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PACS.74.20.Fg — BCS theory and its development
PACS.75.25.Nf ~ Response to electromagnetic fields (nuclear magnetic resonance,
surface 1mpedance, etc.)

Abstract. — Measurements of microwave impedance versus temperature, Zs(T'), m Nb,
Bao 6Ko 1BiO3, and YBayCu3zOr_s are given. The measurements were made by the “hot finger”
cavity perturbation technique. The electromagnetic properties of Nb are in a good quantitative
agreement with the isotropic s-wave BCS theory. This model can also describe the experimental
Zs(T) curves 1n Bag 6Ko 4+BiO; crystals if the nonhomogeneous broadening of the superconduct-
ing transition is properly taken into account. The behavior of the microwave impedance of
YBayCuzO7_s disagrees with the isotropic BCS theory. This suggests a strong amsotropy of
the order parameter in this compound. Since the controversy between s- and d-wave descrip-
tions of YBazCuzOy_s properties has not been resolved yet, we have checked a simpler strongly
anrsotropic s-wave model. Calculations by this model have been compared to measurements
on YBa:CuzO7_s. With due account of the strong-coupling effects, two-band anisotropy. and
impurity scattering in YBasCu3Or_s, the agreement between the generalized BCS model and
experimental data is surprisingly good.

1. Introduction

Given measurements of the microwave impedance versus temperature, Z,(T) = Rs(T)+1X,(T),
at a microwave frequency w/2r ~ 10 GHz, one can derive quite straightforwardly the supercon-
ducting gap width A(T'), penetration depth of electromagnetic field A(T'), impurity scattering
rate 1n a superconductor. and. as a result of a more complex analysis, the superconducting
pairing mechanism. In the local electrodynamics, which can be applied to experiments dis-
cussed in the paper, a sumple relation exists between the surface resistance R and reactance
X, of a superconductor, on one hand, and its complex conductivity, o5 = o1 — 209, on the other

hand:
wopto 1/2
Zo=Ry+1X, = (-———) (1)
o1 —ioo
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Equation (1) yields the expressions for the real and imaginary parts of the conductivity in
terms of the measurable quantities R and X:
- 2 2
oL = 2wu0Rs:Xs , oy = wio(XE — RS). (2)
(R2 + X2)2 (R2+ X2)?

In the low-frequency limit, iiw < A, the Bardeen-Cooper-Schrieffer (BCS) theory [1] predicts
two distinctive features in T-dependence of the response of a superconductor, namely an expo-
nential drop in o(T") and Z,(T") « exp(—A(0)/kT) in the range T < 0.5T¢, and an increase in
the conductivity oy (T") at T < T, with respect to its value o, at T = T These features are,
respectively, due to the thermal activation of normal quasiparticles above the gap A(T) and
the singularity in the density of states at a quasiparticle energy equal to A(T"). Therefore the
BCS model [1] can be directly checked by detecting a maximum in the microwave conductivity
o1(T) in the range of temperatures T’ ~ 0.85T (a so-called coherence peak). This can be done
by simultaneous and precision measurements of the absolute values of Rs(T") and X(T'), as has
been performed for the first time quite recently. O. Klein et al. [2] have detected a coherence
peak in Nb and Pb at a frequency of 60 GHz. The experiment demands samples of a high
quality, namely, the superconducting transition width AT must be very small (AT < 0.1T¢),
besides, the residual surface resistance, which always contributes to measurements of Rs(T") at
T — 0 because of various defects in the surface layer, should be also small: Ry < Rs(T./2).

The generalization of the BCS theory to strong electron-phonon coupling was proposed by
Eliashberg [3]. It follows from this theory that for strong enough coupling the singularity
in the density of states at hw = A(T) is broadened due to inelastic electron scattering by
thermally excited phonons. As a result, the coherence peak amplitude decreases with an in-
crease in the electron-phonon coupling constant and completely vanishes at frequencies around
10 GHz [4] if this constant is larger than two. This conclusion from the strong-coupling (SC)
model has been confirmed by measurement of the microwave conductivity o1(T) around T
in YBayCuzO7_s (YBCO) samples [5-7], whose critical temperature was T, ~ 90 K. The 5C
model also accounted for the nonexponential behavior of R,(7) and A(T) in YBCO [8,9] at
T <T./2.

Microwave measurements of A(T) performed in 1993 on high-quality YBCO samples [10-12],
whose residual resistance Ry was considerably lower than that of previously studied materials,
could not be described in terms of the SC model. The main conclusion which can be drawn from
the results by Hardy et ol. [10], Ma et al. [11], and N. Klein et al. [12] is that the temperature
dependence of AX(T) in the ab-plane of YBCO at T < T./4 switches from exponential [12]
to linear [10] and quadratic {11} with the increase in Ry and oxygen deficiency in a sample.
Subsequent microwave measurements [13-15] confirmed that the function AXgp(T') was linear,
although it seemed quite unusual for the s-wave pairing in a superconductor. Figure 1 shows
the low temperature section of the experimental A\, (T) curve from reference [16] . which can
be described by neither BCS nor SC models. Another experimental feature observed in YBCO
samples with low Ry is a plateau [11,12,14,15] or even a small peak {13,15] in the surface
resistance Ry(T') around T./2. This singularity in Ry(T') results in a broad maximum 1n o1 (T").

The existence of the maximum in ¢1(T"). as well as the crossover from the linear to quadratic
dependence in AA(T'), have been demonstrated by calculations using the d-wave pairing model
with due account of impurity scattering [17]. Such a crossover was really observed by Bonn et
al. [13] after doping YBCO samples with Zn. It is impossible, however, to reconcile the d-wave
model with the exponential activation behavior of AA,(T"). Moreover, the experimentally
observed slope of A72(T) curves around T is much larger than that predicted by this model.

Hence the question arises whether a scenano different from the d-wave one can describe all
these features of the impedance. The aim of this work is to demonstrate that it is indeed
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Fig. 1. — Low T section of AAas(T") vs. T/T.. Sohd labels: data from reference [16]. Solid lines:
two-band model with 5, = 2.4 meV, y12 = 0.8 meV, y11 = v22 = 3.2 meV (see below). Dashed lines:
weak coupling BCS model. Dotted lines: 1sotropic SC model with A3 = 3.

possible within the strongly anisotropic Eliashberg model. In order to show that, the measure-
ments on Nb, Bag ¢Kg.4BiO3 (BKBO), and YBCO samples are compared to the calculations by
this model with a proper account of anisotropy, impurity scattering and sample inhomogeneity.

2. Experiment

The “hot finger” cavity perturbation technique originally proposed by Sridhar [18} is most
convenient for absolute measurements of B (T') and X,(T') in small superconducting samples.
We used a high-Q Nb cavity operating at T' = 4.2 K resonant at a frequency fo = 9.42 GHz [19]
in the Hoy; mode. A sample was placed at the cavity center in the region of almost uniform
microwave magnetic field on an end of a sapphire rod. The entire unit supporting the sample
and cavity was 1n a high vacuum, therefore, given that the rod was thermally insulated. the
sample temperature could be tuned over a wide range without heating the cavity.

Measurements of two Nb and BKBO samples of nearly cubic shape with a volume of ~ 1 mm
are given as an example. The BRKBO sample was manufactured by the electrochemical growth
technique [20]. It is interesting to compare BKBO and Nb because both materials have cubic
structures and are 1sotropic superconductors whose critical temperatures differ by a factor of
three. Therefore it seems natural to try to interpret their superconducting properties mn terms
of the BCS [1] or SC [3] models. The issue of the applicability of these models to BKBO
has not been resolved because BKBO parameters derived from experimental data by different
authors [21-24] vary considerably. Moreover, several anomalous properties of BKBO have been
observed in both normal and superconducting states, such as positive curvature of the second
critical field plotted against temperature [25]. No mucrowave measurements of the surface
impedance 1n BKBO crystals have been reported by now.

Figures 2 and 3 show parameters measured in experiments, namely the @-factor of the cavity
with the Nb (Fig. 2) and BKBO (Fig. 3) samples and changes in the resonant frequency
Af(T)—~Afo(T), where A fy < Af is the frequency vanation of the empty cavity, as functions

3
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Fig. 2. — Temperature dependences of 1/Q (open circles) and frequency shift Af (open squares) of

Nb. Inset: real Rs (solid circles) and imaginary X, (solid squares) parts of the surface impedance of
Nb.
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Fig. 3. — Temperature dependences of 1/@Q (open circles) and frequency shift Af (open squares) of

BKBO. Inset: real R, (solid circles) and imaginary X, (solid squares) parts of the surface impedance
of BKBO crystal.

of temperature. The uncertainties of our measurements were §(1/Q) ~ 1079 and é f ~ 10 Hz.
The temperature dependence of the surface impedance, Z; (1.e., the surface resistance Ry and
the reactance X;) was derived from @ and Af using the relations:

R(T)=Ta [@X(T) - Q; (1)),  Xu(T) = °f AFT) — AT+ X0 (3)
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where T's is the geometric factor of the sample and X is a fitting parameter. The properties of
our samples could be described in the skin-depth limit in the normal state, and we have used
the relation R, = X,. which holds above T, to determine X,. In order to determine Iy of Nb
or BKBO samples, we compared the measured normal state microwave loss Rs(T > T.) to the
calculation of R, = \/wuop/2 derived from independent measurements of the dc resistivity p.

Fhe inset to Figure 2 shows the curves of B,(7") and X (7T") for the Nb sample. In the normal
state (I' > T, = 9.2 K), R, = X,, &~ 33 mf2, which corresponds to p(T.) ~ 3 uQcm and the
carrier relaxation time 7 & 2 x 107! 5. The surface resistance drops by a factor of 1000 as
the temperature changes from 7, to T./2. At temperatures below 5 K, the surface reactance
18 constant at X;(7') = X(0) = 6 mQ.

The 1nset of Figure 3 shows curves of Rs(T) and X(7') for the BKBO sample. They are
notably different from similar curves for Nb. Firstly, when the temperature drops from T =
T. = 29 K to T = 5 K, the surface resistance R,(T") changes only by a factor of 18 and is
almost constant at Ry =~ 49mf) as T — 0. Secondly, the superconducting transition 1s wide
and its shape 1s unusual: it seems that it consists of two sequential transitions, the first one
starting at T' =~ 29 K. the second one at 7" = 26 K. They are also seen on the curves of 1/Q
and A f versus temperature in Figure 3. A similar shape of the superconducting transition was
recorded earlier in measurements of the magnetization of BKBO samples with a record low
resistivity p(40 K) < 100 Q2 cm [25]. Our sample is contaminated more heavily: its resistance
R, (40 K) =~ 0.89 Q corresponds to a resistivity p(40 K) ~ 2100 u2cm and 7 ~ 0.5 x 10714 s.

3. Complex Conductivity and Microscopic Scale Disorder in the BCS and SC
Models

Given absolute measurements of R(T') and X(T'), we can calculate the real and imaginary
parts of the conductivity o1(7) and o2(7") from equation (2) and compare them to theoret-
1cal curves. General expressions for the electromagnetic response of a superconductor in the
isotropic BCS and SC models were given by Nam [26]. Assuming the dirty limit, [ < &, where
[ is the mean free path and &y 1s the coherence length. applicable to our samples, and weak
coupling regime, one can easily derive an exact formula for o3 /o, from reference [26]:

o2 _TAT), (7%) , @)

On hw

where o, 15 the normal state conductivity, and an approximate formula for oy /oy:

o AT [ A A
91 2 2. 5
s T I T Rl W (5)

The coherence peak is due to the logarithmic cofactor on the right of equation (5). The peak
amplitude drops with an increase in the electron-phonon couphng constant. Inset to Figure 4
from reference [6] shows the difference between the curves of ¢1(T") derived from the isotropic
BCS and SC models. The calculations have been done with the coupling constant equal to
2 in order to interpret the measurements of oy /o (T/T:) in YBCO at a frequency of 3 GHz,
which are shown by the dashed line in Figure 4.

The arcles 1n Figure 5 show the ratio o4 /0, for Nb derived from measurements of Fs and
X, using equation (2) (Fig. 2). The solid line shows the function oy /o, (T'/T.) calculated using
the equations from reference [26], the BCS model with A(0) = 1.76kT, and previously known
w and 7. Figure 5 also shows the experimental (squares) and theoretical (solid curve) London
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Fig. 4. — Comparison of the experimental data (dashed line, YBCO) for o1/0, and of the results of
calculations within the SC model with account for sample inhomogeneity (solid line). Inset: temper-
ature dependence of 01 /0o, calculated in the framework of the BCS model and SC model (Ref. [6])
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Fig. 5. — Real part of the microwave conductivity normalised to that in normal state o1/on (open

circles) and the London penetration depth A {(open squares) vs. normalised temperature /7. for Nb
(see Fig. 2). Solid lines: o1/0, and Ap calculated by the BCS model.

penetration depth of magnetic field versus temperature, A (T"), for Nb. In the dirty limit Ar,(0)
1s related to the measured parameter A(0) = X (0)/wpuo through the equation

AL(0) = MO)v/T& = AO)V/7A0)7 /A (6)

The resulting value Ap(0) = 320 + 10 A agrees with the literature data for Nb [2.27]. Thus
the experimental curves of Z,(T') in the Nb sample lead us to a certain conclusion that the
1sotropic BCS model [1,26] applies to the electromagnetic properties of Nb.
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In view of the discussed peculiarities of the Z,(T") curve in BKBO due to defects in the surface
layer, it is impossible to compare the details of experimental results in the range around the
critical temperature to the theory of reference [26]. Nonetheless, we will demonstrate how the
experimental curves of R¢(T) and X,(7) in Figure 3 can be described in terms of the BCS
model taking mnto account the sample nonhomogeneity and residual loss Rg. To this end, we
use a simple model of effective medium [6], which we had proposed previously to account for
a narrow peak in the microwave conductivity o1(7") in YBCO (Fig. 4).

Assume that different regions of our samples undergo the superconducting transition at
different critical temperatures in the interval AT,. If the dimension of each of these regions is
smaller than the magnetic field penetration depth (microscopic-scale disorder), the distribution
of the microwave current in the sample is uniforn:, and the effective impedance Z.g 1s calculated
1n two steps: first the impedances of all the regions Z, (with different 7,) connected by a current
line are added, then the sum is averaged over the sample volume. As a result, we have

Zet(T) = / Z.(T, T.) f(T.)dT. (7)
AT,

where the distribution function f(7¢) is such that the fraction of the sample volume where the
critical temperatures belong to the interval T, < T < T. + dT; is f(T.)dT.. In the simplest
case f(I.) is Gaussian.

The width of the distribution function f(T.) for the YBCO single crystal with T, = 91 K
was selected to be 0.5 K, and the function Z,(T,T.) was taken equal to the surface impedance
versus temperature calculated using the 1sotropic SC model [6,26]. The parameters Rog(T")
and Xeg(T) derived from equation (7) were used to calculate o1 .g(7') by equation (2). The
calculations and the experimental curve of o1/0,(T/T;) are compared in the Figure 4, which
demonstrates the absence of the BCS coherence peak in YBCO.

As concerns BKBO, the distribution function f(T) for different regions of the sample should
reflect both observed transitions (Fig. 3). As the temperature increases, the broader low-
temperature transition peaking at T3 = 26 K is followed by the narrow transition with the
maximum at T, ~ 28 K.

Figure 6 shows dimensionless parameters

_R,—Ro _R,~ R X, X

_ ~ , . ) 8
R. — Ry R. *TX. "R "R, ®)

r

plotted against temperature. The denominator in the equation for r includes only the tempera-
ture-dependent part of the surface resistance, which was obtained by subtracting the residual
resistance Ry <« R, from the data for R,(7") in Figure 3. The solid lines show the effective
parameters r and = derived using equation (7), where the impedance Z,(7',T.) was calculated
by the BCS formulas [26] with A(0) = 1.76k7., and the distribution function was

=3 (2)1/2 e (- (TC1_T)2) - 9(TFQ—T)exP(JTcLT_>2)J

™ ATl 2AT1 ATQ 2AT2

where T¢p = 28 K, ATy = 1K; T.p = 26.5 K. ATy, = 4.7 K. Empty squares in this diagram
show the function ¢2/0,(T/T;) derived from measurements of r and x using equation (2),
the solid hine shows the effective conductivity o3 /0y also derived using equation (2), but
from the effective parameters » and z, and the dashed curve shows the function defined by
equation (4). which is identical to the solid curve at T' < 0.37,. The mimnimum imaginary part
of the mmpedance 15 X(0) =~ X;(5 K) = 70m® (Fig. 3), hence A\(0) = X;(0)/wpp ~ 9400 A.
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Fig. 6. — Real r (solid squares) and imaginary (solid circles) parts of the normalised surface

impedance, and imaginary part of normalised conductivity oz/on (open squares) vs. T/Tc of BKBO
sample. Solid lines: effective values of r, £ and o1/0on calculated by the BCS model with the critical
temperature distribution function due to inhomogenerties in the sample. Dashed line: data from
equation (4).

Taking into account the measurement uncertainty and the factor 1/1/& =~ 0.33, we derive from
equation (6) the London penetration depth in the BKBO sample: Ap(0) = 3100100 A. This
value agrees with recent measurements of A(0) [28,29] corrected for the impurity scattering:

AL(0) = M0)/y/1 + &/l

4. Two-Band Model

In our previous paper [30], we indicated that all recent measurements of the ab-plane penetra-
tion depth in YBCO can be described in terms of the s-wave two-band model. This model is a
generalization of the SC theory to layered high-T, cuprates, in particular to YBCO. A strong
electron-phonon interaction in the S-band (CuO. planes) was assumed, superconductivity in
the N-band (CuO chains) being due to mterband proximity effect [30-32].

Typical curves of the density of states (DOS) in a two-band superconductor are shown 1in
Figure 7. The behavior of DOS in the S-band is practically the same as in a one-band su-
perconductor with strong electron-phonon interaction. At low and intermediate temperatures,
the position of the DOS maximum does not depend on T, only the peak width changes rapidly
near T.. The behavior of DOS in the N-band is quite unusual. The position of the sharp
DOS maximum is almost temperature-independent, therefore the low-energy states are filled
as the temperature mcreases. rather than the gap is closed as the BCS model. The strong
temperature dependence of the peak width is due to the strong temperature dependence of
the quasiparticle scattering rate. Although a small energy gap exists 1in the N-band at zero
temperature, this gap is easily smeared out by any pair-breaking process. for example by mag-
netic impurities (see below). These generic properties of the model manifest themselves n the
microwave response.
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Fig. 7. — Densities of states Ny(w) and Ns(w) versus temperature (Ref. [33])

In the discussed case of strong pairing in the S-band. the Eliashberg SC theory can be selected
as a starting pomnt for discussing the anisotropy effects since this theory properly takes into
account the effects of retardation and decay of quasiparticle excitations. The straightforward
generalization of the Eliashberg equations for the many-band case leads to a system of coupled
Eliashberg equations for the order parameters A;’n and renormalized quasiparticle energies w;,m
in different bands (see, e.g. Ref. [30]). These equations include the following parameters: the
coupling constants A,,, the scattering rates 7,, from the i-th to j-th band due to nonmagnetic
impurities, and 7;,+ Which is a similar parameter for magnetic impurities.

The choice of parameters in this model 1s largely controlled by the structure and parameters
of YBCO. We assume that the planes are characterized by a large coupling constant and form
an S-band (A1 =~ 3). whereas the chains form an N-band (A22 = 0). A nonzero order parameter
i the chains is caused by the interband interactions A1z = Az1 = 0.2. This set of parameters
18 consistent with T, = 90 K in YBCO. We have assumed that the mterband scattering rates
Y.y are small, y12.7921 € T, and selected Yi2 = 731 = 75, = 0. We have taken into account
impurity scattering due to usual and magnetic impurities in N-band, 4,5 and Y32 respectively,
and nonmagnetic scattering in S-band ;5.

Given the elastic scattering rates m N and S-band Y1 = Y22 = 254 T, (16+32 meV), the
model is consistent with the absolute values of resistivity at 100 K of about 50+100 Q) c¢m, as
well as with an ab-plane amsotropy of about 2 measured in YBCO.

The cause of magnetic scattering is that at a lower oxygen content, most oxygen atoms are
not in the chains. As a result, the chain Cu atoms gain magnetic moments which act as pair
breakers. Thus, the magnetic scattering in the N-band V5, is the only free parameter of the
model related to the oxygen deficiency 1n YBasCuzOr_s.

With the parameters specified above, the Eliashberg equations have been solved numerically
for two bands. Figure 8 from reference [30] demonstrates the quantitative comparison of the
calculations A77(T) with the single crystal data from references [13,14] (pa ~ 50 uQ cm).
A good agreement with the calculations can be seen, except the temperature range close to
T.. The hnear dependence 1n the range T' < 0.57¢ 1s well described by the model. The inset
to Figure 8 shows calculations of AX,(T') for different 732 values. As a consequence of the
emergence of the gapless state, a crossover from the exponential temperature dependence at
low T for 3, = 0 to the linear temperature dependence at larger 75, takes place.

With a further increase in 73, and 755. the contribution of the N-band to the penetration
depth vanishes, and the behavior of A.;(T) becomes close to that predicted by the 1sotropic
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Fig. 8. — Calculated curves (y32 = 1.6 meV, 712 = 0) compared with data from reference [14]
(triangles) and reference [13] (open circles). 1) y22 = 16 meV, 2) 722 = 32 meV, 3) 22 = 64 meV,
4) 422 = 160 meV. Inset: The crossover from exponential (curves 1,2) to linear {curve 3) behavior of
AXgs(T) for a2 = 16 meV and 132 =0 (1), 0.8 meV (2) and 3.2 meV (3). Solid squares: data from
reference [12].

SC model. Such a crossover illustrated in Figure 1 (and in Fig. 12. see below) correlates with
the increase in the resistivity above T¢.

In this paper we generalize these results to describe the c-axis response and to calculate the
surface impedance Zs(T) in the ab-plane of YBCO.

In calculating the ab-plane impedance, we adopt the same assumptions as in our previous
work: screening currents are assumed to flow in both subsystems, the intralayer anisotropy
15 ignored, and the total complex conductivity o(w) is calculated in the London (local) limit
by the equation o(w) = aos(w) + on(w), where o = vsmy /unms (vsn and mgn are the
densities of states and effective masses in the corresponding bands). The temperature de-
pendence of the surface impedance Z(T) calculated by the two-band model is shown in Fig-
ure 9. The calculations are compared to the experimental data of reference [16] at a frequency
f = 87 GHz. A reasonable fit of both real and imaginary parts of Z,(T') is obtained for 75, = 0.
and y11 = 6 meV (solid lines). The real part of the conductivity plotted against temperature,
o1(T) (Fig. 10) is also fitted well by using the same parameters.

Physically the emergence of the maximum 1n o1 (T) is due to stroung temperature-dependent
scattering in the N-band. This process can be approximately described as the following se-
quence of scattering events: N-S-phonon-S-N. .e., a quasiparticle from the N-band, is scattered
to the S-band due to the interband coupling, absorbs a thermal phonon in the S-band and then
transfers back to the N-band. This process is strongly temperature dependent due to the strong
electron-phonon interaction in the S-band. When the temperature drops below T, the scat-
tering rate rapidly decreases and overcompensates the decrease in the quasiparticle number.
which is due to gap opening. As a result, the conductivity increases helow T, until at lower
temperatures T < Ay the decrease 1n the quasiparticle number starts to dominate and the
conductivity vanishes. Thus the interplay between the T-dependent scattering rate and T-
dependent quasiparticle number leads to the emergence of the conductivity maximum. T his
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by the two-band model (v3; = 0, 711 = ¥22 = 6 meV) with expermmental data from reference [16].
Open squares are the real (R;) and open circles are the imaginary (X) parts of the impedance.
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Fig. 10. — Solid line: temperature dependence of the real part of the conductivity o1/0ys calculated
by the two-band model with 73, = 0, 711 = 722 = 6 meV. Open circles: experimental data from
reference [16].

mechanism is similar to that discussed for the d-wave model in reference [17], where scattering
from low-energy spin fluctuations was considered. An additional physical mechanism, which
contributes to the maximum of o1 (7), is the presence of the coherence factors in the N-band
since the electron-phonon interaction in this band is weak.

It is interesting to study quantitatively a difference between ab- and c-axis response for YBCO
and to compare 1t to the predictions of the d-wave pairing model. Anisotropic penetration depth
of a layered superconductor consisting of alternating superconducting S and normal N layers
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was first calculated by Bulaevskii and Zyskin [34]. Josephson interaction between the layers
and a weakly coupled s-wave BCS superconducting state were assumed. Later an essential
difference between the c-axis penetration depth Ac(7T') behavior predicted by d- and s-pairing
models was pointed out in reference [35]. On the other hand, microscopic calculations of the
c-axis response 1n Josephson coupled systems with a single layer type had been done by Graf
et al. [36]. Later, the consequences of the crossover from direct to impurity assisted tunneling
mechanisms of c-axis transport for A(T') behavior were discussed by Radtke et al. [37] in the
similar single layer model. Quite recently. the penetration depth in the ab- and c-directions
has been calculated by Atkinson and Carbotte [38] for a layered S /N superconductor in the
weak coupling regime, however the impurity scattering and strong-coupling effects have not
been included in their formalism.

Here we consider a layered superconductor with two inequivalent layers in the unit cell and
study the role of impurity scattering of carriers. We demonstrate that in the direct tunneling
regime, the intraplane impurity scattering changes dramatically the temperature dependence
of A, and the resulting A.(T) behavior in the strong scattering limit is quite similar to that
in the impurity assisted hopping regime (Josephson coupled regime). Moreover, in all cases
there is an essential difference between the curves of the penetration depths in the ab- and
c-directions versus temperature: the normalized A2(0)/A2(T) curves demonstrate a weaker
temperature dependence at low T than the corresponding A2,(0)/A2,(T) curves, in particular.
they are never linear in the temperature.

Let us consider the c-axis response in detail. The penetration depth in the coherent regime

is given by the expression
Ae = V4 [Qu(g = 0), (9)

where the kernel Q) (g = 0) can be calculated by the generalized technique of reference [26].
The result is

e? ds
Q.(a=0)= S2n7 [ 520 [ 4 Y (Gnlun)Gsten) + Bl (20
Wn
Here the Green’s functions Gn.s and Fy s are expressed through the solutions of the Eliash-
berg equations in the following way: Gn = (iw;\]’n + ex)/ (AN )7 + (w&‘n)2 + €2},Gs =
(i +ex) /[(A )2+ (wg )2 +ed] and Fy = A o /(A% 1) +(wy o) +ei], Fs = A5 /[(A5,,)°
+(wg n)? + €3]. Substituting the expressions for the Green’s functions into equation (10) and

Integrating over the energy ¢x and the Fermi surface dS, we finally obtain the following ex-
pression for A(T):

AZ3(T) = 27T N(0)e?v?
o0

% Al(iu)n)AQ (u,un)

orzo V@2 + Al (iwn) /w2 + A3 (wwn) [\/wﬁ + A2(iwn) + /w2 + A3 (twn) + 711 + Y22

(11)
]

Here the Fermi velocity along the c-direction is given by v, = W?2d?/2, where W is the
hopping mtegral characterizing the width of the band in the c-axis direction and d is the
mterlayer distance. According to [39]. this approach is valid for sufficiently strong scattering
W < 711.722. when both components of the layered-metal conductivity have the Drude form.
The vertex corrections are not taken mto account in the derivation of equation (11) since they
will lead to a renormalization of coupling constauts A,; and scattering rates 7., and a power-law
T-dependence at low temperatures even 1n an isotropic one-band superconductor [8]. Since we
are interested in specific two-band effects, we will not consider these corrections in the paper.
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In the final form of equation (11), we have neglected the contribution of the small interband
scattering 712,721 and magnetic scattering v5,. The important parameters which control the
shape of the A\J2(T) curve are the impurity scattering rates v;; and 425.

The impurity assisted hopping regime can be realized in two ways: (1) for W > 1, Ya2
(the clean-limit regume for the c-axis transport), Zener oscillations with rare dephasing events
take place, which results in a nonmetallic c-axis conductivity [39]. (2) the interband scattering
18 strong enough: W < v19,7v21. In this regime, the penetration depth A. is determined by
the Josephson interaction between neighboring layers and is given by the following expression
(30,34, 36,37]:

A2 (0 _ Aq (swn) Do (dwy)
,\E( =87 T, ZO Vw2 + AZ (wwn ) y/wE + AZ(2wn) (12)

It is interesting to note that in the strong scattering imit, when yy1 /7 T¢, ¥20 /7T > 1, one can
neglect the terms /w2 4- A}, (2wy) in the square brackets in the denominator of equation (11)

and obtain the T-dependence of A2(0)/A2(T) comnciding with that given by equation (12) for
the Josephson coupled regime, although the absolute values of A.(0) are different in both
regimes. This means that a transition from the clean to dirty limit leads to radical changes 1n
Ac(T') similarly to isotropic superconductors. This crossover from clean to dirty limit should be
taken nto account when discussing the experimental data for c-axis response of layered high
T, superconductors.

Numerical calculations of A.(T") have been done in the two-band model for the cases of
coherent and incoherent transport.

Figure 11 shows the calculations for 75,=1.6 meV with linear A, (T) for T < T./2. The
upper curve shows the results in the Josephson (incoherent) regime, whereas the lower curves
1n the coherent regime for 11 = v22= 0. 2 and 8 meV. With an increase 1n 713 and g9, the
crossover from the coherent to the Josephson coupling regime takes place. An increase in the
nonmagnetic scattering leads to an increase 1n the penetration depth at a constant temperature,
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(MOYMT))?

Fig. 12. — A~%(T) vs. T/T. for A(T) and A.s(T) from reference [40]. Solid: two-band model with
Yis = 6.4 meV, y12 = 1.6 meV, y22 = 24 meV. Inset: Low T section of §A(T) vs. T/T., Josephson
limit. Dashed line: 432 = 0 meV, dotted line: v3; = 1.6 meV; solid line: 5, = 6.4 meV.

as a result the curves A_2(T') shift upwards and the slope near T. increases. In contrast to the
linear behavior of A72(T) calculated with these parameters at T’ < T, /2, the T-dependence of
A72(T) is power-law. the exponent being only weakly dependent on 11 and 722.

Figure 12 compares the two-band model for v3, = 6.4 meV and 22 = 24 meV with the data
on c-oriented YBCO powders [40]. An excellent agreement is seen throughout the temperature
range for both A,(T) and A.(T). The behavior of AX(T) of NS multilayer in the Josephson
coupling regime is shown in the inset to Figure 12 for different . It can be seen that AA(T)
remains nonlinear at low T at all 4s. The absolute values of A\, at a given temperature grow
with v, since the superconductivity in the N-band is destroyed by the pair breaking effect due
to magnetic impurities.

5. Conclusion

Measurements of the microwave impedance in Nb, BKBiO. and YBCO have been compared.
Our analysis is based on the measurements by the “hot finger” cavity perturbation technique
and the theoretical studies in the framework of the s-wave BCS including strong coupling
effects (Eliashberg theory), influence of the inhomogeneous broadening of the superconducting
transition, and strong interband anisotropy (specific for YBCO).

It is shown that the eleciromagnetic properties of Nb are in good quantitative agreement
with the 1sotropic s-wave BCS theory. The data for BKBO are also well described by the
conventional theory with corrections for the inhomogeneous T, broadening.

The application of the two-band model to the interpretation of the microwave impedance
data of YBCuO reveals a good agreement between theory and experiment for the ab-plane
response. The model correctly describes the disappearance of the linear term in A, (T') with
the increase in the sample resistivity. the effect being related to the of impurity scattering.

The prediction that a linear term should not appear i A.(T'}) is also in accordance with the
experiment.
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In spite of the good fit, there are some difficulties with the two-band interpretation. First,
the two-band model cannot describe the similarity between the penetration depths along a- and
b-directions versus temperature reported in [41]. The different role of Ni and Zn impurities in
YBCO [13] is also not yet clear. The maximum in o1 (T) is naturally explained by this model,
but its height of 10-20 (divided by the conductivity above T¢) reported in [13,41] is difficult
to reconcile with the parameters chosen for YBCO. That means that further refinement of
the model is necessary (one possible modification has been proposed quite recently [42]). On
the other hand, the d-wave interpretation is also not free of problems. Therefore one can not
make a conclusive choice between s- and d-wave descriptions YBCO on the basis of available
microwave measurements, and this issue is beyond the framework of the present paper.

The key experiments to check the two-band description for YBCO could be measurements
of Ac(T) on YBCO smgle crystals, as well as measurements of Ay (7") in Fe- or Ga-doped
YBCO, when superconductivity of the CuO chains is destroyed. Another crucial evidence in
favor of this model could be measurements of a 7-shift in the Josephson effect in YBCO under
similar doping [43]. It has been shown above that the two-band scenario is very sensible to
the superconductivity in the chain band and therefore predicts a crossover to the conventional
behavior under such a doping. In contrast, the generic behavior in the d-wave model is governed
by a single CuO plane, and such a crossover is not predicted.
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