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Temperature dependence of the anisotropic magnetic field penetration depth of a two-band superconductor is
calculated in the model of strong s-wave pairing interaction in one of the bands (S band) and induced superconduc-
tivity in the second band (N band). The results of the calculations are compared with experimental data on the (ab)
plane and ¢ axis penetration depth in YBapCuzO5_; . It is shown that all recent measurements over the entire

temperature range are consistent with the two-band model.

1. The measurements of the temperature depend-
ences of the magnetic field penetration depth A(T) in
YBaCuO have revealed an increased slope of /1_2(T)
near the critical temperature T, and nonexponential

behavior of A(T) at T'< T, /2. These deviations could

be, in principle, explained in terms of the model of
strong clectron-phonon interaction with isotropic su-
perconducting order parameter. However, the results
of microwave measurements of A(T) [1~3] obtained
on higher quality YBaCuO samples cannot be des-
cribed by this model. According to Refs. 1-3 the tem-
perature dependence of A4, (T) =4 ,(T) — 4 ,(0) in

the ab plane at T<T, /4 changes from exponential

[3] to lincar [1] and then to quadratic dependence
(2], mainly with an increase in oxygen deficit in a
sample. Subsequent microwave measurements [4—6]
have confirmed the odd linear low-temperature be-
havior of A4, (T).

The existence of crossover from ihe linear to quad-
ratic temperature dependence of AA(T) has been de-
monstrated by calculations made in the framework of
the ¢ wave pairing model with account of impurity
scaltering {7 1. Such a crossover has actually been ob-
served in Ref. 4 upon doping of YBaCuO samples with
Zn or Ni. However, it is impossible to reconcile the
wave model with activation exponential behavior of
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A, (T). Morcover, the experimentally measured

slope of A;,;Z(T) dependences near T, is much larger

than that predicted by this model [8 ]. The qualitative
difference between the c axis penetration depth 4 (T)

behaviors predicted by d and s pairing models was
also pointed out in Ref. 8. Very recently the low-tem-
perature dependence of Ma[/ was calculated in the

framework of s wave two-band model [9] first pro-
posed in Ref. 10. It was shown in Ref. 9 that the cross-
over from the exponential to power law temperature
dependence occurs with increasing the concentration
of magnetic impurities.

Following this approach, the quantitative compa-
rison between the calculations of 4 ,(T) within the

two-band model in the temperature range 0<T<T,
and recent measurements in YBaCuO [3-6] is given

in the prescnt paper. We assume strong electron-pho-
non interaction in the § band (CuO, planes), while

superconductivity in N band (CuO chains) is induced
due to the interband proximity effect. We show that
for temperatures not too close to TC the value of

A4, (T) is mainly determined by both the intraband

scattering on magnetic impurities in N band and the
usual scattering in N and S bands. Furthermore, good
quantitative agreement is found between the calcula-

© A. A Golubov, M. R. Trunin, A. A. Zhukov, O. V. Dolgov, and S. V. Shulga, 1996



Temperature dependence of the magnetic field penetration depth in YBaZCu3O7_ s

tions and low-frequency measurements of the penet-
ration depth A AT) on aligned ultrafine YBaCuO pow-

ders from Ref. 11.
2. In the case of strong pairing interaction in S band
the Eliashberg strong-coupling theory is a starting

Ai,n(iwn) = Ai,n Zi,n =T 2 % {(Aij Dn,n'
/

' . _ _ s
wi,n(lwn) =w, Z’.’n =w, +aT E 2 {)‘ij Dn'”, + (., +y
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Here D, ,. = Em an[(wn - wn,)2 + an]'l is the
phonon Green function and €, are phonon frequen-
cies which we choose in_ the model form as
Q, =200 K, @, = 5Q, = 10° K. We note that the
function D, . in Egs. (1), (2) could hold for any

other nonphonon interaction (except for spin interac-
tion). Further, a particular choice of Qi does not

change our conclusions because the coupling con-
stants Aij are the most important parameters. The in-

traband coupling constants A i describe the strength of

electron-phonon interaction within ith band. The
physical meaning of interband coupling constants Aij

(i # ) is that they describe phonon mediated transi-
tions between different bands. In the two-band case
considered below this process leads effectively to
Cooper pair formation in the N band, provided that
the coupling constant 4, # 0. The terms Vij denote

the scattering rates from band i into band j due to
nonmagnetic impurities; yfj are the magnetic scat-

tering rates; Z, is a renormalization function;

i,n
w, =xT(2n + 1) are Matsubara frequencies. It is im-
portant to note that the interband scattering rates Vi
(i # ) lead to Cooper pair tunneling between the cor-
responding bands and therefore play the same role as
lij (i # )) in the case of two bands N and S. For a.weak
coupling A i << 1 Egs. (1), (2) are reduced to the equa-

tions of BCS model. :

The choice of parameters of the model is motivated
by the situation in YBaCuO. We assume -that the
planes are characterized by large coupling constants
and form an S band A, = 3), whereas the chains
form an N band (1,, = 0). A nonzero order parameter
in the chains is induced through interband interac-
tions 4, = 4,, = 0.2. The above parameter set is con-

sistent with T, = 90 K in YBaCuO.
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point for discussing anisotropy effects, as it properly
takes into account the effects of retardation and decay
of quasiparticle excitations. The straightforward
generalization of Eliashberg equations for the many-
band case leads to the system of coupled equations:

Al
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ij
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We assume that the interband scattering rates Vij in
Egs. (1), (2) are small y,,, y,, <<T, and we set

Y12 =13 =¥}, = 0. Account is taken of the impurity
scattering due to usual and magnetic impurities in N
band (y,, and y§2 , respectively) and of the nonmag-
netic scattering in the Sband y | .

The origin of magnetic scattering is that upon
decreasing the oxygen content the oxygen atoms
move preferentially out of the chains. As a result, the
chain Cu atoms develop magnetic moments that act as

pair breakers. Thus, the magnetic scattering yiz in

the N band is the only free parameter of the model
related to oxygen deficit in YBa,Cu;0,_; .

The choice of elastic scattering rates in the N and
S bands should be made consistent with the absolute

values and anisotropy of resistivities above T, . The
resistivity of the corresponding band (S, N) at T is
estimated as

T 53]
- -1 -2 tr (y._”____+ Y1)
PS(TC) =8’ Wp1 kg Tcz l” + JEkB T, ’
L -
[ oyt 7))
_ -1 -2 o M2 721
Pn(Tc) = 87’ “p,2 kB Te Z 121 ¥ nkB Tc ’
. L .

3
were Afjr are transport coupling constants; w ol and
w,, are the plasma frequencies of S and N band,

respectively. With plasma frequencies 3.6 eV for
planes and 3.2 eV for chains [12]and the elastic scat-
tering rates in the N and S bands y;, =v,,=
= (2—4)TC (16—32 meV) the model (1)-(3) is consistent
with the absolute values of resistivity 50-100 #Q-cm
at 100 X,

The electromagnetic response of a two-band super-
conductor can be calculated by generalization of the
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Fig. 1. Calculated curves (5, = 1.6 meV, y5 = 0) compared with data from Ref. 5 ( A ), Ref. 4 (O) and Ref. 6 (@). / —

7 = 16meV, 2 — yyg =32meV, 3 — ypy = 64 meV, 4 — yyy = 160 meV. Inset: The crossover from exponential (curves /, 2) to linear

(curve 3) behavior of AL, (T) f(?r ¥y = 16 meV and 752'2 =0 (J), 0.8 (2) and 3.2 meV (3). Solid squares: data from Ref. 3.

standard approach developed for strongly-coupled
superconductors [9,13]. The penetration depth in ab
plane is given by

JZT) 0T + 0x(T) “
l;bz(()) - QI(O) + Qz(o)

where the corresponding kernels for two bands are

2 4.
Al ,Z(Iw n)
3/2

]
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w, _O[w +A? | 2w Z) Hiw,)
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We assume that the conductivity in the ¢ direction
is nonmctallic {141, i.e. transport along ¢ direction
occurs via incoherent hopping. In this limit the pe-
netration depth 4 is given by the Josephson interac-
tion between neighboring pairs of planes and chains
and is determined by

m l 50: A (f(U )A2(iUJ )
120 T oV A )Vt dio,)

(6)

where y* = 1,78 is Euler’s constant,
3. With the parameters specified above, the Eliash-
berg equations are solved numerically for two bands.

A set of A;b2(T) curves for y3, = 1.6 meV with differ-
ent values of y,, = y,, is shown in Fig. 1. The single
crystal data from Refs. 4,5 (o , = 50 uQ-cm) with
the data on an electron-beam evaporated YBaCuO
film (Pab =80uf-cm) [6] are in good agreement
with the calculations. The linear term at T<0.5T, is

well described by the model.
It was demonstrated explicitly in Ref. 15 that a

small gap exists in the N band for y5, = 0 and de-
creases rapidly with an increase of y‘2'2 . As a result, at
sufficiently large y“;z a gapless state develops in the
system. The inset to Fig. 1 displays the results of
calculations of A% ,(T) for different 3, values. As a

consequence of the development of the gapless state
the crossover takes place at low T from the exponen-

tial temperature dependence for 7’32 = 0 to the linear

temperature dependence at larger 35, . The data of
Y22
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Fig. 2. /1_2(7') vs. T/Tc forlc(T) and Aub(T) from Ref. 11. Sotid: two-band model with y52'2 =6.4meV,y|y = 1.6meV,yyy = 24 meV. Insct

shows the results of two-band model with y522 =6.4meY,y) ) = 1.6meV,yyy =24 meV (solid) and 7%2 =l.6meV,yiy=0,ypp=16meV
(dotted) . Open circles: low T part of the data Ref. 11. T() = 1.35 K. d wave model from Ref. 8 ( & ); s wave model from Ref. 8 ().

Ref. 3 are compared with our results for v}, = 0.

Good agreement between the theory and experiment
points out that at low T the exponential temperature
dependence can be attributed to the absence of mag-
netic impurities in fully oxygenated YBaCuO
films [3].

With an increase of 7’%2 and y,, the contribution of

the N band to the penetration depth vanishes and the
behavior of 4 ,(T) becomes closer to that predicted by

the isotropic strong-coupling model. Such a crossover
illustrated in Figs. 1 and 2 correlates well with the
increase in the resistivity above T, . The computed

MT) curves alongside the data on YBaCuO pow-
ders [11] are shown in Fig. 2. At low T the ex-

perimental dependence M;bz(T) ~ T?isin agreement
with theory. A fit of the calculated A (T) curve to the
experimental data [11] is presented in Fig. 2. Our
results for different sets of parameters 732 and y,,
point to the absence of linear behavior of 4 (T), which

is in contradiction to the predictions of « wave
model [7,8].
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So, the influence of impurity scattering on the mag-
netic field penetration depth in YBaCuO manifests
itself in the following way. As discussed in Refs. 9,10,

the magnetic scattering rate 732 in N band may serve

as a quantitative measurc of oxygen deficit in
YBa,Cuz0, 5. In fully oxygenated YBa,Cu;0,

films [3] the magnetic pair-breaking in chains (N
band) is absent, i.e.y;'2 = 0. In this case the two-band

model and measurements [3] demonstrate an expo-
nential temperature dependence at low T with ex-
ponent given by a small proximity-induced energy
gap in the chains. Even for relatively small concentra-
tion of magnetic impurities 3, = 0.2T  the supercon-
ducting state in chains becomes gapless. The gapless-
ness results in a linear term in the contribution of
chains to AL ,(T) at low T. The data of Refs. 4, 5
obtained in YBZIZCUSO().,)S single crystals indeed
shows a lincar dependence of A4 ,(T) in accordance
with the model. When going from oxygen-defi-
cient single crystals [4,5] to oxygen-deficient
YBaZCu3O7~(5 thin films [6} and powders [11] ihe
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usual and magnetic scattering in the chains increase.
This leads to the suppression of the superconductivity
in chains and to a decrease in chain contribution to
the total penetration depth. As a result, the crossover
at low T from the linear to quadratic {11 ] temperature
dependence of Al b takes place. This behavior-corre-

lates well with the experimental data corresponding
to different values of resistivity above T, .

In conclusion, we have demonstrated for the first
time that all recent measurements of 4 ,(T) in YBaCuO

are consistent with the two-band model. The ap-
proach [9,10 ] for calculation1 ,(T) is extended to the
entire temperature range 0 < T < Tc at arbitrary con-
centration of nonmagnetic impurities. The model cor-
rectly describes the disappearance of the linear term
in A,(T) with increasing sample resistivity. The

temperature dependence of A s calculated within the

two-band model in the approximation of Josephson
interaction between the layers. In this approach the
linear term never appears in 4 (T) at low T. The key

experiments to check the two-band description for
YBaCuO would be measurements of 4 (T) on YBaCuO
single crystals as well as those of 4 ,(T) in oxygen

depleted and Fe- or Ga-doped YBaCuO, when super-
conductivity of CuO chains is destroyed.
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