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Temperature Dependence of Microwave Surface Impedance
in High-7, Single Crystals: Experimental and
Theoretical Aspects
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A systematic description of recent measurements of the real R, and imaginary X, parts of the
microwave surface impedance R,+ iX in high-quality high-7. superconducting single crystals,
namely YBaz(:lhOs,gs, BaosKo4Bi03 , leBa2CaCu208_5 B leBazCuO6+5 s and BiZSr2Ca
Cu,0s, is given. Electrodynamic principles of experimental techniques and uncontrollable
factors that affect the accuracy of R,(T) and X,(T) measurements are analyzed. Common
and distinctive features in the temperature dependences of the surface impedance and complex
conductivity in various high-T, crystals are discussed. The experimental data are interpreted in
terms of the two-fluid model taking into account scattering of quasiparticles and characteristic
changes in the density of superconducting carriers as a function of temperature. The existing
microscopic models of the microwave response of high-T, superconductors are considered
and prospects for further research are outlined.
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1. INTRODUCTION

Measurements of the surface impedance of high-
T. superconductors (HTS) as a function of tempera-
ture, Z(T)=R,(T)+iX«(T), yield information
about the nature of quasiparticles in the supercon-
ducting state, their scattering, density of states, and,
if a more sophisticated analysis is undertaken, about
the superconducting pairing mechanism in these
materials.

The real part of the surface impedance, i.c., the
surface resistance R, is proportional to the loss of
the microwave power and is caused by the presence
of normal carriers. In the centimeter band of electro-
magnetic waves, typical values of the surface resist-
ance of high-T, single crystals in the normal state
near the critical temperature T, range between 0.1 and
0.4 Q. At the point of the superconducting transition,
the surface resistance abruptly drops, but it never
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turns to zero even when 7—0. The residual surface
resistance, R..s=R,(T—0), is due to the presence of
various defects in the superconductor surface layer.
Given this fact, which was derived from experiments
with conventional superconductors, it is generally
accepted that the lower the R, the higher the sample
quality. In this review we will consider measurements
of stoichiometrically perfect single crystals of
YBa,Cu;069s (YBCO), BiSr,CaCu,0O; (BSCCO),
Tl,Ba,CaCu,05- 5 (TBCCO), T1,Ba,CuOe 4 5
(TBCO), and Ba,;¢K,4BiO; (BKBO) whose doping
level corresponds to the highest 7, the superconduct-
ing transition width AT derived from measurements
of Ry(T) is small, AT<1K, and R at frequency
f~10 GHz is within several milliohms. There is every
reason to suppose that the electrodynamic parameters
of these samples adequately characterize the intrinsic
microscopic properties of superconductors.

The imaginary part of the surface impedance,
i.e., the surface reactance X, is largely determined by
the response of superconducting carriers and char-
acterizes the nondissipating energy stored in the
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superconductor surface layer. In the International
System of Units SI, X(T)~wueA(T) for T<T,,
where o =2xf, po=4x -107 H/m, and A(T) is the
magnetic field penetration depth.

One can derive a superconductor’s complex con-
ductivity o,= g, —io, from measurements of R, and
X,. The functional relationship between Z, and o,
depends on the relation among three characteristic
lengths, namely the mean free path /, the coherence
length &= #ivg /mA(0), where vy is the Fermi velocity
and A(0) is the superconducting gap at 7=0, and A.
According to Abrikosov’s concept [1], superconduc-
tors are classified as pure (/> &) and dirty (/< &)
on the one hand, and London (£«A4) and Pippard
(é>A) on the other. As T—-0, é=¢y«x A=A, =(m/
uone®)'’* in pure London superconductors and
ED) ~ (&) P« A (1) ~AL (& /D) in dirty supercon-
ductors. In pure Pippard superconductors &=
Eo»A~AL(&o/AL)?, and in dirty superconductors
E(l)>» A (I). The relationship between the current and
electric field in London superconductors is local (the
London limit), whereas in Pippard superconductors
this relation is essentially nonlocal (the Pippard limit).
In accordance with these concepts, high-7, materials
should be classified with London superconductors,
pure rather than dirty. In the case where the gap width
is an anisotropic function of the electron quasimo-
mentum, A(p), and has a line node on the Fermi
surface of a pure superconductor, &(p)> A, in a nar-
row region about this line in the quasimomentum
space. The contribution of this region to Z,(T) or
o,(T) should be expressed in terms of nonlocal elec-
trodynamics, but theoretical estimates [2] indicate
that nonlocal effects in this region are significant only
at very low temperatures 7<3 K. Therefore, experi-
mental data obtained at 7>4.2 K, which will be dis-
cussed in this review, can be interpreted using the
simple local formula
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relating the surface impedance to the conductivity of

HTS single crystals. Equation (1) allows us to express

the real and imaginary parts of the conductivity in

terms of the measurable quantities R, and X :
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Above the superconducting transition tempera-
ture, the mean free path / of current carriers is shorter

than the skin depth, /« 6, which corresponds to the
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conditions of the normal skin effect. Equations (1)
and (2) also apply to the normal state of HTS (at
T>T.), when R(T)=X,(T)=ous/20,(T) and
o.,=0(T>T,), o,=0.

An analysis of temperature dependences Z,(T)
and o,(T) allows one to check out whether this or
that theoretical model provides an adequate descrip-
tion of electromagnetic properties of a super-
conductor.

In the low-frequency limit, %o « A, the Bardeen—
Cooper-Schrieffer (BCS) theory [3] predicts two dis-
tinctive features in the 7-dependence of the supercon-
ductor microwave response [3-5], namely an
exponential drop in o, (7) and R,(T)ccexp(—A(0)/
kT) in the range T7<0.57,, and an increase in the
conductivity o, (T') for 0.7<T/T.<1 with respect to
its value o, at T=T,. These features are due to the
thermally activated generation of normal quasipart-
icles above the gap A(7T) and the singularity in the
density of states at a quasiparticle energy equal to
A(T), respectively. The exponential section of R,(T')
in conventional superconductors has been studied in
detail (see, for example, [6] and references therein).
On the other hand, the peak in o,(7T) in the region
T~0.85T, (the so-called coherent peak) was detected
not so long ago in Nb and Pb at a frequency of
60 GHz {7) and in Nb at 10 GHz [8], when highly
accurate concurrent measurements of R (7) and
X;(T) had become possible. Figure 1 shows as an
example measurements of R,(T) and X,(T) of a nio-
bium sample, whose critical temperatureis 7,=9.2 K.
These measurements were obtained using the “hot
finger” technique, which is convenient for studies of
HTS crystals, whose surface area is usually small
(~1 mm®). The symbols W plot the function o, (T")/
o, derived from measurements of R,(T) and X, (T)
using Eq. (2). These data are in agreement with calcu-
lations (solid curve) based on the BCS model.

The first measurements of functions Z(7T) and
o,(T) in HTS crystals did not show the behavior
predicted by the BCS theory. In particular, instead of
a broad coherent maximum in o, (7) described by
the BCS theory, a narrow peak (shown by the dashed
line in Fig. 2) with a width close to that of the super-
conducting transition, which can be seen in the curve
of R,(T), was observed. This observation indicated
that strong-coupling (SC) effects should have been
taken into account.

A generalized version of the BCS theory for the
case of strong electron-phonon coupling was devel-
oped by Eliashberg [9]. It follows from this theory
that, in the case of a strong enough coupling, the
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Fig. 1. Plots of R,(T) and X,(T) in Nb. The inset shows the real part of the conductivity, ,/c,, and the
London field penetration depth, 4., vs. temperature derived from measurements of R,(T") and X,(T) using Eq.
(2). The solid curves show calculations based on the BCS model.

singularity in the density of states at iw=A(T) is
broadened due to inelastic scattering of electrons by
thermally excited phonons. As a result, the coherence
peak amplitude decreases with an increase in the elec-
tron-phonon coupling constant and vanishes at fre-
quencies around 10 GHz [10] if this constant is larger
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Fig. 2. Comparison between measurements (dashed line, YBCO
crystal) of o, /0, and calculations based on the SC model taking
into account inhomogeneous broadening of the superconducting
transition (solid line). The inset shows o, /0, as a function of
temperature calculated using the BCS and SC models [12].

than 2. The inset to Fig. 2 shows curves of ¢,(T)/
o,(T,) calculated on the base of the isotropic BCS
and SC models. The narrow peak in Fig. 2, which is
detected in microwave measurements of conductivity
01 (T') in HTS crystals around T, might be caused by
inhomogeneous broadening of the superconducting
transition [11,12] or fluctuation effects [13,14].
Another consequence of the SC model is the nonexpo-
nential behavior of R(T) [15] and A (T) [16]. Power-
law temperature dependences were also predicted by
the well-known two-fluid Gorter-Casimir (GC)
model [17], and near 7, they proved to be quite close
to calculations by the SC model [18]. However,
whereas the agreement between experimental curves
on the one hand and calculations by the SC and GC
models [18-20] on the other, in the neighborhood of
T., could be deemed satisfactory, deviations in the
low-temperature range were enormous. As an
example, measurements of Ad,(7") in the ab-plane of
YBCO given in [21] are compared with BCS and SC
curves [22] in Fig. 3. A curve predicted by the GC
phenomenological theory would be an almost hori-
zontal straight line in this graph.

The first high-quality YBCO crystals were manu-
factured at the University of British Columbia (UBC
group) by Liang er al. [23]. A broad peak in the sur-
face resistance vs. temperature, R,(T), centered at
T=35K in those crystals was first reported by Bonn
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Fig. 3. Curves of AA,(7T) in the low-temperature range. The
squares plot the data from [21]. The solid line shows calculations
by the two-band model [22] (see Section 5). The dotted line is a
calculation by the BCS model, the dashed line by the isotropic SC
model.

et al. [24], and a linear dependence AA,(T)oc T in the
range 4 <T<25K by Hardy et al. [25].

These results, which seemed very unusual from
the viewpoint of traditional models of the microwave
response of superconductors, generated an intense
discussion of the symmetry of the order parameter
in HTS and the role of quasiparticle scattering, and
stimulated development of theoretical models of the
high-frequency response. By the present time, the first
experimental data concerning YBCO single crystals
[24,25] have been confirmed by experimenters from
other laboratories. When high-quality BSCCO,
BKBO, TBCCO, and TBCO single crystals had
become available, it was possible to discuss common
and distinctive features in the impedance and conduc-
tivity as functions of temperature of various HTS
crystals.

The next section of the review is dedicated to the
analysis of measurements that can be performed using
the “hot finger” technique and its limitations, since
this method is used in high-precision measurements
of the HTS surface impedance vs. temperature in the
microwave band more frequently than others. Section
3 describes systematized measurements obtained by
means of this technique. Section 4 compares experi-
mental curves of Z,(7T) and o,(T) to calculations
based on the modified two-fluid model. In Section 5
we will discuss microscopic models that have been
developed to this day and are based on possible sym-
metry types of the other parameter and mechanisms
of quasiparticle relaxation. The concluding section
describes prospects of further research in the micro-
wave response of HTS single crystals.
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2. EXPERIMENTAL PROCEDURE
2.1. Principles of the “Hot Finger” Technique

The most convenient technique for measure-
ments of the surface impedance of small HTS samples
is the so-called “hot finger” method. Measurements
using this method in the centimeter wavelength band
have been conducted at Northeastern University
(NEU) [26], UBC, Maryland University [27], Univer-
sity of Tokyo [28], Cambridge University, University
of California [29], and at the Institute of Solid State
Physics (ISSP) [30]. The underlying idea of the
method is that a sample is set on a sapphire rod at
the center of a superconducting cylindrical cavity
resonating at the Hy;) mode, i.e., at the antinode of a
guasihomogeneous microwave magnetic field (Fig. 4).
By varying the rod temperature, measuring the Q-fac-
tor and frequency shift Af of the cylindrical cavity,
and comparing them with the parameters of the empty
cavity, Qo and Af;, one can determine the sample
surface resistance R, and reactance X, as functions of
temperature.

Electromagnetic modes driven by an external
source are characterized in a lossy cavity by a complex
frequency (31]

d;=w;+i0; /20 (3)

where @;=2nf; and Q,, are the inherent frequency
and Q of the loaded cavity. For a cavity operated in
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Fig. 4. Diagram of the microwave cavity used in the “hot-finger”
technique.
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the transmission mode

1/Qu=1/0:+1/01+1/0Qs (4)

Here Q; is the inherent Q of the unloaded cavity, and
0, and @, are the input and output Q’s, which charac-
terize the coupling between the cavity and external
microwave circuits. In Eqs. (3) and (4) @, =0:, Q=
Q, and f;=1if there is a sample in the cavity; Q.=
Qor, Qi=0o, and f;=f, for the cavity without a
sample but with a sapphire rod inside.

The difference between the averaged microwave
powers absorbed in the cavity with a sample and the
empty cavity is the power P directly absorbed in the
sample:

p=l J RH?dS 5)
2 S

where H, is the tangential component of the micro-
wave magnetic field on the sample surface, and inte-
gration is performed over the area S of the entire
sample surface. The energy stored in the cavity is

w=He j H*dV (6)
2 |4

where V is the inside volume of the cavity, and H? is
the magnetic field squared generated in the cavity with
the sampie inside. The difference between the recipro-
cal Q-factors of the cavity is determined by the
relation

1_1_p RHA R
Q0 Q oW ouf, HdV T,
where
0] H*dv
I“S=_ﬂ)£_2__~ (8)
[s H dS

is the sample geometrical factor.

Let the complex resonant frequency of the loaded
cavity be & and the frequency of the cavity without
a sample be dy. The frequency difference & — d, is
the frequency shift caused by the sample, ;. Provided
that the coupling Q-factors Q, and {, are constant,
we derive from Egs. (3), (4), and (7) the value of &, :

ioR;
2T,

A change in the sample temperature leading to a
change in its impedance, AZ(T)=AR,(T)+

iIAX(T), can be treated as a small perturbation result-
ing in the shift Ad,(7T) in the complex frequency

A

;=W +

®
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D=d(Z,):
od
0Z;
On the other hand, as follows from Eq. (9),

Ad,(T)= AZS=§OZ)—(ARJ+1'AXX) (10)

Aa*)x(T)=2i—c;— (AR, 2l Aw,(T)/®w) (11)

hence, by comparing this to Eq. (10), we obtain the
change in the sample surface reactance

AX(T)=-T A0 (T)/0 (12)

where Aoy (T)=Aw(T) —Awo(T).

Thus, measurements of the real R;(7’) and imagi-
nary X,(T') parts of the surface impedance are derived
from experimental curves of @;(T) and Af;(T) using
the relations

R(T)=T,[Q""(T)— Qs (T)],

2T, (13)
XA(T)=— 7 [Af(T) = Afo(T)]+ Xo

0

where T'; is the sample geometrical factor given by
Eq. (8) and X, is an additive constant.

As follows from Eq. (13), measurements of two
quantities are needed to determine R,(7T) and X,(T)
in absolute units, namely X, and I';. In measuring
these quantities, one should take into account the
strong anisotropy of layered HTS single crystals,
which manifests in the notable difference between
transport parameters in the ab-plane and along the ¢-
axis. Therefore values of I'; and X, and the technique
of their determination, depend on the crystal align-
ment (Fig. 5) with respect to the microwave magnetic
field H,, which points along the cavity axis.

2.2, Samples, Their Geometrical Factors and
Anisotropy

Let us start with the case of transverse orienta-
tion (Fig. 5a), when a sample, which usually has the
shape of a plate with dimensions a~b~1mm,
c¢~0.1 mm, is set on an end of a sapphire rod so
that the crystal c-axis is aligned with the microwave
magnetic field, H,, H,|¢. In this case, high-
frequency currents, which determine the sample
microwave response in both normal and supercon-
ducting states, circulate in the ab-planes. At T<0.97,
the field H, penetrates into the sample to a depth
Aas~10"*mm, and at T>T, to the skin depth
8ur=~/2Pas/®Ho, Which is §~5- 107> mm at a fre-
quency of ~10GHz and the resistivity
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Fig. 5. (a) Transverse orientation of a sample with respect to
microwave magnetic field, H, ||é; arrows on the surfaces show
directions of microwave currents; (b) transverse orientation,
H,Lé.

Par(T:)~100 uQ - cm typical of HTS crystals. Since
Aav<<c and 6.« c, then, neglecting the anisotropy in
the ab-plane, it is possible

{1) to treat the impedance Z® as a parameter
defined similarly to the case of a semi-infinite isotropic
sample at all temperatures;

(2) to consider the distribution of the field H,,
hence the parameter I'; in Eq. (8), to be approximately
constant with temperature.

For all HTS single crystals the inequality &>/,
which is equivalent to the criterion of the normal skin
effect, holds. For this reason, the constant X, in Eq.
(13) for H, | ¢ is derived from the condition of
equality between the real and imaginary parts of the
normal state impedance, and the identity of the tem-
perature dependences R%*(T) and X¢°(T) in the range
T>T, provides a simple test of the measuring
technique.

Statements (1) and (2) give a clue to how the
sample geometrical factor T'%® can be determined in
the transverse orientation. Firstly, one can use a met-
allic simulator of the tested sample of the same shape
and dimensions, provided that the conditions of the
normal skin effect hold. Given the simulator resistivity
as a function of temperature, p(T), and having
measured Q,(T) and Af;(T) of the cavity containing
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the simulator, one can use the relation
p(T)=2RXT)/wpo (14)

and derive from Eq. (13) the value of I, assuming
that it equals the geometrical factor T'%® of the HTS
crystal. Secondly, having measured Q,(T) and Af(T)
of the empty cavity and of the cavity loaded with the
HTS crystal, one can directly measure p.(7) of the
sample and derive I'? using Eqs. (13) and (14). This
procedure, however, leads to degradation of a sample,
because electric contacts should be attached to its sur-
face. Nonetheless, we employed this technique in the
determination of I'{” of two TBCCO and YBCO
single crystals grown at ISSP using the techniques
described in [32] and [33], respectively. Their dimen-
sions were axbxXc=1x1x0. mm’ (TBCCO) and
1.5x 1.5% 0. mm® (YBCO). In particular, the geo-
metrical factor of the YBCO crystal proved to be
r“*=176-10*Q.

We attempted to develop a method for estimating
numerically the geometrical factor based on Eq. (8),
assuming that a sample has the shape of a square plate
with dimensions a X a X ¢, ¢« a, and the magnetic field
amplitude at the center of the unperturbed cavity is
H,. The calculation procedure in which a flattened
ellipsoid of revolution with semi-axes c¢/2 and a/2, on
whose surface the field distribution is well known [34-
36], was substituted for a square plate with the aim
of determining I'; proved to be inadequate because
the field amplitude on the ellipsoid edge, Heqge=
2maH, /c, is considerably higher than the real value.
A more realistic model considers the sample as a thin
plate with slightly rounded edges [37]. This approach
yields the well-known geometrical barrier to penetra-
tion of flux lines from the sample edges [37-39]. In
this case, the field distribution on the edges of a plate
in the Meissner state is given by the formula [37]
H,(x)=Hyx/\/(a/2)’—x* —a/2+c/4<x<a/2—c/
4, with the exception of a very narrow region ( =c/4)
near the edge, where the integral (¢ H? dS is logarith-
mically divergent. On the edges of the sample, the
field is assumed to be homogeneous and equal to
Hegge ™ HonJa/c. As a result, we have at c<a

(a=c/2)/2
j HXdS=16 J H?(x)x dx+4acHZ2a/c
AY

0

:2H§az(ln<g>+ 1) (15)
C

By substituting Eq. (15) in (8), we obtain the
geometrical factor of HTS crystals for the case of their
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transverse alignment with respect to the microwave
field H,, in the cavity:

-1

14 VH?

rs=‘°”° (m(‘—’)ﬂ) , ro=—-f* (16)
4y,A ¢ 2§, H*dV

where A is the area of the ab-face of the crystal, and
%o is a constant determined by the known [40] field
configuration of the resonant mode Hoy,; . In the cavity
used in our experiments, whose diameter and height
were 42 mm ( f=9.4 GHz), this constant y,=5.3. The
calculations of T, by Eq. (16) for YBCO and TBCCO
crystals were in satisfactory agreement with experi-
mental data. Figure 6 shows as an example measure-
ments of R,(T) and X,(T) in a YBCO sample (I';=
1.76 - 10* Q), which demonstrate the behavior typical
of the HTS single crystal impedance for H,, || é. The
uncertainty o R, in measurements of the surface resist-
ance, SR,=T,8(Q7'—Q;")=T,80/Q% is deter-
mined by the uncertainty §@/Q, which was within
1% at Q~10 in the reported experiments. Thus, we
have R,~20 uQ. As the temperature drops several
degrees below T, the increment AX (T)=
o uoAA(T), and, given X,(T) expressed in absolute
units, one can determine the magnetic field penetra-
tion depth A (T) =X, (T)/wu,. The uncertainty in the
relative value of the penetration depth AA(T),
S(AA)=(2T s /oue) * (6(Aw)/®), which equals sev-
eral dngstroms, and the error in A(7) can be up to
10% of A (0) and is largely determined by the accuracy
of X, 0-

Now let us consider an alternative crystal orien-
tation with respect to the field H, in the cavity,
namely H, L ¢ (Fig. 5b). Measurements of the surface
impedance Z7«*°(T') in this orientation, dubbed lon-
gitudinal, are interesting primarily because they yield

[ —T T =T A T T T
10" E k|
. 3
o 1
%s e 1
SRl 2 | oo E
A=) 0
<’ ]
'Ul =]
oot o E
r Rs —J“gp:"po
L W %
10-4 1 —_ 1 1 1 1
0 20 40 60 80 100 120
T(K)

Fig. 6. Surface resistance R, and reactance X, of a YBCO single
crystal as functions of temperature.
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information about anisotropic properties of HTS cry-
stals. Given that H, 1 ¢, the tangential field compo-
nent H, on the edges of the sample can be considered
to be approximately equal to Hy(H,xH,). In the
superconducting state, currents running in the ab-
planes decay over a depth A, whereas those flowing
in the direction of the c-axis have a penetration depth
A, and at T7<0.97, these two lengths are smaller than
characteristic sample dimensions, which allows us to
treat the impedance Zi»*¢ in its conventional sense
assuming a conductor occupying a half-space. At
T>0.9T,, however, the size effect may play an essen-
tial role {36]. Indeed, whereas the ratio 8. /8, ~ 10 in
YBCO single crystals, and in the frequency band
about 10 GHz 6.,~0.05mm is comparable to the
sample thickness ¢ but less than a and b, in BSCCO,
for example, this ratio can be up to 300, so that
8.~a~b. As a result, statements (1) and (2), which
hold at all temperatures in the case of transverse ori-
entation, no longer apply to the H, L ¢ configuration
at 7>0.97,.. Owing to the size effect, the functional
dependence AR5/ “(T) deviates from AXPs1%(T) at
T>T,, which makes impossible determination of con-
stant X, in Eq. (13) using the method described above,
and the experimental measurement of the sample geo-
metrical factor entails formidable difficuities.

There are no such difficulties at 7<0.97,. If we
neglect the anisotropy in the ab-plane (which is pos-
sible, for example, in the case of twinned YBCO crys-
tals) and the contribution from be-faces (Fig. 5b),
which is a factor ~c/a smaller than that of the ab-
surfaces, the impedance ZF»+¢ is expressed in terms
of Z% =7 and Z¢ averaged over the surface area
[41-43)]:

abZ?b+acZ§_bZ§"’+cZ§
ab+ac b+c

Z-{{B,_LC':

a7

where the superscripts (ab or ¢) of Z; denote the
direction of the screening current. The sample geomet-
rical factor for H, L ¢ is easily derived from Eq. (8),
and the constant X; in Eq. (13) is determined by the
condition X (0)=wueA(0) with A.(0) derived
independently from alternative experimental data.
Given measurements of Z(T') in the transverse ori-
entation and Z»*¢(T) with the sample plane aligned
with the field, one can obtain R(7T) and
AA(TY=X{(T)/ opo from Eq. (17).

There is an alternative technique for determina-
tion of R;(T) if one of the sample dimensions in the
ab-plane, for example a, is notably larger than
another: a>b>c¢. By measuring first the power
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P™!% absorbed in the sample whose a-axis is aligned
with the field H,,, then P"" we obtain

Piimna_Pif.., 1

T cla—b)H}

c
5

(18)

In deducing Eq. (18), we have assumed that
R~ R?. Zhang et al. [44] measured the ab-plane ani-
sotropy of the microwave surface impedance of
untwinned YBCO single crystals by performing
measurements in configurations H,||d@ and H, |5
under the assumption that

PH~ (abRY + acR)HE,
P~ (bR + beR ) HE (19)

A rough estimate of R; in [44] yielded
~R¢ (~R?), which allowed the researchers to neglect
the second terms on the right-hand sides in Eq. (19),
as compared with the first terms, in the case of very
thin crystals, a~b>»¢, and determine R$5(7T") and
RX(T). In order to increase the c-axis contribution,
an HTS crystal was cleaved [43,45], for example, into
four bars along the g-axis, and the four samples
obtained in this manner were tested in the configura-
tion H,|d. By taking the difference between the
curves of P#14(T') recorded before and after cleaving
the sample, the experimenters derived
RY(T), RXT), and R%(T) in accordance with Eq.
(19).

The feasibility proof of these techniques for mea-
suring the anisotropy of HT'S crystals in the longitudi-
nal orientation, H, ¢, described above requires, in
our opinion, a more substantial electrodynamic ana-
lysis. In particular, the field distribution on the sample
surface and its geometrical factor can change consid-
erably as a result of the transition to the supercon-
ducting state, which should affect measurements of
Z+1%(T) around T.. In deriving Eqs. (17)-(19) the
contribution P, of the bc-faces of the crystal (Fig.
5b) to the total power absorbed by the sample,
pHelé=p + P +P,, has not been taken into
account. This contribution is really small in compari-
son with P, Py, /Py ~c/a« 1, but may be compar-
able to P,.. For example, assuming a field distribution
over the bc-face of the simplest form, H,=2H,x/c,
H,=2Hoy/b (—c/2<x<¢/2, —b/2<Ly<b/2), we
obtain directly an estimate of the ratio Py, /P,.~b/
a~1 for H,|d Now, if the contribution P, is
included in Eq. (19), it is clear that the comparison
between PH+'%(T) and P7»"®(T) in the initial sample,
on the one hand, and P?*"“(T) of its fragments pro-
duced by cleaving the crystal along the g-axis, on the
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other, yields, in the long run, the same result for RS,
but the quantities R2(T) and R%(T), previously deter-
mined neglecting P, should change. The real field
distribution over the sample surface in the longitudi-
nal orientation can be calculated numerically. Finalily,
the sample alignment with respect to the microwave
field, H, L ¢, should be controlled carefully in per-
forming measurements in this configuration. Devia-
tions from the initial configuration, which may occur
when the sample is replaced by its cleaved fragments
or rotated around the c-axis, can give rise to uncon-
trolled errors in measurements. This or another cir-
cumstance may be the cause of contradictions among
different measurements of Z in YBCO single crystals
that have been published by this time [41,42,45]. For
this reason, most of the material given in this review
is dedicated to measurements of the microwave
response of HTS crystals in the transverse orientation.

Let us also discuss impedance measurements of
BKBO crystals, which are almost isotropic, absolutely
copper-free, and have a cubic perovskite structure.
They were manufactured by the electrochemical crys-
tallization technique [46,47]. The studied BKBO
samples had an approximately cubic shape and vol-
umes in the range 0.2<¥V<1.5 mm®. The procedure
for determining the geometrical factor was the follow-
ing. The niobium sample simulator had approxi-
mately the same shape and dimensions as the tested
sample. If the samples were of an elliptic shape, their
geometrical factors I'skpo or I'nw, could be calculated
exactly. For example, the geometrical factor of a
sample shaped as a sphere with radius » at the center
of a cavity excited at the Hp, mode is Ts=wp.V/
127y0r* [29]. Therefore our first step was estimating
I'inw and Ty prpo based on the assumption that the
samples were spheroids with volumes equal to those
of measured Nb and BKBO samples. The second step
was based on the experimental technique used in
determining I'n,. We measured the resistivity pwe
(10 K) of a thin Nb stripe cut from the same block as
the niobium sample simulator, calculated the surface
resistance R, (10 K) using Eq. (14), and substituted
the result in Eq. (13) alongside the measurements of
Qins(T). The resulting 'y, proved to be only 24%
smaller than I'| y,, calculated on the first step. Given
that the shapes of the Nb and BKBO samples were
almost identical, we decided that the geometrical fac-
tor of BKBO samples I'gkno=0.76 T akno. An
example of experimental R,(T") and X,(7) curves of
the BKBO crystal with geometrical factor T',=
3.3-10*Q is given in Fig. 7.



Microwave Surface Impedance in High- 7, Single Crystals

05} -
;MD
04} »
2 T
e
- 03} ]
x
» b
« o2} 1
01} J
00 40

T(K)

Fig. 7. Surface resistance R, and reactance X, of a BKBO single
crystal vs. temperature.

2.3, Thermal Expansion of Crystals

There is a set of factors that affect the accuracy
of measurements of Q and resonant frequency shift,
hence absolute measurements of R,(T) and X,(T).
They include:

—vacuum tightness of the microwave cavity;

—changes in the pressure applied to the cavity;

—reproducibility of positions of the sapphire rod
and external coupling loops in the cavity with
and without a sample;

—oconstancy of the liquid helium level in the
cryostat in all experiments;

—stability of electronic circuits.

These factors are monitored in the course of the
experiment ; thus measurement uncertainties that may
be caused by these factors can be minimized, if the
necessary conditions are satisfied strictly.

The uncontrolled source of possible errors in
measurements of A(7) is thermal expansion of the
sample. Changes A/; (Aa and Ac) in the sample dimen-
sions a X a x ¢, where c«a, due to the thermocycling
lead to a change in its volume by Ac - @*+ 2Aa - ac and
an additional shift of the cavity resonant frequency

AS(T) =’:;’—’V‘ij Al(T)H? dS (20)

§

where W is given by Eq. (6). Strictly speaking, the
quantity Af; (T), alongside Afo(T), should be included
in Eq. (13) for X,(T). Let us estimate this con-
tribution by comparing expression (20) with the
resonant frequency shift due to the change in the field
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penetration depth AA(T'):

A (T) =%f AA(T)H? dS Q1)

N

If the ab-plane of the crystal is perpendicular to
the magnetic field H,, (transverse orientation, Fig. 5a)
in measurements of AA,(T), then, using Egs (15),
(20), and (21), one can easily show that

%= Ac/2(In(a/c)— 1)+ Aa
Af Adx(In(a/c)+1)

(22)

In YBCO and BSCCO single crystals with
T.~90 K, A, increases by about 1000 A as the tem-
perature grows from 4.2 to 80 K, and at 7> 80 K the
growth rate is considerably higher. Experimental data
indicate that at T<30 K the relative change in dimen-
sions of YBCO [48-50] and BSCCO [51,52] crystals,
e=Al;/l;, is very small, <107°. In the temperature
range 30<7T<100K the thermal expansion
coefficient a;=de;/dT is an almost linear function of
temperature T; moreover, in the ab-plane of YBCO
crystals @,~0.3-1077, and in the direction of the
c-axis a,~107'T. Hence we have £,~107* and
£~3-10™, and for typical crystal dimensions
axb~1mm and c~0.1mm they increase by
Aa~Ab~1000 A and Ac~300 A when the tempera-
ture grows from 30 to 100 K. In BSCCO single crys-
tals £, is twice as large, and ¢, is approximately the
same as in YBCO. Relative changes in dimensions of
BKBO crystals in the temperature interval 0 < T< 27,
are very small, £ < 107° [53]. To the best of our knowl-
edge, no data on thermal expansion of TBCO and
TBCCO for T< T, are available,

Thus, the contribution of Af;(T) to the total fre-
quency shift of a cavity loaded with a sample is negli-
gible in the range of low temperatures. In the
intermediate range, however, it can be quite consider-
able, although smaller than Af, (T), as follows from
the estimate by Eq. (22). This circumstance should
be taken into account when using Eq. (13) in the
determination of 4,,(T). Since the thermal expansion
of samples is not measured in microwave experiments,
the only criterion of the authenticity of experimental
curves of A,(T) is their reproducibility for crystals of
different sizes. For example, let us compare curves of
Alexp(T) o Afoxp(TY=[Af (T} — Afo(T)] measured in
YBCO crystals of dimensions axbz1.4mm,
cx0.1 mm [54] and axb=x~1.5 mm, cx0.] mm [33]
with curves of AA(T)oc[Af..,(T)+Af(T)] plotted
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taking into account Af;(T). In Fig. 8 the lower solid
line 1 and dashed line 2 show the numerator on the
right of Eq. (22) as a function of temperature for two
YBCO crystals with dimensions a and ¢ given in the
caption. The measurements of Ac(T)=c¢ f a.(T)dT
and Aa(T)=a/2 [ [@/T)+ as(T)] dT are taken from
[50]. The full symbols (A..,) in Fig. 8 plot experi-
mental data quoted in [54] (1) and [33] (2), and the
open symbols (1) show the data processed using Eq.
(22) and taking into account thermal expansion of
the crystals. At T<50 K the curves of A..,(7T) and
A(T) coincide, whereas in the region of higher tem-
peratures there is a difference between them.

Let us also estimate the factor Af,(T) in the case
if the ab-plane is parallel to the microwave field H,
(longitudinal orientation, Fig. 5b). In this case the
experiment measures the effective parameter A,4(7) =
X Feti(T)/op,, related to Aw(T) and A(T) by Eq.
(17). For ¢/a«1 we derive from Egs. (20) and (21)

MNAC(I + Eab/&'c)
A, 2AAy

It follows from Eq. (23) that thermal expansion
of crystals can lead to variations ~Ac in A(T)
measured in the configuration H,1¢.

(23)

3. MEASUREMENTS OF SURFACE
IMPEDANCE AND COMPLEX
CONDUCTIVITY OF YBCO, BSCCO, TBCCO,
TBCO, AND BKBO CRYSTALS: THEIR
COMMON AND DISTINCTIVE FEATURES

First measurements of the surface impedance of
HTS materials in the microwave band date back to
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Fig. 8. Effect of sample thermal expansion on the penetration
depth A, plotted against temperature for two YBCO single
crystals.
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the time of their discovery in 1986-1987. The first
microwave experiments with ceramic samples, as well
as thin films and single crystals, which were fabricated
soon after the discovery of HTS, were rare and pro-
duced only rough estimates of HTS parameters since
the quality of those samples left much to be desired.
In particular, the residual surface resistance R,.,=
R, (T—0) was several orders of magnitude higher than
in conventional superconductors like Nb or Pb, and
it was clear to everyone that high-frequency properties
of HTS materials were largely determined by irregul-
arities in their structures, namely their inhomogeneity
and the presence of weak-coupling sites, twins, and
other defects in their surface layers.

The situation changed radically in 1992-1993,
when first high-quality YBCO single crystals [23-25]
and thin films [55] with considerably smaller R,., were
fabricated. Measurements of those samples revealed
a temperature dependence of the surface impedance,
Z,(T), which could not have been detected in earlier
experiments against the background of high residual
losses. The UBC group detected for the first time

(a) linear dependences A,,(7) and R(7T') in the
range 4<7T 525K, and

{(b) a broad peak in R(T) centered at about
40 K.

These features of Z,(T) in YBCO single crystals
were confirmed by experiments performed by other
groups [33,41,42,56] and have been generally recog-
nized by this time. We stress once again that features
(a) and (b) can be observed only in YBCO crystals of
the highest quality. Doping of initially perfect single
crystals with Zn [57-59] changes the linear function
Aa(T) to quadratic and spreads the peak in R (T).
The dependence Adu(T) oc T is typical of YBCO thin
films [60-62], in which impurities and weak coupling
sites occur more frequently than in single crystals.
Therefore it is generally accepted that the quadratic
dependence A (T) is largely due to the presence of
defects in samples (extrinsic origin), unlike features
(a) and (b), which are due to intrinsic microscopic
properties of HTS materials. This conjecture was later
confirmed by systematic research of YBCO thin films
[63]: As their quality improved, the quadratic depend-
ence A(T) in the low-temperature range was replaced
by a linear function. A detailed analysis of the results
mentioned above and concerning microwave studies
of YBCO crystals and films before 1996 is given in
the review by Bonn and Hardy [64].

Given the apparent difference between the tem-
perature dependences in YBCO and conventional
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Fig. 9. Components of the surface impedance Z,= R,+iX, in the
normal and superconducting states of a BSCCO single crystal vs.
temperature [43]. The inset shows the low-temperature section of
the R,(T) curve.

superconductors, the natural question arose about the
applicability of properties (a) and (b) to other HTS
materials which, unlike YBCO, have a tetragonal
structure and contain no Cu-O chains or are copper-
free. The progress in the fabrication technology of
HTS samples in the past two to three years has been
considerable, which has allowed researchers to investi-
gate microwave properties of BSCCO [43,65,66],
BKBO [47], TBCCO [54], and TBCO [67] single crys-
tals of high quality. In addition, the notable reduction
in the homogenization time of growth solutions and
in the time of crystal growth by the conventional tech-
nique [23] of YBCO manufacture in standard zircon-
ium dioxide (ZrO,) crucibles stabilized with yttrium,
alongside the utilization of BaZrO; crucibles [68], has
allowed technologists to manufacture high-purity
YBCO crystals with resistivities p(7T.) <40 pQ -cm,
i.e., lower than in previously reported experiments.
Microwave measurements of such crystals produced
using the accelerated growth technique in ZrO, and
BaZrO; crucibles have been performed recently by the
ISSP [33,54] and NEU [69,70] groups. These
measurements have demonstrated features (a) and (b)
in the curves of 4.(7) and R(T), as well as new
features of Z(T) in the range of higher temperatures.

Examples of experimental curves R (7) and
X,(T) recorded in the transverse orientation, H, ¢
(Fig. 5a), are given in Fig. 6 for a YBCO single crys-
tal, in Fig. 7 for a BKBO crystal, and in Fig. 9 for a
BSCCO crystal. In all these graphs, R,(T)=X,(T)
for T> T,, which indicates that the experiments were
performed under the normal skin-effect conditions.
The values of X, (T) were obtained using Eq. (13), in
which the additive constant X, was determined by
fitting measurements of AX,(T) to AR,(T) in the
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range T>T.. The quantity X,(7) expressed in abso-
lute units, in its turn, determines A (0)=X,(0)/wu,.
From the measurement of

RA(T.)=ouop(T:)/2~0.12Q

in the YBCO single crystal (Fig. 6), we derive
p(T.)~38 uQ -cm [33]. All the functions of tempera-
ture R,(T)=X,(T) plotted in Figs. 6, 7, and 9 in the
region T> T, are adequately described by the formula

2RY(T)/ope= p(T)=po+bT

For example, in the BSCCO crystal (Fig. 9)
pox1l uQ-cmand bx1.4 uQ -cm/K [43].

It is more convenient to compare the surface
impedance vs. temperature, Z,(T), in the supercon-
ducting state in different HTS single crystals by divid-
ing the entire temperature interval into three sections,
namely the ranges of low (T'<T,/3), intermediate
(T~T,/2), and subcritical (T'~T,) temperatures.

3.1. Low Temperatures, T<7,./3

Figure 10 shows a set of typical R,(7T") and A (T)
curves in the range 7<0.77, measured in YBCO [33],
TBCCO [54], and BKBO [47] single crystals manu-
factured at ISSP. The curves for YBCO and BKBO
correspond to the low-temperature sections of the
graphs in Figs. 6 and 7 with the ordinate plotted using
a linear scale. The experimental points of A(7T) for
YBCO are the same as those shown by open circles
about curve 2 in Fig. 8.

In the low-temperature range, changes in the sur-
face resistance, AR, (T) are proportional to T for all
the crystals whose data are plotted in Fig. 10. Similar
linear dependences AR,(T') are observed in BSCCO
(inset to Fig. 9) and TBCO (Fig. 11) crystals.

The functions AA(T)=AX,(T)/wue in the
YBCO (Figs. 8 and 10), BSCCO (Figs. 9 and 12},
and TBCO (Fig. 13) crystals in the range T<7./3
are also linear. The curves of A(7T) for TBCCO at
T>12K and for BKBO at 7> 5 K shown in Fig. 10
have clearly rectilinear shapes.

The extrapolation of low-temperature sections of
A(T) curves to T=0 in Fig. 10 and of X (T)=
woA(T) in Fig. 9 yields the following estimates of
A.(0) in several single crystals of different materials:
1400 A (YBCO), 3700 A (TBCCO), 3000 A (BKBO),
and 2600 A (BSCCO).

3.2. Intermediate Temperatures, T~ 7,/2

At frequencies about 10 GHz, the linear depend-
ence AR,(T)oc T in BSCCO (Fig. 9), TBCCO (Fig.
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Fig. 10. Surface resistance R, and penetration depth 4 in YBCO,
TBCCO, and BKBO single crystals as functions of temperature for
T<0.7T,.

10), BKBO (Fig. 10), and TBCO (Fig. 11) single crys-
tals extends to temperatures ~7,/2. The magnetic
field penetration depth A (T') monotonically increases
with the temperature.

This property of the surface impedance, common
for all HTS single crystals with the tetragonal struc-
ture, is not characteristic of YBCO. As was noted
previously, all microwave measurements of high-qual-
ity YBCO crystals show a broad peak in the R,(T)
curve centered at about 40 K (Figs. 6 and 10). The
underlying cause of this YBCO feature, which dis-
tinguishes it from other HTS materials, has remained
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Fig. 12. Linear section of the curve of penetration depth vs. tem-
perature, A4 (T), in a BSCCO single crystal in the low-temperature
range [66]. The inset shows the curve of AA(T) over a wider
temperature range.

unclear. It is unlikely that the absence of this peak in
crystals with the tetragonal structure could be caused
by their poor quality, as is the case of YBCO doped
with Zn [57-59]. Firstly, there is a sufficiently large
set of experimental data indicating that R,(T) is a
linear function in BSCCO, TBCO, TBCCO, and
BKBO; secondly, the peak in R, (T) was also detected
in such YBCO crystals [41,54,56] whose parameters
R,es and p(T,), which characterize their quality, were
inferior to those of, for example, BSCCO [66] or
TBCCO [54]. The more probable cause of the peak
is the presence of an additional component in the
YBCO orthorhombic structure, namely Cu-O chains,
whose electrons form an additional electronic band
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Fig. 13. Linear section of the curve of field penetration depth 4 vs.
temperature in a TBCO single crystal [67]). The inset shows the
curve of AA(T) over a wider temperature range.

and contribute te the function Z,(T). It seems that
this contribution generates another distinctive feature
of YBCO, namely the plateau (Figs. 8 and 10) or
bump (Fig. 14) on the curve of A,,(T).

This feature has been yet observed only in the

purest YBCO single crystals [33,54,69,70] and films

5000 ~
[

AMA)

Fig. 14, Magnetic field penetration depth AL
as a function of temperature for YBCO single
crystals {69] manufactured using different
techniques: (1) in BaZrO; crucibles; (2) in

393

[55,71]. Curve 1 in Fig. 14 refers to a YBCO crystal
with notably smaller values of p(7.) and R, than in
samples 2 and 3, whose AA.(7") curves have a stan-
dard shape. In Figs. 6, 8, and 10 the quantities .X; and
Aq are almost constant with the temperature in the
intermediate range.

In discussing features of the imaginary part
X (T) of the surface impedance in the intermediate
temperature range, one should be careful to take into
account the possibility of crystal thermal expansion
distorting the curves of A(T). As was shown in the
previous section, this process has little effect on the
shapes of the A (T') curves in Fig. 8. The plateaus on
the A,,(T') curves have approximately the same width
of about 20 K, but their positions with respect to T/
2 vary in several YBCO single crystals manufactured
by the same technique [33). Measurements on one of
these crystals were performed at the laboratory under
Sridhar’s direction (NEU), and they confirmed the
existence of a plateau. Hence, we can assert that the
plateaus on the curves of A(T) [33,54] are real
features of the surface reactance X,(7T") characteristic
of YBCO single crystals in the intermediate tempera-
ture range. On the other hand, the curves of surface
resistance R(7) obtained in the same experiments
have the usual shape (Fig. 6).

Finally, another feature in the impedance of
high-quality YBCO crystals, namely a notable

L

ZrO, yttrium-stabilized crucibles; (3) data
from [25]. The inset shows curves of surface
resistance R(7/T,) for samples 1 and 2.

20

100
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Fig. 15. Surface resistance R, and reactance X, of a TBCCO single
crystal vs. temperature.

increase in R,(7) with temperature beyond the peak
at T~40K, was detected in recent experiments
[69,70]. The corresponding curve of R(T) [69] is
shown in the inset to Fig. 14 (curve 1). The surface
resistance as a function of temperature is easily
derived from measurements of the cavity Q using Eq.
(13). This function is not affected by the sample ther-
mal expansion. The gradual increase in R,(T) in the
interval T, /2<T<T, can hardly be attributed to the
coexistence of different phases in the sample. The
emergence of a superconducting phase with a certain
T. is indicated in microwave experiments by a jump
{an abrupt drop) in Ry(T) at the critical temperature,
which was observed, for example, in a TBCCO crystal
(Fig. 15), which has two superconducting phases [72],
namely 2212 (T,,~112K) and 1212 (7,~81K).
YBCO single crystals grown using BaZrO; crucibles
and measured at a frequency of 10 GHz [69,70] are
samples of record purity (R,.,~10 uQ), and curve 1
in the inset to Fig. 14 proved to be reproducible [70].

3.3. Temperatures Close to 7., T~ T,

In all HTS single crystals, the surface resistance
R, (T) drops abruptly at the point of transition from
the normal to the superconducting state. At frequen-
cies about 10 GHz, R,(T') of high-quality YBCO crys-
tals falls off by a factor of 100 or more as the
temperature drops to one degree below 7. The quan-
tity X,(7") also jumps at the transition point, but by
a smaller factor. Opinions differ on the temperature
dependence of the magnetic field penetration depth
Aa(T) around the critical point, which has been inves-
tigated only in YBCO crystals of high quality fab-
ricated by different techniques. Some authors [14,73]
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measured the function A.(T)oc(l — T/T.) ">, corre-
sponding to the so-called 3D XY fluctuation model
[74-76]. Others [70] detected in the neighborhood of
T, the dependence Au(T)oc(1—T/T.) ", in agree-
ment with the BCS theory. The exponent measured
in the crystals fabricated at ISSP proved to have an
intermediate value between —0.33 and —0.5.

3.4. Complex Conductivity

Now let us discuss the temperature dependence
of the complex conductivity 6,=0,—ic,. The com-
ponents 01(T) and o,(T) are not measured directly
but derived from measurements of R,(7) and X,(T)
using Eq. (2).

At temperatures not very close to 7, and in HTS
crystals of high quality R,(T)«X,(T), and Eq. (2)
can be simplified:

20ucR (T )
'u;) ( ) ) GZ(T) = 2ﬂ0
X:(T) X:(T)
It follows from Eq. (24) that in the ranges of low
and intermediate temperatures o, /o,=2R,/X,«]1.

The increments Ao (T) and Aoc,(7) depend on
relative changes AR, (T) and AX,(T):

Acoc (AR5_3 AXS),
R, X,

o1(T)=

(24)

AXs
Acaoc X, 25)
Hence, the curves of o,(T) are determined only by
the function X, (T)=wuoA(T) and reflect the basic
properties of the field penetration depth vs. tempera-
ture, namely its rectilinear shape at low temperatures
in all high-quality HTS crystals and the features
detected in YBCO in the intermediate temperature
range. The behavior of the real part o,(7T) of the
conductivity, as follows from Eq. (25), is determined
by the competition between relative increments AR, /
R, and AX;/X;. In conventional superconductors like
Nb, X, (T) (»R;) is a very weak function of tempera-
ture in the temperature range 7< 7, /2 (AX,~0), and
R,(T) drops exponentially with decreasing tempera-
ture and tends to R,, as T—-0. By subtracting R,
from measurements of R,(T"), we derive using Egs.
(24) and (25) the temperature dependence o, (T') pre-
dicted by the BCS model: ;=0 at T=0 and shows
an exponentially slow growth with temperature for
T<T./2 (Fig. 1). In HTS materials curves of o, (T)
are radically different from those predicted by conven-
tional theories (BCS, SC, GC) of the microwave
response of superconductors. In the range T<T, the
increments AR, (T) and AX,(T) in HTS are not small,
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Fig. 16. Real part of the conductivity o, (T)/c(T.) of a YBCO
single crystal calculated by Eq. (27). Values of R,(T) substituted
in this equation were derived from curves of Fig. 6 (or 10) by
subtracting the residual resistance R,.,~230 uf2.

besides, AX,(T)>»AR,(T). Therefore, although
R (T)<X,(T), the increment Ac\(T) in Eq. (25)
changes its sign from plus to minus as the temperature
increases from T'=0, i.e., the curve of o, (T) should
have a peak. Its position and amplitude depend on
what value has been attributed to R,.,. For this rea-
son, the shapes of o, (T') curves are not determined
unambiguously for 7<T,/2, unlike the functions
R,(T) and X,(T), which are directly measured in
experiments. If we linearly extrapolate R,(7T) to the
region T« T, down to T=0 and attribute the resulting
R,(0) to the residual surface resistance, R;(0)= R,,
and then substitute the temperature-dependent
difference R,(T)— R,.; (the function due to intrinsic
behavior) in the numerator of the first formula in Eq.
(24), all resulting o,(7") curves for HTS materials
have shapes of broad peaks. Starting with a steep
linear section in the neighborhood of ¢, (0)=0, the
curve of o (T") rapidly arrives at its peak value o max»
which is always essentially higher than the normal
state conductivity 01(7,): Cimax>»0(7T.). In tetra-
gonal HTS crystals the conductivity has its peak value
01 max at temperature T,,= 7T, /3, and in YBCO 7,, is
very close to the peak position of the R(T) curve.
Moreover, the features of the YBCO surface imped-
ance Z,(T) in the intermediate temperature range
[33,54,69,70] are also manifested in the conductivity
o1 (T) of these samples. As an example, the curve of
o1(T) for the YBCO crystal characterized by the
curves of R.(T) and X,(T) shown in Fig. 6 is given
in Fig. 16.

Let us also discuss the behavior of o,(7T) near
T,, where Egs. (24) and (25) do not apply. In this
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temperature range, it is advisable to use local relation-
ships (1) and (2) or their analogues for normalized
quantities, relating the real and imaginary parts of the
impedance to the components of complex conductiv-
ity and vice versa:

R(T) _ [o(T)(9"-1)

R(T.) o0 (26)
X (T) _ [o(T)e"*+1)
X(T.) 020

oi(T) _4RXT)RAX,

o(T.) (RP+X%)° @7

02(T) _ A%(0) _X3(0)(X:-R})
c2(0) ANT)  (RI+XI)’

Here R,(T.)=X«(T.) and o(T.)=o0\(T,) are the
impedance and conductivity at T=T,, X,(0) and
0,(0) are the values at T=0; A=(1/wuo02)"* and
=1+ (01/02)>. The conductivity o,(T) in the ab-
plane of HTS crystals abruptly drops to zero in the
normal state. The derivative (T,./02(0)) doy(T)/dT
at T=T, varies in different crystals between —2 and
—4. The real part of the conductivity, o,(T), does not
show a coherent peak (Fig. 2) about 0.857, predicted
by BCS. Usually the curve of o,(T) of HTS single
crystals within 1 K below 7, has the shape of a very
narrow peak and transforms to a broad maximum
peaking at T<T,/2. The causes of the narrow peak in
the close neighborhood of T, are the inhomogeneous
broadening of the superconducting transition [11,12]
and fluctuation effects [13], and this peak was investi-
gated in detail by Anlage er al. [14]. In very pure
YBCO crystals, however, the curve of o, (T) deviates
from its usual shape in the range T> T, /2 (Fig. 16)
because of features in the impedance Z,(7) at these
temperatures.

4. MODIFIED TWO-FLUID MODEL

Macroscopic properties of conventional super-
conductors have been successfully described by the
London simple phenomenological model [77] and the
related two-fluid model [17] developed by Gorter and
Casimir (GC). The underlying principle of both these
models is a local relation between the current density
and vector potential of magnetic field. As concerns
the analysis of superconductors in an electromagnetic
field of frequency o, the essence of the GC model can
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be described as follows. It assumes that a supercon-
ductor contains a fraction s, of superconducting cur-
rent carriers, whereas the second fraction n, is normal
carriers (both have the same charge e and effective
mass m), and at all temperatures 7< 7, the total car-
rier concentration is n=n,+n,. The equation of
motion for the superconducting carriers is London’s
first equation. The normal current carriers are acted
upon by an ac electric field and an averaged ‘“‘force
of friction,” which depends on the relaxation time 7
of normal carriers, and their motion is controlled by
Newton’s second law. By solving the equations of
motion, we obtain expressions for the components of
complex conductivity ;=01 —~i0;:

n,e't 1
o= —3,
m l1+(or7)
(28)
nsez[ f, (GJT)Z :l
oy=—|1+———5
mao n, 1+ (07)

The relaxation time 7 in the GC model is
independent of temperature. This is quite natural if
we assume that the behavior of normal carriers in
superconductors is similar to that of normal carriers
in normal metals. Scattering of electrons at low tem-
peratures  (in  conventional  superconductors
T.<10K) is due to impurities and independent of
the temperature. Therefore the temperature depend-
ence of the conductivity components (28) in the
Gorter-Casimir model is determined by the functions
n,(T) and n(T)=n—n,(T) only. The best agreement
with experimental data is achieved if the function », (1)
is selected in the form n,(¢)=n(1~¢*), where t=T/
T., which leads to the well-known formula A(?)=
A1 =172 where A =(m/uone*)"?. As a result,
we derive from Eq. (28) o, (T) and 0,(7), then from
Eqs (1) or (26) the components of the surface imped-
ance R,(T) and X,(T). In the band of centimeter
and longer waves, the shapes of these curves weakly
depend on the parameter w7 < 1. When the tempera-
ture 7< T, decreases and o< o5, so that, according
to Egs. (26) and (27),

(@),

1
Rs—- =“w2u3612~3,

2057 2 (29)
X (Cl?/rlo/f"z)l/2 =opold

the functions X (T)/X.(T.) and o,(T)/o(T,) rap-
idly saturate as the temperature drops and achieve
their limits (2w7)'* and (w7)”", corresponding to
zero temperature, whereas o(7T) and R,(T) tend to
zero following a power law. In the other limiting case
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(o1»0;) of the temperature approaching 7,
c,—0(T,), 0,0, and the quantities

@ 1/2
Rsz<ﬂ) (1_57_2),
20’1 20'|

172
X~ (Q’i‘f) (1 +fi>
20 1 20 1

become equal at 7=T, (z=1); furthermore, there is

a narrow peak of X,(T) at t,,=(1 — @7//3)""*, whose

amplitude X, (#,,) ~1.14X,(1). Such a peak has been

observed in conventional superconductors tantalum
and niobium [78,79].

Before proceeding with our analysis, it is advis-
able to compare the temperature dependences of sur-
face impedance and complex conductivity predicted
by the two-fluid GC model with those given by the
microscopic BCS (Fermi liquid with weak electron—
phonon coupling) and SC (strong coupling) models.
General electrodynamic formulas for superconduc-
tors deriving from the BCS and SC models are given
in the review [80]. One can easily derive from these
formulas analytical expressions for the conductivity
components in the two limiting cases of the BCS
theory, which apply to dirty London and pure

Pippard superconductors at frequencies w<«A/#%
[81,82]):

(30)

o(T) A(T) _2( A) (A)
~——=cosh | — }Int — |,
o(T.) 2kT 2kT) " \thw

o2 (T) _ 7A(T) ( A )
————=——"tanh| —
o(T.) fhe kT

By comparing Eqs (31) with (28), one can easily
find out that, unlike the GC model, the functions
os(T) and Z,(T) given by the BCS models have the
following features:

(1) in the range T< T, /2 the exponential depen-
dence (R (T') and o (T)ccexp(—A(0)/kT))
is predominant;

(2) the slope of the 02(T) curve at T—-T, is
about twice as small;

(3) owing to the logarithmic factor in Eq. (31),
o (T) grows in the temperature range
0.85<T/T,<1 (the coherent peak). The
standard GC two-fluid model cannot
account for the increase in o,(7) beyond
o(T,), since this growth would require a
number n, of normal carriers larger than
their total number n.
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Nonetheless, the BCS theory allows a two-fluid
interpretation in the London limit if, following
Abrikosov [1], we take

-1
m(T)=n—n(T)=nT"" dA (i é)
dT \dTT

By substituting these functions #,(T) and »,(T) in
Eq. (28), we can obtain properties (1) and (2) typical
of the BCS model. The peak in 0,(T)/c(T,) can be
obtained in the two-fluid model only by introducing
an energy dependence of the relaxation time t [83].

In the BCS there is a gap A, which depends only
on the temperature, in the excitation spectrum at all
temperatures 7<7.. At T=0 there are no quasipart-
icles in BCS superconductors, and the onset of the
electromagnetic absorption takes place in the band
of optical frequencies @ >2A(0)/A. The energy 2A is
necessary to break a Cooper pair and generate two
excitations in a superconductor. The gap width drops
with the temperature, and a lower energy fio is
sufficient for generating quasiparticles through excita-
tion across the gap. These quasiparticles are treated
as a “normal liquid” in the BCS model, although they
are not full analogues of current carriers in normal
metals because of coherence effects related to wave
functions of pairs. A more natural two-fluid descrip-
tion of the high-frequency response in superconduc-
tors was obtained under conditions of the SC model,
as was shown in the review [84]. The distinctive
feature of superconductors with strong coupling is
that the gap in the spectrum of electronic excitations
is smeared. Strictly speaking, there is no gap whatever
at T#0 [85,86]. This leads to breaking of Cooper
pairs, smearing of the peak in the density of states,
and suppression of coherence effects. If the coupling
constant is sufficiently large (more than two), there is
no coherent peak in the conductivity ¢, (7’), and the
mechanism of quasiparticle generation is radically
different from that of the BCS model [87]. They are
generated without jumps across the energy gap and
can be in states with all energies down to #w =0.
These states can be classified as gapless, and the quasi-
particles can be treated as normal current carriers in
the two-fluid model. Curves of 1%(0)/A%(T) numeri-
cally calculated by the SC model [18-20,88] proved
to be fairly close to the function »,(¢)/n=1-n,(1)/
n=1—1r*in the GC model. The slopes of these curves
at T=T, are in agreement with those measured in
different YBCO single crystals and equal to —3 [59]
or —4 [33,42,54]. In combination with the experi-
mental fact that there is no BCS coherent peak in
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the conductivity of HTS crystals, this indicates the
necessity of taking into account effects of strong cou-
pling near T, and feasibility of a description of HTS
properties in the high-frequency band in terms of the
two-fluid model.

4.1. Temperature Dependence of the Relaxation
Time

As was noted in the Introduction, none of the
models briefly described in the previous sections (GC,
BCS, and SC) can account for the impedance Z,(T)
and conductivity ¢,(7) as functions of temperature
in the ranges of low and intermediate temperatures.
There is, however, a very simple description of
features detected in experiments in their entirety based
on the conventional two-fluid model modified by
including distinctive features of HTS materials. One
of these features is the very high 7. In normal metals,
processes of inelastic scattering of quasiparticles are
essential at such high temperatures, hence, one natural
modification of the two-fluid model is inclusion of the
temperature dependence (7).

The first attempts to determine this dependence
by comparing measurements of ¢,(7T) and o.(T)
with calculations by Eq. (28) were undertaken in stud-
ying HTS crystals in which the real part of conductiv-
ity has a peak at T~ T, /2 [24,89,90]. The conclusion
from this comparison was that 7 should increase with
decreasing temperature in the range 7<7,, but for
some reasons (poor quality of crystals, utilization of
curves measured in different experiments, etc.) the
resulting functions t(7") were rather peculiar: 1/
tocexp(T/To), To~10K [90] or 1/1oc(AT+B)
[89]. A more detailed analysis taking into account
both common properties and specific features of the
impedance and conductivity of high-quality HTS cry-
stals was required (see the previous section), and this
analysis was given in our publications {30,33,47,
54,91].

The parameter @ 7(7,) is derived from measure-
ments of conductivity: ot(T.)=06,(T.)/c,(0). In
the band of centimeter waves, @7(7T.)~ 107> in the
best HTS crystals. There is no feasible mechanism
that could lead to an increase in the relaxation time
by three orders of magnitude with decreasing tem-
perature below T.. Therefore wr« 1 at all tempera-
tures, and the expressions for the conductivity
components in Eq. (28) in the two-fluid model trans-
form to a very simple form:

2 2
0"=e—rn,,, 0'2=~e——ns 32)
m ma
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At fixed n,(¢)/n, hence n,(¢)/n=1-n,(t)/n, the
only function we lack for determination of conductiv-
ity o,(¢) in Eq. (32) and impedance Z;(?) in Eq. (1)
is 7(#).

First let us try to describe measurements of
R, (T)/R,(T,) using Eq. (26) by substituting values
of 62(T)/02(0)=A%*0)/A*(T)=n,(T)/n measured
in the same experiments and o, (T)/0,(T.) obtained
using Eq. (32), the latter function, in its turn, being
derived from n,(T)/n=1-0.(T)/0,(0), which is
obtained using experimental data and properly
selected 7(7).

In selecting the form of function 7(T'), let us rely
on the simple analogy between the “normal liquid”
and charge carriers in normal metals. According to
Mathissen’s rule, the reciprocal relaxation time at
temperatures below the Debye temperature, T« @, is

11 1 1
—=——

T Timp Teph Tee

(33)

The first summand on the right (due to impurity
scattering) is constant with temperature, the second
(electron-phonon scattering) is proportional to 7,
and the third (electron—electron scattering) is propor-
tional to T2, By adding the first and second summands
on the right of Eq. (33), we express 7(7') as

11 ﬁ+15~/3+t5
() ©(T.) B+1 o(T.)

(34)

where B~1(T,)/7(0)«1 is a numerical parameter.
Expression (34) corresponds to the low-temperature
limit of the Bloch-Griinesen formula, which includes
the impurity scattering and can be presented in a wide
temperature range in the form

1 _ 1 BHESs(k/0) Fs(K)
() o(T.) 1+p
e dz

K/t
fs(K/t)=fO -1y

b

(35)

where k=0/T,. For T<®/10 (x>10t) Eq. (34)
derives from Eq. (35); for 7> 0/5 (x <5¢) we deduce
from Eq. (35) the linear dependence 1/7(z)oct.

All experimental curves of R;(¢) in high-quality
YBCO single crystals can be described by the two-
fluid model with 7(T) given by Eqgs. (34) or (35). This
is demonstrated by Fig. 17, which contains measure-
ments labeled by A, B, and C taken from [59,33,69]
and transformed to a single frequency of 10 GHz.
Graph B corresponds to the curve of R;(T) in Fig. 6
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Fig. 17. Comparison between calculations (solid lines) and
measurements (open squares) of surface resistance vs. temperature,
R,(T)/R,(T.), in YBCO single crystals. Experimental data are
taken from [59] (A, 4.13 GHz), [33] (B, 9.42 GHz), and [69] (C,
10 GHz) and transformed (oc@?) to one frequency 10 GHz.

and graph C to curve 1 in the inset to Fig. 14. At
this frequency @ t(7T.)=[p(T.)o,(0)]™' proved to be
approximately 4-107°, ie., in these experiments
[33,59,69] 1/7(T.)~2 - 10" s~'. The solid lines in Fig.
17 show calculations of R,(T)/R;(T.) by Eqs (26)
and (32) with 0,(7T)/02(0) derived from the same
experimental data [59,33,69] and plotted in Fig. 20
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(curves A-C). Curve A in Fig. 17 was plotted using
only one fitting parameter f=0.01 in Eq. (34). For
curve B §=0.2 in Eq. (34), and for curve C §=0.02
and k¥ =4 in Eq. (35). The calculated curves are very
close to experimental data and display both common
and specific features of R,(T') of YBCO crystals fab-
ricated by different methods, namely, the broad peak
in the intermediate temperature range due to the fast
growth of the relaxation time, 7(7)ocT >, with
decreasing temperature and the increase in R,(7) in
the range T, /2<T<T, (curve C) [69] caused by the
crossover from 7> to 7' in Eq. (35) for 7(T), which
occurs in this sample (C) at temperatures lower than
in samples A and B. Hence follows the conclusion
that the shape of the R(T) curve in YBCO single
crystals is controlled mostly by the phonon scattering
of quasiparticles.

Figure 18 shows an experimental curve of Ry(T)
plotted in linear coordinates [59], which was
measured in the same sample as curve A in Fig. 17,
but at a higher frequency, where the value
w1(T.)~1.5-107 was used in calculations (solid
curve). The dashed and dash-dotted curves in Fig. 18
also plot R(T)/R.(T.), but these data were calcula-
ted by replacing the temperature dependence of 1/
7(¢) in Eq. (34) proportional to £ with ¢ for the
former, whereas in the latter case 7 was assumed to
be constant with temperature. We stress once again
that the peak in R,(T) typical of YBCO at T'~0.4T,
can be described only using the dependence 1/
7(t)oct’. In addition, only this function leads to a

0.02 T T T T T —

Fig. 18, Open squares plot experimental data for a YBCO single
crystal {59] at a frequency of 34.8 GHz; lines are calculations by
Eq. (26). The dashed line was calculated with summand ° replaced
by ¢ in the numerator of Eq. (34), the dash-dotted line with the
temperature dependence eliminated from Eq. (34).
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Fig. 19. Experimental data for a BSCCO single crystal {66]
obtained at different frequencies: circles plot measurements at
14.4 GHz, triangles at 24.6 GHz, and squares at 34.7 GHz. Solid
lines are calculations of R,(T)/R,(T.) at the frequencies given
above.

notable elevation of R,(T) curves in a wide tempera-
ture range, which is a common feature of all HTS
materials.

The inclusion of the third summand on the right
of Eq. (33), i.e., a term quadratic in temperature in
the numerator in Eq. (34), leads to spreading of the
peak. This proves essential in comparing model curves
with measurements of tetragonal HTS crystals, which,
unlike YBCO, do not show a peak in R;(T). In Fig.
19 the symbols plot experimental data obtained by
Lee et al. [66] in a BSCCO crystal at three frequen-
cies: 14.4 GHz (07(T,)=0.8 - 107?), 24.6 GHz, and
34.7 GHz. The solid lines shows calculations at these
frequencies by Eqgs. (26) and (32) using measurements
of 6:(T)/02(0)=n,(T)/n in the same experiments
[66] and the function

_lh= [3+7t2+t5
() o(T)B+y+1)

where f=0.1 and y=0.9.

Graphs of Figs. 17-19, which plot measurements
of different crystals at different frequencies, demon-
strate excellent agreement between experimental data
on R, (T) and calculations based on the two-fluid
model.

(36)

4.2. Temperature Dependence of the Superconducting
Electron Density

Now let us try to analyze directly measurements
of 65(T)/02(0). Figure 20A shows a curve of 1%(0)/
A%(t)=n,(t)/n in the ab-plane of a YBCO crystal [59].
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Fig. 20. Comparison between calculations (solid lines) and
measurements (circles) of 62 (T)/d2(0)=A%(0)/AX(T) for YBCO
single crystals. Experimental data are taken from [59] (A), [33]
(B), and [69] (C).

Similar curves with small variations in their slopes at
low temperatures and in the neighborhood of T, were
obtained in other experiments with both YBCO
[42,56], and tetragonal BSCCO [43,66] and TBCO
[67] crystals. All of them are characterized by linear
sections in the low-temperature range and well
approximated by the function

n/m=(1-0° (37)

where ¢ is a numerical parameter. For r« 1 we have
ny(1)/n=c,(t)/0:(0)~(1—at). In the experiments
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quoted here 0.5<a <0.7. The solid lines in Fig. 20A
show function (37) at ¢=0.5. Near T, we obtain
A(Docn, (7 ?oc(1—1)"*%, which is also in fairly
good agreement with experimental data. Equation
(37) yields an infinite value of derivative do,(t)/
dtoc(l1—-1)* 'att=1and a<l.

The function n,(r), however, cannot account in
its simplest form (37) for features in the curves of
A%(0)/AX(T) detected recently in YBCO crystals in
the intermediate temperature range [33,54,69,70].
Moreover, the slope of these curves at T« T, implies
that ¢ > 1 in Eq. (37), which would lead to zero slope
of the 02(T)/02(0) curve at T=T,.. Therefore we
have to introduce an additional summand to the right-
hand side of Eq. (37) without breaking the condition
of particle conservation, n,+n,=n, in the two-fluid
model:

n/n=(1—0*(1-8)+8(1—"?%) 38)

where 0 < 6 <1 is the weight factor. For § «1 (6—-0)
and a>1 the principal contribution to o©,(T)
throughout the temperature range is still due to the
first term on the right of Eq. (38), whereas the second
is responsible for the finite slope of o,(7")/02(0) at
T=T,equal to —4, in accordance with the GC model.
As 6 increases, the second term on the right of Eq.
(38) becomes more significant. The experimental
curve of 02(T)/o(0) in Fig. 20B derived from R (T)
and X,(7) and plotted in Fig. 6 using formula (27)
is adequately described by function (38) at 6=0.5 and
a=5.5. The curve plotting this function in Fig. 20B
reflects characteristic features of the experimental
data, namely, the linear section and positive second
derivative (a>1) in the low-temperature range, the
plateau in the intermediate temperature range due to
the equality (6 =0.5) between the summands in Eq.
(38), and the correct value of the slope near T.. The
whole set of 0,(7) curves measured in the ab-plane
of YBCO crystals grown at ISSP using the same tech-
nique is described by Eq. (38), where a was almost
constant, @ &~ 5.5, and & was varied between 0.1 and
0.5.

The third curve in Fig. 20C [69], which corre-
sponds to the curve of A (T') in Fig. 14 (1), is different
from typical curves of Figs. 20A and 14 (2), (3), since
a linear section of a,(T') is observed only in a narrow
range of temperatures, 0 < T« T,, and it switches to
a quadratic curve as the temperature increases. This
crossover can be described [33] by introducing an
additional factor (1 + n?) to the first summand on the
right of Eq. (38) for n.(¢); thus we can obtain the
solid curve of Fig. 20C at ¢ =2.2, n=2, and 6 =0.04.
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To sum up, one can describe characteristic
features of Z,(7) and o,(T) in high-quality HTS cry-
stals in terms of the modified two-fluid model based
on Egs. (32)-(38). As follows from these equations, at
low temy eratures, ¢ <« 1, all curves have linear sections,
ciccat/B, since n,/nrat and txt(Q)~1(T.)/B;
Ao,c—at; Rycat/f, in accordance with Eq. (29);
AX;ocAdocat/2. As the temperature increases, the
curve of o, (¢) passes through a maximum at r<0.5.
This peak is due to superposition of two competing
effects, namely, the drop in the number of normal
carriers as the temperature decreases, t<1, and the
increase in the relaxation time, which stalls at
t~ B'°. The model also accounts for the temperature
dependence of the surface impedance and complex
conductivity in YBCO single crystals manufactured
using different techniques.

5. ON THE WAY TO A MICROSCOPIC
THEORY

Let us set aside the feasible mechanisms of super-
conducting pairing in HTS and briefly analyze the
existing microscopic theories of the high-frequency
response of HTS materials. Given the phenomenolog-
ical model formulated in the previous section, which
is in fairly good agreement with measurements of
Z.(T) in HTS crystals, it is natural to compare the
tenets of this model with results of the microscopic
theory. Along the way, some progress toward a clear
understanding of a universal microscopic approach to
microwave properties of HTS may be possible.

5.1. Isotropic SC Model and Relaxation Time in the
Superconducting State

Eliashberg’s equations, which take into account
effects of delay and damping of quasiparticles, apply
to superconductors with an arbitrarily strong inter-
action in the Fermi liquid. In the case of electron-
phonon interaction in an isotropic one-band super-
conductor with singlet s-wave pairing and Debye
spectrum of phonons, the electron relaxation rate
[(T)=1/27(T) is proportional to T* for T<T.
[16,84] if Eliashberg’s equations are solved by neglect-
ing the phonon corrections to the electromagnetic ver-
tex. If these corrections are taken into account [92],
then I'(T)oc T°, which is in agreement with Eq. (34).
Using this result, the authors of [15] proved that
peaks on curves of R,(T) and o,(T), which are
characteristic features of YBCO, can be obtained on
the base of the conventional isotropic SC model,
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although quantitative agreement between this model
and experimental data is out of the question. To the
best of our knowledge, the theory suggested by Eliash-
berg et al. [92] has remained the only model applied
to the HTS microwave response taking into account
vertex corrections. It might be interesting to find out
whether this result {92] should hold in microscopic
models more adequate for description of HTS.

5.2. Model of Almost Antiferromagnetic Fermi
Liquid

In this model [93-95], low-frequency excitations
in the medium are not phonons, but weakly damped
spin waves, and superconducting pairing is mediated
by spin fluctuations. The paramagnon mechanism
leads to a d-wave symmetry of the order parameter,
when the Fermi surface contains lines on which the
gap width turns to zero. This means that there are
quasiparticles in the superconductor even at T=0,
hence the finite conductivity [96]

ne’ _20(T.)o(T.)
mﬂ'Ao ﬂ'Ao

O min = (39)
Here 2I'(7.)=1/7(T,), and A, is the maximum gap
width on the Fermi surface, Ay =2.14T, (hereafter fi=
k=1) if strong coupling effects are neglected. Recall
that 2I(T,)=2- 10" s ' ~0.8 T, for YBCO single cry-
stals [33,59,69]; then we derive from Eq. (39)
Omin~0.10(7.), and substitution of this parameter in
Eq. (29) yields the minimum surface resistance R; min
of a d-wave superconductor. At a frequency of
10 GHz in YBCO R;nin~1uQ, ie., one order of
magnitude lower than the best experimental data
reported to date.

These manifestations of the d-wave symmetry,
which are unusual from the viewpoint of the conven-
tional approach, stimulated theoretical studies of vari-
ous HTS properties based on the model of an almost
antiferromagnetic Fermi liquid.

Hirschfeld er al. [97-99] calculated the conduc-
tivity o, (7’) and surface resistance R,(T) as functions
of temperature and compared them to experimental
data by Bonn et al. [59]. Let us discuss these results
in detail.

First let us consider the case of relatively low
temperatures 7<0.47., when the quasiparticle damp-
ing is due to their impurity scattering. In this range,
as was indicated by Hirschfeld et al. [97-99],

(1) the integral expressions for the superconduc-
tor microwave response allow one to present the con-
ductivity in the form of Eqs (28) or (32) with
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(T)~7(0)=1/2I", where " is the rate of elastic
relaxation; I' is always smaller than I'(7,); for
example, in the experiment by Bonn et al. [59], T'/
N(T.)~t(T.)/t(5K)~p=x0.01;

(2) versions with weak (Born approximation)
and strong (unitary limit) scattering characterized by
phase shifts 6 =0 and § = /2, respectively, are con-
sidered; in the Born approximation suppression of 7,
is predicted but has not been detected in microwave
experiments;

(3) there is a crossover temperature T™* defining
the boundary between the “gapless” (T<T*«T,)
and “pure” (T* < T« T,) regimes of superconductiv-
ity; in the unitary limit, whose conditions are closer
to those of real experiments, T*x0.8('Ao)"*~
0.17.~9 K in the best YBCO crystals with optimal
doping level; introduction of impurities (such as Zn
[59]) leads to higher I' and crossover temperature 7*.

In the “pure” regime of superconductivity the
field penetration depth is a linear function of nondi-
mensional temperature t=7/7,:

A0 _T.In2

—=1+Clt, Cy
A(0) Ao

(40)

This formula is in agreement with Eq. (37), from

which follows
M=1+0¢t/2, 1«1 41)
A(0)

By taking a = 0.5 (for the curve in Fig, 20A) and
2¢, given in Eq. (40), we obtain A,~2.77, in the
experiment reported by Bonn et al. [59]. At frequen-
cies of 4 GHz (w/7T.~0.002) and 35GHz (w/
T.~0.019) the parameter w/T" in [59] equals 0.27.
and 1.97,, respectively, which corresponds to an
intermediate region between the hydrodynamic (w/
I'«1) and collisionless (@/I">1) limits. According
to numerical calculations [98,99] for this intermediate
region (measurements at 35 GHz in [59] are well
within this region), the conductivity o, (T') is a linear
function of 7. Figure 9 in [99] clearly shows that the
slope of the line describing o, (7)/o(T.) at T« T, is
close to a/f3, which is given by the phenomenological
model.

As the concentration of impurities increases, the
“pure” regime at low temperatures is replaced by the
“gapless’ one, and from the intermediate region the
system is shifted to the hydrodynamic one; as a result,
we have AA(T)oc T? and o, (T) oc T2, This conclusion
was confirmed by measurements [59] of samples with
Cu atoms substituted by Zn impurities.
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In the temperature range 7>0.47. processes of
inelastic scattering are significant. The quasiparticle
damping factor due to scattering by spin fluctuations
vs. temperature was calculated neglecting vertex cor-
rections [100], and the result was proportional to 7°:
1/7(T)oc T?. With due account of this formula, calcu-
lations in the range of intermediate temperatures and
in the neighborhood of 7, produced maxima on
curves of ¢(7T) and R,(T) [98,99]. Unfortunately,
the parameter I'/T,=0.0008 used in those calcula-
tions was undervalued; therefore, it was useless to
compare these calculations with accurate experi-
mental data. One remarkable fact revealed by this
comparison was that the peak in the calculated R,(7T')
was shifted to lower temperatures with respect to the
measured position, which might be caused by the
insufficiently strong temperature dependence of 1/7
in the calculations (compare with Fig. 18).

Thus, the d-wave model of the microwave
response [97-99] is in qualitative agreement with
measurements of surface impedance in YBCO at low
temperatures [59] and is consistent from the formal
viewpoint with the phenomenological model consid-
ered above at T« T.. A significant advantage of these
calculations [97-99] is the visual demonstration of
nontrivial consequences of the d-wave order param-
eter applied to investigations of microwave response
of high-quality YBCO single crystals using the mini-
mal number of fitting parameters. It seems that curves
of 0,(T) measured in tetragonal HTS crystals, like
those shown in Fig. 20A, can also be described by
this model. On the other hand, this model cannot
account for the linear section of the R,(T) curves
extending to T, /2 (at a frequency of 10 GHz), obser-
vation of radically different values of the o, (7) slope
for T« T, (which corresponds to @>1 in Eq. (38)
and, in accordance with Eq. (40), to A¢<T.) in
experiments with YBCO crystals [33,54,69,70], not to
mention features in the range of intermediate tem-
peratures, and, finally, the large slopes of R,(T) and
02(T) curves as T—-T,.

This approach was further developed in a recent
work by Hensen et al. [71], who compared in detail
calculations and measurements of Z,(T) at a fre-
quency of 87 GHz in two different YBCO films. They
investigated theoretically the evolution of functions
o0s(T) and R,(T) as a result of a transition from the
unitary to the Born limit and demonstrated that the
minimal conductivity in Eq. (39) is not a universal
parameter and the experimental curves are best
described at an intermediate scattering phase shift
0=0.4nr. They matched their calculations to the
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experimental data using a combination of six (or even
nine) fitting parameters. Three parameters were con-
tained in a phenomenologically introduced tempera-
ture dependence of the inelastic relaxation time
t()/r()=at’ + (1 —a) e2 " DI+00-D - ywhere ¢=
T/T.. In the case of film B with higher characteristics
{711, the parameter a=0, and the remaining terms are
well approximated by the function 1/7(T)oc T°. It is
desirable to apply this calculation technique [71] and
its version generalized to the case of strong coupling
[101] to measurements of HTS crystals in the centi-
meter wavelength band.

To conclude our discussion of the consequences
of the d-wave order parameter, which is due to the
interaction intensity described by an alternating func-
tion in the reciprocal space, consider two important
points. Firstly, the presence of quasi-one-dimensional
sections of the electronic spectrum in HTS and the
resulting square-root van Hove singularities in the
density of states [102] lead to the d-wave pairing
caused by anisotropic electron—-phonon coupling.
Alternative models of the d-wave order parameter
based on the electron-phonon coupling were dis-
cussed in [103,104]. Secondly, the third principle of
thermodynamics rules out the linear dependence
AA(T)ocT in the region of very low temperatures,
T—0 [105]. In the case of a superconductor with a d-
wave order parameter, this means that there always
exists a physical mechanism that gives rise to a cross-
over temperature T*« T, below which AA(T) must
deviate from a linear function. At present two such
mechanisms are known, namely the impurity scatter-
ing [97] and, in pure d-wave superconductors, non-
local effects [2]. Indeed, in some microwave
experiments the onset of the linear section of the
AA(T) curve in the range T« T, was not at 4.2 K,
but at slightly higher temperatures (see, for example,
curves of A(T) in TBCCO and BKBO shown in Fig.
10), but no systematic measurements of AA(T') for
T<5K are presently available.

5.3. Two-Band Model and Mixed Symmetry of the
Order Parameter

An interpretation of the features in Z;(7") and
o.{T) curves observed recently in YBCO single crys-
tals [33,54,69,70] can be based on the two-band model
and/or the assumption about the mixed symmetry of
the order parameter. Even the shapes of the experi-
mental curves in Figs. 20B and C, and function (38),
which describes these curves and contains two sum-
mands, provide evidence in favor of this interpreta-
tion. Moreover, the mixed (s+d)-wave order
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parameter has the symmetry of the orthorhombic lat-
tice and seems to be more natural for YBCO than a
pure d-wave order parameter, which has the symmetry
of the tetragonal lattice.

A description of HTS properties based on the
two-band model was suggested by Kresin and Wolf
{106]. This model is a generalization of the SC model
to the case of layered HTS, in particular YBCO,
which has two subsystems, namely the band of CuO,
planes (S-band) and the band of CuO chains (N-
band). The density of states in such a system as a
function of temperature and impurity concentration
was analyzed by Adrian e? al. [107].

Calculations of the microwave response
[22,108,109] assumed a strong electron-phonon cou-
pling in the S-band and a weak superconductivity in
the N-band induced by the proximity effect. A system
of coupled Eliashberg equations for the s-wave order
parameter and renormalization functions in each
band was solved. The parameters in these equations
were coupling constants A; and coefficients y; and
y# of scattering from the ith to the jth band due to
nonmagnetic and magnetic impurities, respectively.

In [22,109] the number and values of parameters
were selected using experimental data on YBCO single
crystals. For the S-band A,, =3, in the N-band A, =
0, and the nonvanishing gap in the CuQ chains is
induced by the interband coupling characterized by
the parameters A, =4, =0.2. This set of coupling
constants yields 7.~92 K. Effects of interband scat-
tering were considered to be negligible: vz, Y21« T..
Impurity scattering within each band, ¥y, 72, was
taken into account, alongside the scattering by mag-
netic impurities, y%=y", in the N-band only
(711 =0), where oxygen atoms have a higher mobility
and, leaving the chains, generate magnetic moments
in the uncompensated copper ions Cu’". The param-
eter ¥ is proportional to the concentration of the
magnetic impurities, which increases with decreasing
oxygen content in the sample. The constants of elastic
relaxation were considered to be equal, 7y, =y»n=
y"™P, and estimated taking the absolute value and ani-
sotropy of YBCO conductivity in the normal state,
namely, the estimate 2< ™ /T.<4 derived from the
measurement S0<p(100 K)<100 uQ-cm and the
resistivity anisotropy factor in the ab-plane equal to
2. Note that ¥™ is not equal to I'=1/27(0) in the
one-band models discussed above. The calculated
constants of inelastic scattering were automatically
proportional to T° [22,109], since the Debye phonon
spectrum was used and vertex corrections were neglec-
ted. Thus the large set of parameters initially included
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Fig. 21, Comparison between calculated curves
(yM=0.2T,) of 62(T)/02(0) and experimental
data from [42] (triangles) and [59] (circles): (1)
Y=2T; (2) ¥ =4T.; (3) YN =8T; (4)
y™P=207,. The inset (y"*=2T,) demonstrates
a crossover from the exponential (curves 1, yM =

in the Eliashberg equations for the two-band model
reduced to four numbers ,,, A2, Y™, and ¥, two
of which (4;; =3 and 4,,=0.2) were constant, whereas
y™ and y* varied.

Figure 21 shows calculations and measurements
given in [42] and [59] (Fig. 20A) of the function
0,(T)/062(0). For curves (1-4) y*=0.2T,=const,
and the only parameter varying from one curve to
another is ¥™: 2T, (1), 47T, (2), 8T, (3), and 20T.
(4). The effect of magnetic impurity scattering
(depending on the content of oxygen in YBCO) is
demonstrated by the inset to Fig. 21 and can be
described as follows. In a sample saturated with oxy-
gen, there are no magnetic scatterers in the chains (V-
band), ™ =0. In this case, the calculation by the two-
band model (curve 1 in the inset) and the experimental
data (H) obtained using a YBCO thin film [55] yield
an exponential temperature dependence Ad(T) for
T«T,, owing to the small width of the energy gap
induced in the N-band.

Note that an exponential dependence AA (T') has
been detected by now in only one experiment [55]
with YBCO films of very high quality, which degraded
very rapidly [110]. No such behavior has been
observed in the best HTS crystals. The thermally acti-
vated behavior of o;(T) and R,(T) is incompatible
with the d-wave symmetry of the order parameter.

Light doping with magnetic impurities (y"=
0.17., curve 2 in the inset to Fig. 21) leads to a large
slope of AZ.,(T), but does not radically change the
curve shape. A further increase in y* (depletion of

0, and 2, ¥ =0.1T.) to linear (curve 3, y*=
0.4T.) curve of AA,(T) due to increasing concen-
tration of magnetic impurities. Squares in the
inset plot data from [55].

oxygen) makes the superconducting state in the chains
gapless, and the function AA,(7T) becomes linear in
the temperature range 7>0.057. x5 K. A linear sec-
tion of the AA,,(T) curve in the low temperature range
is also shown in Fig. 3, where the curve calculated on
the basis of the model under discussion (y¥=0.3T.,
y™P=4T,) is compared to measurements of a YBCO
thin film at a frequency of 87 GHz [21]. At a
sufficiently high y"™®, the contribution of the N-band
to the field penetration depth vanishes, and the func-
tion AA (T) becomes close to that predicted by the SC
model: AA (T)oc T" with the exponent n>2[16,92]. A
crossover from a linear AA(T) to a power function
with n=4 with increasing impurity concentration was
observed in recent experiments [111] with YBCO cry-
stals with some Y atoms replaced by Pr ions.

The complex conductivity o,= g, — ic, of a two-
band superconductor is a combination of conduc-
tivities in the S-band (o=o07—ic3) and N-band
(c¥=0o—ich):

N
o,=as+loy, (=——5 (42)

where vV and m>" are the densities of states and
effective masses of carriers in the respective bands.
Numerical calculations of o, (T") and R;(T) [109] are
in satisfactory agreement with measurements of
YBCO films [21], although these data have not been
carefully analyzed as yet in the range of low tempera-
tures and near T..
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Fig. 22. Evolution of ¢,(7T)/02(0) curves due to changes in the
interband scattering constant y. Calculations are made by the two-
band model with a d-wave order parameter in the S-band and an
s-wave order parameter in the N-band [112].

Even though the two-band model has its uncon-
tested advantages, attempts to apply it to the micro-
wave response of tetragonal HTS single crystals is
problematic since, unlike YBCO, they contain no
chains and, therefore, no magnetic scatterers like Cu?*
ions in YBCO. Meanwhile, magnetic impurities play
an essential role: scattering by these impurities
reduces the gap in the N-band to zero and leads to
the linear temperature dependence of A4, for T« T,.
There is no such problem with d-wave superconduc-
tors, Moreover, it seems that the experimental curves
of Z,(T) and o,(T) in YBCO in the intermediate
temperature range cannot be interpreted in terms of
s-pairing in both bands. Therefore, an option with a
d-wave order parameter in one of the bands turns up
as a matter of course. An attempt to introduce such
an order parameter was made by Golubov, and calcu-
lations of 0,(7T)/0(0) are plotted in Fig. 22 [112].
The curves were calculated using a two-band model
with a d-wave superconducting gap in the S-band and
s-wave symmetry in the N-band. The model param-
eters were A1 =3, 1,,=0.5, in Eq. (42) {=0.5, and
only the constants of interband scattering 2=
¥21 =y were included. The solid line in Fig. 22 shows
a feature at T~0.67,, which vanishes as the disorder
increases. A similar approach was employed by Sri-
kanth et al. [70] in interpreting their experimental
data, in particular, for the phenomenological descrip-
tion of the curve in Fig. 20C. Recently the microwave
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properties of HTS materials have been attracting
more attention from researchers [113-117] because of
intriguing effects that are tentatively attributed to the
mixed (s +d)-wave symmetry of the order parameter,
and more interesting discoveries in this field of
research can be expected in the immediate future.

6. CONCLUSION

This review is an attempt to summarize and class-
ify measurements of the surface impedance Z,(T) =
R(T)Y+iX.(T) of high-quality YBCO, BKBO,
TBCCO, TBCO, and BSCCO crystals in the tempera-
ture range 4.2<T<150 K. The common features of
all these materials are the linear temperature depend-
ence of surface resistance, AR, (T) T, and reactance,
AX (T)ocAdp(T)oc T, at temperatures 7« T,, their
rapid growth as T— T, and their behavior in the nor-
mal state corresponding to the linear dependence
Apa(T)oc T, R(T)=X(T)=\ouep(T)/2. There
are differences between the curves of Z(T) in
BSCCO, TBCCO, and TBCO single crystals with
tetragonal lattices, and BKBO crystals with the cubic
lattice on one hand, and YBCO crystals with the
orthorhombic structure on the other. Whereas the lin-
ear sections of these curve in the tetragonal materials,
AR (T) T, obtained at a frequency of ~10 GHz can
extend to T, /2, in YBCO the linear section terminates
at T<T,./3, and at higher temperature the R, (7T)
curve has a broad peak. In addition, the 4,,(7T) curves
of YBCO have features in the intermediate tempera-
ture range.

The paper suggests a simple description of all
these properties of Z,(T) based on the two-fluid
model, which takes into account scattering of quasi-
particles and characteristic changes in the density of
superconducting carriers at low temperatures and in
the neighborhood of the critical temperature. The
underlying ideas of this model may be essential for a
future microscopic model of the microwave response
of HTS materials.

Only microwave properties of HTS crystals of
the highest quality and with optimal doping levels
have been discussed, because a great deal of experi-
mental data concerning these materials has been accu-
mulated by this time. For this reason, we have set
aside three issues, which are, in our opinion, quite
important and worth mentioning at the end of the
review.

Firstly, the evolution of the temperature depend-
ence Z,(T) with changes in the doping level from the
optimal value has not been studied sufficiently. No



406

microwave measurements of one and the same crystal
but with a variable and controlled carrier concentra-
tion are available. At the same time, such data are
essential for theoretical studies aimed at creating a
microscopic theory of HTS, because they will shed
light on such problems as possible changes in the
order parameter symmetry [118,119], evolution of the
pseudogap [120-122], superconductor-dielectric tran-
sitions [123], etc.

Secondly, the nature of the residual surface resist-
ance of HTS crystals measured in experiments
remains unclear. The effect of the sample surface con-
ditions on the Z.(T) signal has not been studied,
although there are several phenomenological [124-
130] and microscopic [131-136] models indicating the
importance of such studies. For example, the theory
[136] predicts that in the case of diffuse scattering on
the surface, an s-wave component can be added to
the bulk d-wave order parameter in the region near
the sample surface. Probably, this effect can be
responsible for the difference among curves of ¢,(T)
in Fig. 20 measured in YBCO with approximately
equal parameters characterizing their quality. Recent
microwave experiments [137] also indicate that
studies of microscopic properties of single-crystal
surfaces are important.

Thirdly, measurements of the surface impedance
anisotropy, which remain scarce up to now, have not
been discussed, although several experiments have
provided evidence in favor of different temperature
dependences of the surface impedance in the ab-plane
and along the c-axis [41-43,45,65]. The theory
[22,109,128-143] predicts different scenarios for pro-
cesses in HTS in the microwave band, depending on
the mechanism responsible for the anisotropy; there-
fore a comparison between theoretical data and accu-
rate microwave measurements would, undoubtedly,
be very helpful.

Presently solutions to the problems listed above
are in the pipeline, and it seems that they will deter-
mine the development of experimental and theoretical
research of the microwave response of HTS materials
in the immediate future.
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