand their difference
from those, observed in single crystals as well as in
other (less perfect) YBCO films.

2. Phenomenology of HTS cuprate microwave
response (two-fluid model)

In the framework of a phenomenological approach
in general the surface impedance of any supercon-
ductor can be described as (see, e.g., the review papers
[3,18]):

Z T R T iX Ts s s( , ) ( , ) ( , )� � �� � �
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where Rs and Xs are the surface resistance and the
surface reactance respectively; � = 2�f – is the an-
gular frequency; �0 – is the magnetic permeability of
free space; �1 and �2 are the real and imaginary parts
of ac conductivity. Accordingly to the two-fluid mo-
del of superconducting state, the components of ac
conductivity are:
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where e and m* are the electron charge and effective
mass, respectively; nN and nS are densities of normal
and superfluid carriers; � is the relaxation time of
normal carriers. The two-fluid model suggests that
the following conservation law for densities nN(T)
and nS(T) is hold:

n T n T nN S( ) ( )� � 0, (4)

where n0 is the density of carriers above Tc. The
original two-fluid model, as well as its derivation
from the microscopic theory, also suggests that all
carriers become superconducting at T = 0 and nN(0) =
= 0. Meanwhile, the numerous attempts of adjust-
ment of the phenomenological two-fluid model de-
scription for experiments on microwave properties of
HTS single crystals and thin films [18–23] led to the
inevitable conclusion that there is some fraction of
the unpaired normal carriers at T = 0, which are
responsible for the residual surface resistance Rres =
= Rs(T = 0), usually observed in experiments (es-
pecially in HTS cuprate thin films). Of course, these
unpaired normal carriers most probably are spatially
separated from the remaining superconducting part of
material and concentrate near the surface or interface
layer (or holes of order parameter in the film’s in-
terior). But in the framework of effective media
theory to account this fraction of unpaired electrons
at low temperatures it is usually assumed that the
normal carriers density nN(T) in HTS cuprates is:

n T n n n F tN ( ) ( ) ( )� � �res res0 , (5)

where t = T/Tc is the reduced temperature, and F(t)
is monotonously increasing function within the range
0 < t <1 with F(0) = 0 and F(1) = 1 (see e.g. [23]).
In order to fit the experimental data usually one has
to choose empirical F(t) in a polynomial form, for
instance: F(t) = tn with n � 1. This form is also
consistent with a scenario of d-wave pairing, which
predicts rather slow (quasi-linear) lessening of the
normal quasiparticles density with a temperature
decrease due to nodes in the gap function �(p) of
d-wave superconductors [10]. Nevertheless, for some
cases the best fitting of experimental data on Rs(T)
can be attained for other choice of function F(t),
e.g., an exponential one: F(t) � exp (—�/t). For

instance, as was thoroughly demonstrated in [23],
this kind of F(t) with a rather small value � � ��/Tc
� 0.8 takes the place for perfect YBCO films de-
posited on sapphire, while for another kind of sub-
strates (MgO, LaAlO3) the polynomial type of F(t)
dependence looks more appropriate. Our measure-
ments of the Rs(T) dependence performed on the
quasi-single-crystalline YBCO films deposited on
CeO2-buffered sapphire substrates by a use of the dc
off-axis magnetron sputtering technique also demon-
strate the exponential form of the surface resistance
Rs(T) at low temperatures (see the next Section),
thus confirming the result of the work [23]. This
result seems to be important for understanding the
nature of superconducting state in HTS materials, as
it indicates that at least in the case under study
(YBCO films on sapphire) there is no pure gapless
superconducting state, predicting by widely accepted
for YBCO cuprate (both single crystals and thin
films) the scenario of dx y2 2

�
symmetry of the order

parameter with nodes. The other important charac-
teristic of superconducting state, which determines
the microwave conductivity (2), (3) and the surface
impedance (1), is the relaxation time �(T) of normal
carriers. Basing on the phenomenological analysis of
numerous experimental data on Rs(T) of HTS single
crystals [3–7,19–22] and thin films [17,18,23], it was
shown that the most appropriate temperature de-
pendence �(T) has the form:
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�
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1
, (6)

where g = �(0)/�(1) �� 1; m = 3–5. Eq. (6) describes
the strong enhancement of the quasi-particle re-
laxation time �(T) when temperature lowers below Tc
and its saturation at low temperatures [4]. This type
of the �(T)-dependence is usually ascribed to com-
bined effect of different scattering mechanisms: elect-
ron–impurity, electron–phonon, etc. An analysis of
the experimental data on Rs(T) in the most perfect
HTS single crystals and thin films [3–7,17–23] re-
veals that at low temperatures �(T) can reach large
enough values of order 10–11–10–10 s. The latter means
in the GHz frequency range that usually used in
microwave measurements the condition ��(T) = 1 can
be met at T < Tc and the frequency dependence of the
quasi-particle conductivity, given within the pheno-
menological approach by Eqs. (2), (3), becomes es-
sential. At not too high temperatures below Tc one
usually has: �1 << �2. In this case, as it follows from
(1)–(3), the surface resistance Rs and reactance Xs
can be easily expressed in a convenient form through
the real part of conductivity �1(T,�) and ac
penetration depth �(T,�):
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where � �L sm / n T e� * ( )0
2 is the London penetration

depth and �� �qp T( , ) is an addition to the ac pe-
netration depth due to the quasi-particle screening,
which emerges at ��(T) � 1. One of the most in-
teresting features, observed in microwave studies of
perfect HTS cuprate single crystals and thin films, is
the emergence of broad enough peaks on temperature
dependences of the surface resistance Rs(T) and
conductivity �1(T). Such kind of a nonmonotonous
behavior of the Rs(T) dependence, schematically
shown in Fig. 1, is characterized by a shift of this
broad peak position on the temperature scale to
higher temperatures, when the frequency increases. In
general, as it follows from (2), (7), this peak results
from the temperature dependences of nN(t) and �(T)
and its maximum position Tp approximately cor-
responds to the condition ��(Tp) = 1 [4]. Addition of
impurities increases the scattering rate and suppresses
the peak, as it was shown both for YBCO single
crystals and perfect epitaxial films [1,17]. Thus, to
observe such a type of nonmonotonous behavior in the
GHz frequency range one should have a highly per-
fect HTS cuprate material with a high value of
quasi-particle relaxation time (at least � 10–11 s, as it
was mentioned above).

Despite the prevalence of phenomenological two-
fluid approach to explanation of microwave properties
of HTS it is not possible to understand all features and
peculiarities of the microwave response in the cuprate
materials and more deep insight based on microscopic
theory is to be needed. First of all it concerns the

symmetry of order parameter, quasi-particle density,
and relaxation time. For instance, recently it was
shown that the quasi-particle relaxation rate �

–1(T)
exhibits a linear temperature dependence at low tem-
peratures for different HTS cuprate single crystals
(Bi2Sr2CaCu2O8+� , Tl2Ba2CuO6+� , YBa2Cu3O6,52)
[9], which is consistent with the predictions of the
microscopic theory [10] for the case of pure d-wave
pairing with line nodes and weak elastic quasi-particle
scattering. Detailed measurements of quasi-particle
conductivity spectrum in Ortho-I YBa2Cu3O6,993 and
Ortho-II YBa2Cu3O6,52 single crystals, performed by
use of a novel broadband spectrometer in the range
1–21 GHz [8], have revealed that the microwave con-
ductivity �1 differs from the simple Drude form (2)
and obeys the empirical law:
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with the exponent y � 1.67 (for Ortho-I
YBa2Cu3O6.993) and y � 1.45 (for Ortho-II
YBa2Cu3O6.52). Such a difference of experimental �1
(�) dependence from that given by Drude law (2)
points out that for analysis of these features one has
to use more precise expression for microwave con-
ductivity, e.g., that given by microscopic theory [10]:
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where N(	) is electron density of states; f(	) is the
Fermi distribution function; �(	) is the energy-depen-
dent quasi-particle relaxation time.

In what follows we demonstrate that peculiarities
of the microwave surface resistance observed in our
experiments performed on highly perfect quasi-
single-crystalline YBCO films, deposited on CeO2-
buffered sapphire substrates, can be explained on the
base of Eq. (10) with additional assumptions about
s+id type symmetry of the order parameter and the
dominant role of extended c-oriented defects in quasi-
particle scattering.

3. Experimental

Microwave measurements of YBCO films under
study are performed by a use of two different tech-
niques: a) coplanar resonator technique [25] which
allows one to measure the surface resistance of films
under study at frequencies f = 5.25; 8; 17.75; 21 GHz;
b) an end-plate cavity resonator technique [24] which
extends the frequency range to higher frequencies: f =
= 34, 65, and 134 GHz. Several dc off-axis magnetron
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Fig. 1. Nonmonotonous surface temperature dependence of
the resistance in perfect HTS single crystal (thin film) at
different frequencies f1<f2<f3. It is shown schematically;
see, e.g. [4,17]. When frequency increases the peak smears
while its position shifts to higher temperatures.



sputtered (OMS) as well as pulse laser deposited
(PLD) YBCO films on CeO2-buffered r-cut
single-crystal sapphire substrates have been measured
in the temperature range 18–100 K. The film thickness
is varied from 150 to 480 nm, and their structure and
surface perfection is verified by x-ray diffractometry,
TEM, HREM and AFM. The results of the microwave
measurements are shown in Figs. 2–5. Fig. 2 de-
monstrates the Rs(T) dependence for the OMS film
measured at f = 5 GHz by a use of the coplanar
resonator technique. The plot is shown in a semi-log
scale vs. Tc/T. This distinctly indicates the ex-
ponential type of Rs(T) dependence at low tem-
perature with the energy gap value �s/Tc � 0.5. Such
a result confirms the previous observation [23] which
also demonstrated existence of a smaller gap (�s �
0.8Tc) in the quasi-particle spectrum for similar films.
We suppose that evidence of the small gap in the
Rs(T) dependence (and, correspondingly, in the
quasi-particle spectrum) is consistent with a scenario
of the mixed (s+id-type) electron pairing with the
small admixture of s-wave component to the pure
dx y2 2

�
pairing, usually assuming for the perfect

YBCO single crystals. This admixture [42,43] can
arise because of enhanced (compared to that in single
crystals) quasi-particle scattering due to the addi-
tional static disorder inherent to the films structure,
such as: different growth-induced crystal structure
defects of films [26–38] like internal low-angle boun-
daries, dislocations, stacking faults, twin bounda-
ries, etc.

Figure 3 demonstrates the temperature dependence
of ac penetration depth �(T), measured at several

frequencies by a use of coplanar resonator technique.
This dependence can be fitted well by an empirical
law:

�
�

( )T
tn

�
�

0

1
; n � 2

For the most perfect quasi-single-crystalline OMS
films the anomalous two-peak temperature depen-
dences of the microwave surface resistance, Rs(T),
are observed at higher frequencies (see Figs. 4, 5)
[24]. Microwave measurements in this case are per-
formed with a use of cylindrical pure copper cavities
2, 4 and 8 mm in diameter. The film under study is
exposed to the microwave field as one of the flat base
of the copper cavity. The measurements are done using
H011 mode at frequencies 134, 65, and 34 GHz. The
OMS films with very smooth surface and the residual
resistance at 20 K not higher than 6–8 m% revealed a
distinct two-peak structure in the Rs(T) dependence
with peaks at 27–30 K and 48–51 K (Fig. 4). These
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Fig. 2. Rs(T) dependence of YBa2Cu3O7–� film on sap-
phire substrate measured by coplanar resonator technique
at f = 5 GHz (semi-log scale). The straight line corresponds
to the exponential temperature dependence of Rs(T):
Rs(T) = Rres + R0�exp (–�s/T) with the small gap value
� s cT� 05, [23].
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Fig. 4. Rs(T) for two OMS films 35 and 10 at different
frequencies. Rs(T) for Cu is shown for comparison.



peaks become much more pronounced at the lowest
frequency used in these experiments (34 GHz) and for
thinner films, while their temperature positions re-
main almost unchanged. Figure 6 demonstrates that
these peaks can be also seen in the �ac(T) dependences
. For less perfect (e.g., PLD) films, characterized by a
higher density of linear defects, stacking faults, not so
smooth surface, and much smaller size of the single-
crystalline domains with disordered low-angle tilt
boundaries, the Rs(T) dependences appear to be
monotonous and similar to those obtained in previous
works [2,26,27]. The observed two-peak feature
of Rs(T) is believed to be an intrinsic microscopic
feature of the most perfect quasi-single-crystalline
YBCO films. This dependence differs from that of
high quality YBCO single crystals, for which the sole
peak in the Rs(T)-dependence (see Fig. 1) was de-
tected [1,4–6,17] but much broader one and strongly
dependent upon the frequency of experiment. In Fig. 5
the two-peak dependences of Rs(T) normalized by �2

for one of the most perfect YBCO film are presented
at three different frequencies.

The substantial difference between Rs(T) values of
YBCO epitaxially grown highly biaxially-oriented
films and YBCO single crystals is shown to exist,
increasing with temperature, T � Tc. One may sup-
pose that this difference arises due to essentially
different crystal defect structure in YBCO epitaxial
films and single crystals.

Highly perfect quasi-single-crystalline YBa2Cu3O7–�
films exhibit several times higher microwave surface
resistance than perfect YBCO single crystals. A dif-
ferent dimensionality of crystal defects in YBCO
single crystals and thin films probably is responsible
for the difference. Two major types of crystal defects
(point and planar ones, i.e., oxygen vacancies and
twins) are known to be the most essential and defining
YBCO single crystal electromagnetic behavior. In a
contrary, linear defects are currently shown to be most
important for the films. Despite the perfect crystal-
linity, different types of linear defects, e.g. dislo-
cations, as well as dislocation arrays, have been
identified by TEM/HREM in YBCO films. In order
to understand the high-frequency electromagnetic be-
havior of YBCO films, the existence of arrays of edge
dislocations in YBCO films should be taken into
account, in particular, out-of-plane edge dislocations,
associated with low-angle tilt dislocation boundaries.
TEM/HREM/XRD/AFM characterization of the
films under study revealed a smooth surface (peak-
to-valley is 2 nm), high average in-plane density of
out-of-plane edge dislocations (1011 – 1010 cm–2) and
a large size of single-crystalline domains (<D> =
= 100–250 nm), which are separated by low-angle
dislocation boundaries with in-plane misalignment of
1–2& [26–31]. Linear defects, in particular, out-of-
plane edge («threading») dislocations have been pro-
ven to play a remarkable role in the value and
temperature dependence of the microwave surface
resistance in epitaxial YBCO films due to extended
stress–strain fields around a normal dislocation core.
The contribution out-of-plane edge dislocation to the
Rs increases with temperature due to the proximity
effect. The area with suppressed superconducting
order parameter can be estimated as about 8'10–13 cm2

per dislocation at 77 K [27].

4. Theoretical model

The value of microwave surface impedance Zs(T,�)
in a linear regime at zero applied dc magnetic field is
directly determined by the real part �1(T,�) of high-
frequency electron conductivity �(T,�) = �1(T,�) –
– i�2(T,�) of a superconductor (see Sec. 2,
Eqs. (1)–(3), (7), (8)). Thus, the observed exponen-
tial low-temperature dependence and peaks on Rs(T)
dependence reveal also the temperature dependence of
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�1(T,�). Similarly, peaks in Xs(T) and �(T) de-
pendencies, accordingly to Eqs. (7) and (8), are
related to contribution of the normal component of
electron fluid. The �1(T,�) value is generally ascribed
to contribution of the «normal» component of
electron fluid to the ac conductivity (Sec. 2). It
should be mentioned that the phenomenological
«two-fluid» model, which is frequently used for de-
scription of microwave properties of superconductors
[1,3,4,17–23], also follows from the microscopic BCS
theory. A very essential feature of the microscopic
approach is that the role of normal component of
electron fluid in superconductor is played by a gas of
Bogolyubov quasi-particles, which are determined as a
superposition of electron and hole states in a normal
Fermi liquid. Due to this circumstance, the normal
electron fluid in superconductors has quite different
properties compared to that in a normal metal [39,40].
We will take into account the peculiarities of the
«normal» electron fluid of Bogolyubov quasi-particles
in superconductor and will show that the principal
features of HTS microwave response, including the
observed two peaks of Rs(T) and Xs(T) dependencies,
can be qualitatively explained using the Boltzmann
kinetic equation approach for Bogolyubov quasi-
particles with certain additional assumptions about
the symmetry of superconducting state in HTS and its
dependence on the concentration of static defects
(impurities, oxygen vacancies, dislocations, etc.).
Namely, we will assume that the case of anisotropic
s + id pairing is realized [41–43] (see Fig. 7):

�p = �0 + i
�1 cos (2�), � = arctan (p
y

/p
x
) (11)

and the relation between isotropic �0 and angle-
dependent �1 components of the pairing potential �p,

described by Eq. (11), is rather sensitive to the defect
concentration and to different kind of borders (e.g.,
film surfaces and twin boundaries) [42,43].

In order to calculate the contribution of Bogo-
lyubov quasi-particles to the conductivity value at
microwave frequencies we will use the Boltzman
kinetic equation for nonequilibrium distribution func-
tion of quasi-particles f(p). This approach is well
known and was widely used for theoretical con-
sideration of electron kinetic properties in normal
metals [44]. Due to its relative simplicity it allows in
principle to take into account peculiarities of electron
spectrum and Fermi surface in HTS cuprates [45,46]
as well as different mechanisms of electron scattering.
This approach was argued on the base of the micro-
scopic BCS theory in the quasi-classical limit for
quasiparticles in superconducting state [47–49]. The
Boltzman equation in this case may be written in the
form [47]:

�

�
�

�

�
�
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�
�

�f

t
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f
e E t

f f f
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( ) * ( ) ( , )

( )
p

r
r

pp�
� �

0 0 , (12)

where � (p p p� �2 2� is the energy of quasi-particle;
(p = vF(p — pF) is the energy of a normal electron in
a vicinity of the Fermi surface; vF and pF are the
Fermi velocity and momentum, respectively; f0 is the
equilibrium Fermi distribution function of quasipar-
ticles; vg(p) = vF(p)((p/�p) is the group velocity of
quasiparticles, e*(p) = e'((p/�p) is the quasiparticle
charge (which is different from the normal electron
charge e, because a Bogolyubov quasiparticle is a
superposition of electron and hole states in the Fermi
liquid [40]); �(�p) is the relaxation time of quasi-
particles, which in the case of elastic scattering by
static defects can be calculated from the following
well known expression [40,44]:

	 	� �
)

� � �
)

�

� �� * �
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�1 2 2
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3
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,p p p p pp p
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M l

d p
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.

(13)

Integration in Eq. (13) is performed in the vicinity of
the Fermi surface. Mp,p� is the matrix element of
electron scattering on the defect; l(p,p*) is the so-cal-
led «coherence factor»:

l2 1( , )p p
p p p p

p p
* � �

�� �

�

( (

� �

� �
, (14)

which describes the difference between scattering of
quasiparticles comparatively to usual electrons in the
framework of BCS theory [40,44] and provides a
strong dependence of the relaxation time on the
quasiparticle energy even in the case of elastic scat-
tering on static defects. In the case of isotropic s-wave
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Fig. 7. Schematic representation of the order parameter
anisotropy and quasi-particle scattering in the case of
s + id symmetry of Cooper pairing.



pairing and scattering on point-like defects this de-
pendence can be estimated as [47]:

�
i
(�p) � �

n
(�p/(p). (15)

So, �i(�p) diverges at the edge of the gap, when
p � pF and the group velocity vg goes to zero. For
the sake of simplicity we have assumed in Eq. (13)
that all defects in the crystal lattice are identical and
can be characterized by the same matrix element
Mp,p�. If there are several sorts of scattering defects,
e.g., point-like (oxygen vacancies) and extended ones
(dislocations, twin boundaries) oriented along the
c-axis, as they usually are in the case of cuprate
epitaxial films and as it was discussed in the previous
section, it follows from Eq. (13) that:

� � � � � �� � �� �1 1 1( ) ( ) ( )p p pi ext . (16)

The energy dependences of the relaxation rates in the
right hand side of Eq. (16) for point-like and ex-
tended defects may be quite different because point
like defects can scatter electrons in all directions of
the momentum space, while scattering on extended
defects can proceed only with a conservation of mo-
mentum along the c-axis. This becomes especially
important for layered HTS materials, where electrons
move mainly within CuO2 layers. In the case of
d-wave or assumed s + id (or other type) anisotropic
pairing, an additional strong dependence of the re-
laxation time on the quasi-particles energy �p has to
appear due to a confinement of momentum space,
where the quasi-particles can be scattered, with a
decrease of �p. This effect follows directly from
Eq. (13) due to the �-function term in the integrand.
In a certain sense, this effect can be considered as an
analog of Andreev reflection of quasi-particle in the
momentum space (Fig. 7). The confinement of mo-
mentum space for quasi-particles scattering is mostly
essential for the scattering on extended defects, lead-
ing to a very rapid increase of �ext(�p), when �p
decreases and approaches the value �max (�max =
= max (�p)), or correspondingly �min (�min =
= min (�p)), as it is shown in Fig. 7:
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The general solution for the quasi-particles ac con-
ductivity can be obtained from Eq. (12) in the usual
manner [44,50]. The real part �1(T,�) can be written
in the form
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which is quite similar to that given by the micro-
scopic theory [10] (see Eq.(10)).

A strong temperature dependence of �1(T,�) as
well as its frequency dependence arise usually due to
the (– �f0/��) term in the integrand of Eq. (18).
Quite formally this solution can be rewritten in the
Drude-like form:
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2 21
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T

�
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p

p
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where nn(T) is the effective concentration of ther-
mally excited quasiparticles, ,…-T denotes thermal
averaging. As it was originally supposed in [4,5,8],
the nonmonotonous character and peak dependence of
Rs(T) as well as its frequency dependence can be
explained properly by a strong increase of quasi-
particle relaxation time with temperature lowering,
accordingly to the Drude expression (2) for the ac
conductivity �1(T,�). The peak position corresponds
to the condition �–1 � �. We suppose that this
explanation is valid also in our case, when two peaks
are observed. The emergence of two peaks instead of
one can be explained by existence of two different
�max and �min values for the assumed case of s + id
pairing (see Fig. 7), while the sharpness of these
peaks comparatively to the peak in single crystals
is determined by a very strong energy dependence
(with an infinite slope of derivative � �� �/ at
� � � max ( min ) of the relaxation time (Eq. (17)),
when quasiparticles are scattered preferably by ex-
tended defects. This strong energy dependence of
�ext(�) after thermal averaging transforms into sharp
peaks of �1(T) accordingly to Eq. (19).

The present model can explain also some additional
features of the microwave response of YBCO films
under study, such as: (i) smearing of peaks with the
frequency increase or decrease; (ii) lowering of Rs(T)
and smearing of peaks with an increase of point-like
defect concentration.

5. Discussion

The obtained results shown in Figs. 2–6, namely:
the exponential law for Rs(T) at low temperatures
and nonmonotonous two-peak structure of Zs(T,�) in
perfect single-crystalline YBCO epitaxial films on
sapphire, give a strong argument in favor of anis-
otropic electron pairing in HTS (preferably, of the
s+id type, at least for our films). The two-peak
peculiarity of Zs(T) dependence for the most perfect
single-crystalline YBCO films observed for the first
time in [24], as well as the difference from
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nonmonotonous Zs(T,�) dependence for perfect single
crystals (and also some less perfect films), can be
explained, using just two assumptions: (i) the an-
isotropic s+id character of electron pairing, and
(ii) the dominant role of extended c-oriented defects
in electron scattering processes. These assumptions
look quite natural with regard to thin films, where
surfaces and/or twin boundaries can lead to more
complicated character of electron pairing than the
pure d-wave pairing in perfect single crystals [42,43].
On the other hand, the extended c-oriented linear or
planar defects (most probably, out-of-plane edge di-
slocations and twins) can play a dominant role in
electron scattering. In the case of untwinned single
crystals there are no extended defects. Therefore, only
point defects are essential for electron scattering at
low temperatures. The above two assumptions, which
seem to be specific for thin films, make a difference
from single crystals and, thus, provide the difference
in microwave response: one broad peak of Rs(T) for
single crystals and two sharp peaks for perfect films.
For less perfect films with a larger number of point-
like defects the extended c-oriented defects don’t play
significant role in quasiparticles scattering. In this
case the films properties at microwave frequencies
should be rather similar to that of single crystals.

The observed two peaks of Rs(T) are much more
narrow compared with a single peak, observed in
perfect single crystals due to quite different defect
structures in films and single crystals, as it was
discussed above. Namely, a large number of extended
defects together with an anisotropic pairing can lead
to the emergence of a sharp peak at T � �max(T) (or
�min(T)), as it follows from Eq. (19). The second
peak at a lower temperature is caused by the an-
isotropy of pairing potential (existence of two dif-
ferent extreme values �max and �min for different
directions in the momentum space (as it is shown
schematically in Fig. 7). The present model for quasi-
particles conductivity also allows to understand the
frequency dependence of the observed peculiarities
and their smearing, when the number of point-like
defects increases, thus leading to an increase of
�i

–1(�p). It should be noted that in contrast to sug-
gestions made in some theoretical works, it does not
seem to be necessary to take into account a contri-
bution of inelastic quasiparticles scattering by col-
lective excitations (magnons, phonons, etc.). The
two-peak temperature dependence of �1(T, �) can
occur in accordance to Eq. (19) even in the case of
elastic scattering by extended static defects due to an
additional effect of anisotropy (caused by or an-
isotropic s + d or s + id wave pairing), which leads to

confinement of the momentum space available for
scattered quasiparticles, as it was mentioned above.

6. Conclusion

The observed two-peak character of Rs(T) de-
pendence is a feature of the most perfect quasi-
single-crystalline YBCO films, characterized by a
smooth surface, low concentration of defects, large
domain size and low-angle boundaries between do-
mains. We suppose that the main reason for ob-
servation of this effect in our highly perfect films (as
well as its absence in less perfect films or single
crystals) is a rather low density of point-like defects
comparatively to the density of extended defects (such
as edge dislocations or twin planes, parallel to the
c-axis). This condition is not fulfilled in untwinned
single crystals or less perfect (e.g., PLD) films, were
point defects play the major role in quasiparticles
scattering, and Rs(T) dependence is monotonous or
exhibits a single broad maxima. Thus, we suppose that
the two-peak character of Rs(T), observed experi-
mentally for the first time in our work [24], is an
intrinsic fundamental property and reveals the pecu-
liarities of anisotropic electron pairing and quasi-
particle scattering by extended defects parallel to the
c-axis. We suppose also that this effect, as well as the
difference from the case of single crystals and less
perfect films, can be properly described using the
Boltzmann kinetic equation approach for Bogolyubov
quasi-particles.
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