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Résumé. 2014 Nous tentons dans cet article de résumer le comportement expérimental obtenu à ce jour des
supraconducteurs à haute température critique (SHTC) dans les domaines rf et micro-onde. La majeure partie
de notre étude se rapporte à l’YBaCuO pour lequel les données expérimentales sont les plus nombreuses.
Nous démontrons que les jonctions intergranulaires jouent un rôle essentiel pour les propriétés électromagnéti-
ques des céramiques dont la résistivité est de l’ordre de 03C1 ~ 1 000 03A9 x cm. Nous proposons un modèle pour les
monocristaux de SHTC où les porteurs de charges sont des « bi-trous » localisés au sein d’une cellule
élémentaire obéissant à la statistique de Bose et agissant par effet tunnel. Ce modèle peut décrire les

évolutions en température de la profondeur de pénétration du champ et de la densité de courant critique ainsi
que les évolutions en température et fréquence de la résistance de surface. La présence de régions normales
localisées aux macles entre des domaines supraconducteurs peut être la cause de la résistance résiduelle
observée dans les monocristaux de SHTC. Les résultats expérimentaux sont en bon accord avec les déductions
de nos modèles.

Abstract. 2014 In this paper we try to summarize experimental data on high-Tc superconductors (HTSC)
behaviour in RF and microwave electromagnetic field accumulated to this day. The main emphasis is made on
Y-Ba-Cu-O material for which the most complete information is available. We show that it is intergranular
junctions that play an essential role in the formation of electromagnetic properties of the ceramics with
p ~ 10-4 03A9 x m. We suggest a model of the HTSC single crystal where the charge carriers are tunneling
« biholes » obeying the Bose statistics and are localized within a unit cell. This model can describe field
penetration depth and critical current density as a functions of temperature as well as temperature and
frequency dependence of surface resistance. The presence of normal conducting regions can be a course of
HTSC single crystal residual resistance. A close agreement between experimental data and model calculations
is demonstrated.
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1. Introduction.

The discovery of high-Tc superconductivity (HTSC)
° ° 

in res o pro ems

in the field of superconductive physical phenomena
and to searching the ways of practical implemen-
tation of superconductors in electronic and electrical
engineering devices which could operate at liquid
nitrogen temperature.
The first steps in generalization of the physical

information available and in predictions of practical
applications have been attempted [1, 2]. The

perspectives of applications of high-T, superconduc-
tors in electronics [3] and especially in microwave
electronics [4, 5] are of great interest. The solution

of applied problems in microwave electronics may
constitute the closest perspective for practical reali-
zations of vast possibilities of HTSC.

t seems to us not unfounded to state that the

epitaxial structurally perfect films of HTSC can

become the basis for practical use as elements of
microwave devices [3-5]. On the other hand, the
investigations of films provide rich information about
the nature of HTSC phenomena which is highly
important in solving purely physical problems. It is

crucial to improve the HTSC single crystal tech-
nology because such single crystals are indispensable
with in physical studies and because they can form
the basis for new elements of HTSC electronics.

At present there is no complete theoretical de-
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scription of HTSC phenomena at microscopic level.
However, this fact does not exclude construction of

phenomenological models giving quantitative de-

scriptions of HTSC materials’ properties. It is con-

venient to distinguish the following characteristics of
these materials : resistivity p, RF and microwave
surface resistance RS, and critical current density
jc. It is necessary to study how these characteristics
depend on temperature, frequency of electromagne-
tic field and strength of constant and/or alternating
magnetic fields. The most important quantitative
characteristic of the material is the field penetration
depth. Three different cases should be distinguished
at analysis of experimental data and development of
model notions : 1) granular materials (ceramics or
polycrystalline films), 2) single crystals with twinned
domains, and 3) homogeneous crystals. The very
first experimental data have been obtained on

ceramic samples. Therefore it would be convenient
first of all to consider the properties of these samples
in which the intergranular contacts play the major
role. Then we consider the single crystal properties
and after that influence of twin domains on these

properties. The existence of twin domains in single
crystal can probably result in residual resistance and
lowering of the critical current density.

2. Expérimental data on electrophysical parameters
of HTSC materials.

The complex oxide YBa2Cu307 - x is a typical HTSC
material. It is highly anisotropic which manifests
itself in difference of electrical characteristics

measured along c-axis or in ab-plane. In the follow-
ing we shall consider currents confined in the ab-
plane only, the transport processes along the c-axis
being excluded from the consideration.

Important parameters of both bulk and film

materials are critical temperature Tc, temperature
width of transition âTc, and resistivity just above the
critical temperature 03C1(Tc). For single crystals and
structurally perfect films of YBa2Cu307 - x these

are : Tc = 90-93 K, 0394Tc = 0.5-1.5 K, p (Tc) =
(0.4-1.5) 10-6 il x m. The measure of nonstoichi-
ometry in oxygen further denoted x plays an essential
role with the best results for x = 0.0-0.2.

Critical current density heavily dependends on the
structural quality of the film. Typical j c values are :
101° A/M2 at 78 K and up to 1011 A/M2 at 4.2 K [6-
10]. The known theoretical estimates [3] show that a
material with perfect structure should have jc value
of about 1013 A/m2 near T = 0.
Some properties of multicomponent oxides like

Bi-Sr-Ca-Cu-0 with Tc;?; 100 K are reported in

recent publications [11]. Epitaxial films of this

compound exist [12], as well as compounds with Bi
partially substituted by Pb [13]. The complex oxides
T1-Ba-Ca-Cu-0 with Tc =-e 120 K [14, 15] are of

considerable interest. The profit of practical appli-
cations of materials with Tc == 120-150 K is obvious.
The operation temperature set by boiling nytrogen
equals to 78 K, i.e. (0.5-0.7) Te, which ensures the
stability of material parameters with respect to

temperature and transport current density fluctu-
ations. In spite of these attractive features we shall
devote this review to another material, namely Y-
Ba-Cu-0, since the corresponding technology is
most advances and the quantitative characteristics
obtained are most reliable.
As mentioned above, an important parameter of

HTSC film is its RF and microwave surface resist-
ance RS. Figure 1 summarizes experimental data
taken from numerous references [16-25]. Figure 2
shows the experimental dependences of 7?s on

T for three different materials obtained at the

frequencies 60 GHz (curves marked with 1) and
37 MHz (curves marked with 2). The results of

RS measurements in the coarse-grained ceramics Y-
B a-Cu-0 with p (100 K) ~ 10- 4 Il x m [26] are pre-
sented in figure 2a. Figure 2b shows 7?s versus T plot
for high quality Y-Ba-Cu-0 ceramics (p (100 Ka
10- 6 SI x m) with smaller grains as compared to the
previous case. This sample has been fabricated by
cryochemical technology [16]. The results of 7?s
measurements for Ho-Ba-Cu-0 epitaxial film

(p (100 K) = 7 x 10-7 il x m) on the SrTi03 (001)
substrate are shown in figure 2c [17, 23].

Fig. 1. - Frequency dependence of HTSC materials
surface resistance RS for T = 4.2 (a), 78 (b), 300 K (c).
The dashed line corresponds to the model calculations.
Experimental data are taken from : (e) [16], () [17], (V)

Fig. 2. - Temperature dependence of coarse-grained Y-
Ba-Cu-0 (a), high quality Y-Ba-Cu-0 (b), and epitaxial
Ho-Ba-Cu-0 film (c) surface resistance R, at frequencies
60 GHz (1) and 37 MHz (2).
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Consider some model ideas which make it possible
to relate 7?s frequency and temperature dependences
to structural features of crystals used in experiments.

3. Model of surface résistance formation in HTSC
ceramics.

From macroscopic electrodynamics point of view
HTSC ceramics can be treated as a system of grains
connected by Josephson-like junctions of S-N-S

type. This structure has been realized at an early
stage of investigations [26, 28]. This picture is
confirmed by numerical estimates of ceramics [28]
and polycrystalline films parameters [29] and forms
the basis for a phenomenological model [30].
The model is illustrated in figure 3a. It presents a

surface of ceramic sample visible from the incident
wave direction. Suppose the granular size d to be
negligible as compared to the vacuum wavelength.
To describe the field penetration into the sample we
imagine a wave-guide restricted by electrical

(ET = 0) and magnetic (H = 0) walls. The cross
section of the wave-guide is marked with dotted line
in figure 3a. Further, figure 3b shows a chain of
conjucted spheres along which the vertically
polarized electromagnetic wave penetrates into the
sample. The above mentioned wave-guide can be
represented by fragments of a transmission line

loaded by lumped impedances. The equivalent cir-
cuit of the spheres-junction periodic structure is

presented in figure 3c. We assume the intrinsic
resistance of spherical grains to be negligible as

compared to the resistance of junction RN.
Moreover, later on we neglect the inductance of the
grain Lo.

Fig. 3. - The system of perfectly conducting spheres
connected by junctions (a), chain of spheres with their
junctions (b). E is an electric component vector of incident
electromagnetic wave. Equivalent circuit of spheres-junc-
tions periodic structure (c).

The whole of sample surface could be divided into
waveguides in accordance with our procedure. In

practice grains are of random size. Methods of
technical electrodynamics enable us to calculate

parameters of the wave-guide system with statistical
characteristics. Our calculation will be restricted by
regular structure with averaged parameters. To our
knowledge such a simulation gives reliable results.

If the de resistivity of the sample for T &#x3E; T, is

known then resistance of an isolated junction is

The critical current 1 c can be expressed through
the critical current density that destroys the super-
conductivity of the intergranular junctions :

The 1 c value defines the inductance of the

Josephson-like junction for I  1 c [31] :

where e = h/2 e is a flux quantum.
The transmission line inductance between spheres

is

Thus, the impedance and conductance of the unity
length of the equivalent transmission line is given by

Now it is easy to find the expression for the
surface impedance and the propagation constant of
the structure :

In the case 8 &#x3E; d we have from (7) Z, = i úJ IL 0 8 .
This expression is identical to one obtained for

homogeneous superconductor [32]. Thus the granu-
lar medium in this case reacts to the electromagnetic
wave as a homogeneous material with London

penetration depth À sc and skin penetration depth
8 sk due to normal excitations.
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Assuming different relationships between charac-
teristic lengths d, À,c and 8 sk we find from (7)

Expressions (10), (11) are appropriate to both

normal (T &#x3E; Tc) and superconducting (r7c)
states. In the former case (10) corresponds to normal
skin-effect while (11) shows that the first layer of
spheres does reflect the incident electromagnetic
wave. Thus, the surface resistance of the granular
structure with large grains d &#x3E; 8 sk and normal state
junctions is independent of frequency. It is this
circumstance that distinguish the granular structure
from a normal metal for which R2 ~ 03C9 1/Z.

Figure 4 presents frequency dependences of

RS calculated in the framework of the model under
consideration for different temperatures. Figures 4a-
b relate to coarse grained (CG) and high quality
(HQ) Y-Ba-Cu-0 ceramics, respectively. Parameters
of the model d, RN (T ), Ic(T) which ensure the best
fit to experimental data [23, 26] are given in the table
below. From the equation (1) and data of the table
we find p (100 K) = 1.2 X 10-4 il x m for CG
ceramics and p (100 K) = 8 x 10-7 il x m for HQ
ceramics. These values are in agreement with the
results of de measurements while d is close to typical
granular size seen at microphotographs of ceramic
samples.

In order to obtain temperature dependence of
surface resistance RS we need temperature depen-
dences of Ic(T) and RN(T). We assume plausible
functional forms :

Fig. 4. - Frequency dependences of R, for CG (a) and
HQ (b) ceramic samples at T = 100 (1), 77 (2) and 4.2 K
(3). Experimental data are taken from [23, 26].

where

Then we fix the parameters a, b, bl, cl from

frequency dependence of R,.
According to de measurements y = 1.3 and 1.5

for CG and HQ ceramics respectively, Tc - 90 K for
both samples. Using data from the table we find for
CG ceramics a = 2.44, b = 4.1, /c(0) = 2.7 x
10- 4 A, i1(O)jkTc = 2.38, b1 = 3.6, cl = 0.79 and

for HQ ceramics a = 2.41, b = 4.85, Ic(0) = 6.45 x
10- 4 A, i1(O)jkTc = 3.05, b1 = 3.86, cl = 0.77. Fig-
ure 5 shows Ic(T) and RN (T ) dependences obtained.
Figure 6 demonstrates a close agreement between
experimental data [23, 26] and results of calculations
according to formulas (7)-(9), (14), (15).
Thus, despite the obvious simplifications the

model of granular medium constructed as a system
of perfectly conducting grains connected by
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Fig. 5. - Temperature dependences of 7c(T) (a) and
RN(T) (b) for CG (1) and HQ (2) ceramics.

Fig. 6. - Theoretical dependences R, (T) at frequencies
37 MHz (1) and 60 GHz (2) for CG (a) and HQ (b)
ceramics. Experimental data are taken from [23, 26].

Josephson-like junctions of S-N-S- type [30]
adequatly describes the electrodynamic properties of
HCTS ceramics.

4. A phenomenological model of HTSC single crystal.

An experimental dependence of RS on T for the Ho-
Ba-Cu-0 film measured at 60 GHz [23] is presented
in figure 2c. In the region T:&#x3E; Tc Rs(T) is linear
function of temperature with resistivity p (100 K) =

7 x 10- 7 il x m. For T just below Tc, Rs abruptly
falls to a practically constant value corresponding to
the residual resistance which is typical for highly
defective superconductors.
To quantitatively describe the influence of fre-

quency and temperature on Rs we shall consider a
phenomenological model based on the following
ideas [33] :

a) HTSC charge carriers are localized within one
lattice cell. It corresponds to the charge carriers
radius coherence length of about 2-15 À [1-3] ;

b) HTSC carriers have charge 2 e. Their be-
haviour is governed by Bose statistics and whenever
T  Tc the Bose condensation occurs. This picture is
confirmed by the bipolaron superconductor model
[34], by the spinbag model [35] and by the coupled-
spin-mobile-hole model [36]. The models just men-
tioned account for the « bihole » nature of Bose

charge carriers ;
c) The charge transport is caused by tunneling

between adjacent cells. Particles belonging to the
Bose condensate Josephson-tunnel without any po-
tential difference. Particles out of the Bose conden-
sate form the normal current governed by the Ohm
law.
So for the whole current we can write

where 1 c is a critical tunneling current between

adjacent cells, cp is the phase difference in the

Ginzburg-Landau wave function, and RN is the
resistance to the normal current.
The two adjacent cells are sketched in figure 7.

Their linear dimensions correspond to the crystal-
lographic structure of Y-Ba-Cu-0 [37] : a = 3.8 Â,
b = 3.9 Â, c = 11.6 Â. A simple geometrical con-
sideration gives :

where j c is the critical current density characteristic
of the material and p is its resistivity.
The ac charge carriers tunneling can be described

by an equivalent circuit shown in figure 7, where the

Fig. 7. - Two adjacent cells and the corresponding
equivalent circuit. For definition of RN, LS see the text.
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inductance is defined by the equation (3). Once
Ls and RN are known we can write the complex
conductivity of the medium as follows :

Using propositions of conducting medium elec-
trodynamics we get

Further we find the penetration depth and surface
resistance of the form

In these expressions the film thickness h is greater
than (2-3) À. In the opposite case, when h « 03BB we

have

To use relations obtained for quantitative esti-

mates we have to suggest temperature dependences
of Ic and RN. If « biholes » in the HTSC materials for
T  Tc obey the ideal Bose condensation law then

where t = r/7c and T, is the transition temperature.
The last equation can be recast in more a convenient
form :

Figure 8 demonstrates the experimental curves
À (t ) obtained by different research groups [38, 39].
The solid line on the plot is in accordance with

Fig. 8. - Experimental temperature dependence of mag-
netic field penetration depth A. The solid line corresponds
to Bose condensation law.

expression (24) which describes the ideal Bose

condensation law. The similar dependence has been
obtained theoretically in [40] with the right hand side
of (24) modified by a factor which only slightly
deviates from unity. The authors of paper [40] point
out an acceptable agreement between their results
and experimental data. We would think these facts
are sufficient to justify application of the ideal Bose
gas model.
To get quantitative estimates from formula (20)

we need to know the function p (t ) for t - 1.

According to the Drude-Lorentz theory

where meff is an effective mass of charge carrier,
q its charge, n (t ) is concentration of carriers, and

T (t) is a mean free time. The concentration of

particles exited from Bose condensate is given by

An experiment [41] shows that for

t &#x3E; 1 p (t ) = p (1 ) t. It follows from (25) that

T (t) = T (1 ) t-1 1 for t &#x3E; 1. Let it be valid also for

t  1. Then

Substitution of (22),. (23), (27) and (20) yields

where

p (1 ) is resistivity just above Tc, j c (0) is critical

current density for T - 0.

Fig. 9. - Temperature dependence of Ho-Ba-Cu-0 epita-
xial film surface resistance at 60 GHz : experimental data
[23] (1), by expression (28) (2), an asymptotical behaviour
at T « Tc (3).
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Figure 9 shows experimental values of RS as a
function of T at 60 Ghz [23] as well as the results of
calculations by the expression (28) at the same

frequency for À (0) = 3 x 10-7 m and
p (1) =10- 6 Q x m. The dashed line corresponds to
Rs(t) ~ t1/2 and is asymptotical to the 7?s behaviour
for T  Te. A cursory inspection of figure 9 shows
that instead of approaching this assymptotics the
experimental curve turns into a straight line corre-
sponding to the comparatively large residual resist-
ance.

5. A model of the HTSC single crystal film residual
resistance.

The residual resistance Rres of a superconductor for
T - 0 is due to electrons occupying quantum states
which correspond to normal conductivity. Any
superconductor has an ac residual resistance. The
existence of sufficiently large Rres in HTCS materials
is reported by a number research groups [28, 42].

If the residual resistance is caused by impurities
and structural defects it can be eliminated through a
more perfect technology. However one can encount-
er a situation when the normal conducting regions in
a superconductor are inherent to its intrinsic proper-
ties. If this is the case the reduction of the residual
resistance is of paramount importance. This part of
the residual resistance in HTSC single crystal film
can be caused by twinned domains in Y-Ba-Cu-0
structure or, more precisely, by domain walls with
normal conductivity while the bulk of the domains
themselves is in a superconducting state.

Figure 10a exemplifies the structure of the twin
boundary [43]. The figure shows the arrangement of
Cu and 0 atoms at the bottom of Y-Ba-Cu-0 unit
cell [37]. The Cu and 0 atoms within two neighbour-
ing twin blocks are situated so that the a and
b axes turn out to be interchanged. In the tetragonal
phase there is no stress on the twin boundary

Fig. 10. - Twin domain boundary structure (a), tempera-
ture dependence of the rotation angle e (b), Ginzburg-
Landau wave function amplitude 14, (x) 1 and phase
e (x ) behaviour at the boundary (c), schematic domain-
walls structure (d).

because a and b are equal. A transition to the
orthorhombic phase (a m b ) is accompanied by
rotation of cells in the neighbouring blocks. The
rotation angle E depends on the temperature which
is illustrated by figure 10b. At twin boundary a
particular structure occurs. Every Cu atom is sur-

rounded by four 0 atoms. It is obvious that the

boundary would influence the crystal’s superconduct-
ing state. From an analysis of the Ginzburg-Landau
equation it follows [44] that the wave function phase
can jump at the twin boundary (Fig. 10c). All this
results in a formation of domains with an irregular
space distribution of the charge density. The crystal-
lographic twin structure could induce ’a similar
structure in the electronic subsystem. This is how a
sequence of superconducting layers divided by nor-
mal conducting regions appears in a HTSC single
crystal [45]. An illustration of such possibility is

given by figure 10d. The normal conducting walls
are metastable when T  T,. Their existence de-

pends on both the cooling rate and on the strength of
the constant extemal magnetic field. An electron

microscopy and structural studies indicate [46, 47]
that the distance between walls is d = 500-1 000 Â
while their thickness is about Ad - 50 Â. The normal
walls do not influence the constant current flow

along the superconducting domains. An arbitrary
distribution of walls does not destroy the overall
superconductivity of the material, but changes the
critical current value [9, 45].

Concerning a microwave field the normal walls
between the superconducting domains can be the
source of the residual resistance.
The wall’s contribution to the surface resistance is

depend upon their orientation as regards to the
incident electromagnetic wave polarization. If the E
vector is orthogonal to the wall then to the ex-
pression (28) a term is added which corresponds to
the wall resistance [48] :

If E is collinear to the walls we have

Here, 0*2 is the temperature independent conduc-
tivity of the wall. For an arbitrary mutual orientation
of the wall and E one can average over different
contributions to the resistance :

where
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For t « 1, t1/2  t &#x3E; t3/2, then all higher powers of
t in previous expression can be omitted and we
write :

Figure 11 shows R, plotted as a function of
t1/2 which is more convenient for our purposes. This
plot is calculated by expression (30) at 60 GHz,
À (0 ) = 3  10-7 m and p (1) = 10- 6 il x m. The
curve 1 corresponds to A = 0 and the curve 2 to
reasonable values of parameters : àdld = 0,2 and
f3 = 10. The latter curve is in close agreement with
experiment [23].

Fig. 11. - Temperature dependence of 7?s (Rres = 0 ) (1),
and with Rrcs taken into account by expression (30), (2).
Experimental data are taken from [23].

Our suggestion concerning the contribution of the
domains walls to the residual resistance needs and
additional experimental investigation. Such an inves-
tigation must combine microscopic and structural
studies of the domains with 7?s measurements at

different frequencies. The polarization of the inci-
dent electromagnetic wave and the constant mag-
netic field direction are also of great importance.

6. Conclusions.

The experimental data on the RF and microwave
properties of HTSC materials obtained to this day
enable us to suggest phenomenological models and
to make reasonable predictions as to temperature
and frequency dependences of such materials’ para-
meters. One of the most interesting problems of the
HTSC physics is the nature of the residual resistance.
Once this problem is settled new ways would open to
technological realizations of epitaxial films and single
crystals with reduced residual resistance.

In the present review we passed over in silence the
magnetic field influence on HTSC properties. This
problem is intensively studied in de regimes [49, 50].
The RF and microwave regime in the presence of
magnetic field are now under study [16, 17, 45]
which could give valuable information on the integ-
ranular junctions and/or twinned domains.
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