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Abstract 

We show that in a superconductor where two or more bands cross the Fermi level it is possible, in the framework of the 
conventional (s wave) BCS theory, that the sign of the superconducting gap is different on the different sheets of the Fermi 
surface. At least one of two conditions has to be satisfied: (1) The interband pairing interaction is weaker than the Coulomb 
pseudopotential, while the intraband one is stronger, or (2) there is strong interband scattering by magnetic impurities. In the 
case of YBa,Cu,O, we shall argue that the first condition is possibly satisfied, and the second one very likely satisfied. In many 
aspects such a sign-reversal s wave superconductor is similar to a d wave superconductor, and thus demands revising recent 
experiments aimed to distinguish between the s and d wave superconductivity in this compound. 

Recently, a number of experiments probing the rel- 
ative phase of the order parameter A on different parts 
of the Fermi surface in the superconducting 
YBa&O, have been reported [l-8]. Some of them 
[2,5,7] seem to indicate the conventional pairing state 
with A having the same sign over the whole Fermi 
surface, while others suggest that A changes in sign, as 
consistent, e.g., with d pairing. The question of the 
symmetry of the superconducting state, and thus of the 
interpretation of these experiments, is of crucial impor- 
tance for distinguishing between the conventional 
mechanism for superconductivity and more exotic 
mechanisms, or among the unconventional theories 
themselves. 

It is generally believed that the s pairing is inconsis- 
tent with sign reversal of A. This is not true. A  simple 
counterexample is the case of two concentric Fermi 
spheres, which have gaps (order parameters) of oppo- 
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site signs. Such a state has pure s symmetry. The two- 
dimensional analog is the case of two coaxial Fermi 
cylinders. A  Josephson contact between two such 
superconductors, or with a conventional superconduc- 
tor, may show an unusual behavior, sometimes similar 
to the d pairing case. 

In this paper we shall show under which conditions 
the situation similar to the examples above, which we 
shall call the interband sign reversal of the gap (ISRG) , 
can be realized, and we will also argue that these con- 
ditions are not at all exotic but are likely to be realized 
in YBa$&O,. We shall also discuss briefly how ISRG 
can make itself manifest in Josephson tunneling, and 
we shall make a link to the existing experiments. 

The extension of the BCS theory for two or more 
superconducting bands was first worked out by Suhl et 
al. [ 91 and independently by Moskalenko [ lo], and 
later elaborated on by many. It was realized [ 111 that 
the fact that several bands cross the Fermi level is not 
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sufficient to have considerable many-band effects in 
superconductivity. Only when the bands in question 
have a very different physical origin, can a substantial 
effect appear. 

This is the case in many high-ir, cuprates. In partic- 
ular, YBa,Cu,O, is known to have four sheets of the 
Fermi surface, all four having a different physical ori- 
gin [ 121: One is formed by the chain pdo (seen by 
positron annihilation), another is an apical-oxygen 
band (seen in de Haas-van Alphen experiments), and 
the last two are bonding and antibonding combinations 
of the two pdo plane bands (seen by angular-resolved 
photoemission). Based on the richness of the band 
structure of YBa&O,, several groups pointed out 
that at least the two-band [ 13,141, or probably the 
whole four-band [ 15,161, picture should be used to 
describe superconductivity in this system. Various 
experiments have been interpreted as indicating two or 
more different superconducting gaps. 

We shall now remind the basic equations of the mul- 
tiband BCS theory [9,11]: The hamiltonian has the 
following form: 

H= C wiTkcci,ka 
i,km 

where Ei,k is the kinetic energy in the ith band, c,& and 
ci,ku are the corresponding creation and annihilation 
operators, and gii is the averaged pairing potential. 

The order parameter A on the ith sheet of the Fermi 
surface is given by the equation 

Ai = C li,iAj dE 
j 0 

if the cut-off frequency wD is assumed to be the same 
for all sheets. T, is defined in the usual way by the 
effective coupling constant, log( 2y”q,l~T,) = 11 
A,rr, y* 2: 1.78. The effective coupling constant h,rf in 
this case is simply the maximal eigenvalue h,, of the 
matrix A,=g;,Nj, where Nj is the density of states at 
the Fermi level (per spin) in thejth band. A, plays the 
role of the coupling constant A in the one-band BCS 
theory. Note that the conventional (isotropic) h is also 
defined in terms of A,: A= C;jA;,N,IN= C;hJViIN, 
where the mass renormalization for the ith band is 
A;=&Ao, and N=C;N;. Obviously A,Erh, which 

means that due to a larger variational freedom T, in the 
multiband theory is always larger than in the one-band 
theory. The two areequalin the isotropic case, i.e. when 
gii does not depend on i, j. An instructive example of 
the opposite case is the two-band model with 
A,,=A,,=A>O,A,,=A,,= -A.Thenh=O, while 
A cff = 2A. Note that the last value is the same as when 
A12=A,, = A, The physical reason is that although 
there is no solution of Eq, ( I) with A, > 0, AZ > 0, there 
is an obvious solution with A, = - A2 -Sk 0. Near T,, the 
solution of Eq. (1) is Al/Al = (hDrf- A,,) /A12, dem- 
onstrating directly that the sign reversal of the order 
parameter, AZ/Al, takes place when wxdiagonal 
matrix elements AI2 and A,, arc! negative. The fact that 
conventional BCS theory (Eq. ( 1)) allows for the 
ISRG solution, has never, to our knowledge, been men- 
tioned in the extensive literature existing on multiband 
superconductivity [ 171. One can easily check that Eq. 
(1) may have a superconducting solution even for all 
g,<O, i.e., when no attractive interaction is present 
in the system. The condition for that is ]glZ] > 
(lg,IN:+Ig,lN22)/2NIN2. This is similar to the 
well-known fact that in a system with repulsion super- 
conductivity with higher angular momenta (p, d) is 
possible, because of the sign reversal of the order 
parameter. The main difference is that in the example 
above the symmetry of the superconducting state is the 
same as of the normal state. Below we shall demon- 
strate that even a fully attractive interaction gii> 0 can 
lead to the sign reversal if 
(1) interband pairing interaction is weaker than Cou- 
lomb preudopotential, 
(2) there is strong interband scattering by magnetic 
impurities. 

If g’s are electron-phonon pairing potentials, then 
Eq. (1) should be corrected for a Coulomb repulsion, 
which can be readily done [ 1 I] by substituting 
g/j-‘gij- u; =gi/- U”, where the effective Coulomb 
repulsion U* is logarithmically renormalized in the 
same way as in one-band superconductivity theory 
(U” is assumed to be independent on i, j). A direct 
consequence of that is that if the interband electron- 
phonon coupling is weak, the situation with a negative 
gap, gi/- U* < 0, can easily be realized because of the 
interband repulsion. We illustrate that by numerical 
calculations presented in Fig. 1. In these calculations 
the following parameters have been used: g12 = gz2 = 0, 
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Fig. 1. Critical temperature and superconducting gaps in a system 
with induced superconductivity in the second band, as a function of 
Coulomb pseudopotential. 

N,=4N,, andg,,=N;’ so that to have h=l. This 
choice of parameters corresponds to the plane and chain 
bands in YBazCu307, as discussed below in Section 5. 
Several facts draw attention: First, in this model T, 
decreases with the increase of p* = U*N substantially 
slower than in a one-band case when T,+ 0 when 
p* + h. Second, the order parameter induced in the 
second band (“chains”) is always negative; its abso- 
lute value reaches a maximum when 1 Al 1 = 1 A2 I, i.e., 
at U”=g,dv,/2(N,-N,). 

Following the standard way of including the impu- 
rity scattering in the BCS theory [ 181, one writes the 
equations for the renormalized frequency 6,, and order 
parameter A, (a is the Matsubara index), which com- 
pletely define the superconductive properties of the sys- 
tem (see, e.g. Ref. [ 191) : 

h21;jnl 
~Csi,, = ~W, + C ~ 

j,nt 2Qjn 

(Yij++&> 5 

~2~j~j 

ai,n=Ai+ C~ 
j,nL 2Qj,m 

(Yij-rt) > 

An 

Here O, = (2n + l)rT, Q/,n = dm, yij is the Let us consider now two cases relevant for 
scattering rate from band i into bandj due to nonmag- YBa,Cu,O, _ a, and their applications for the Josephson 
netic impurities, and 7; is the same for magnetic impu- effect. 

rities. Near T, Eqs. (2) can be solved analytically [ 201. 
For two bands, in the linear in y, ys approximation, the 
solution reduces again to Eqs. ( 1)) with the effective 
coupling matrix A: 

&=A- LA 
8Td 

x 

( 

2YSl + YS2 + Y12 

Yh - Y21 

YS2-Yl2 ,A 

i 2Y$+Y+Y2, * 

When all A’s are equal, the standard Abrikosov-Gor- 
kov result is recovered: 6h = - nh2( ri, + yi2 + 
yii + yi2)/8Td. The main point of the AG theory 
[ 181 is that ys enters the equations for w and A with 
opposite signs. That is why the magnetic impurities 
appear to be pair breakers, and the nonmagnetic ones 
not. The above solution shows that in the multiband 
case of Eqs. (2) this argument works only for the 
intraband nonmagnetic scattering (yii drop out), while 
all other scattering rates are, in principle, pair breaking. 

An interesting special case is A,2, A2i K A,,, A22. 
Then in the effective A matrix nondiagonal elements 
AF(i #j) = A,+ ~A,rljj( yij- y$) /ST,, can become 
negative, if yb is sufficiently large. As discussed above, 
this situation will lead to ISRG. In order to demonstrate 
this effect quantitatively, we solved the Eqs. (2) in the 
Eliashberg approximation numerically, using the fol- 
lowing parameters: A,, = 1, &2=0.5, &=0.025, 
A21 = 0.1. This choice is again inspired by the situation 
in YBa2Cu,0,: The ratio of the densities of states in 
the bonding and antibonding bands in YBa2Cu307, 
according to the band-structure calculations, is about 
2.5 [ 1.51, but it is likely the calculations underestimate 
this value (see discussion below). Correspondingly, 
we used y2i = 4 Y,~, yi, = 4 ys2. The results for the low- 
temperature regime, T -=K T,, are shown in Fig. 2. In 
accord with the condition derived above, when the dif- 
ference yi2 - y12 becomes larger than some critical 
value (in this case, O.O42nT,), the second gap changes 
sign. In other words, when the attractive interband cou- 
pling is relatively weak and the magnetic interband 
scattering is strong the system will choose to have two 
gaps of opposite signs, losing in pairing energy, but 
avoiding the pair breaking due to interband scattering. 
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Fig. 2. Superconducting gaps at T < T, in a two-band system with 
interband scattering on magnetic and non-magnetic impurities. Solid 
lines show Az/Tc, dashed lines A,/T,. Note the straight line corre- 
sponding to AZ= 0, 

(1) It is believed by many (e.g., Ref. [ 131) that the 
chain electrons would not be superconducting, or only 
weakly superconducting, if not for the “proximity 
effect” from the planes. In our language, this means 
that A,- pz = (g,,- U*)N,=O, where c stands for 
chains. Then the sign of the gap, induced in the chains, 
will be determined by the sign of g,, - U*; in the quite 
likely case of g,, < U *, ISRG between the chain and 
the plane bands takes place. 

(2) One can also look for the ISRG between the 
bonding (b) and antibonding (a) combinations of the 
two plane bands. According to the calculations [21] 
and experiment [22], it is the a band which has Van 
Hove singularities near the Fermi level. In the calcu- 
lations the singularities are bifurcated, which makes the 
density of states in the antibonding band 2.5 times 
larger than in the bonding band, and is extremely sen- 
sitive to the warping of the Cu02 planes, thus resulting 
in strong electron-phonon interaction. Experimentally, 
the singularities are even closer to the Fermi level than 
in the calculations, and are extended towards the F 
point. If, as is often claimed, this singularity plays a 

crucial role in superconductivity, then the a band is the 
superconducting one, and the superconductivity in the 
b band is induced. Consequently, one has the situation 
similar to the above-described “p-c” scheme. 

(3) Furthermore, the ISRG due to magnetic impu- 
rities may also be relevant for YBa2Cu307. Let us 
assume that the main magnetic scatterers are antifer- 
romagnetic (AF) spin fluctuations on the plane Cu 
sites. For the moment we assume these fluctuations to 
be static (see, however, the discussion below). Inelas- 
tic neutron-scattering studies [23] show that the AF 
correlations between the planes survive even in the 
fully oxygenated samples, where the intraplanar cor- 
relations are virtually non-existent (correlation length 
[/‘la= 0.84 50.04). This is in direct contradiction with 
the popular assessment that the intraplane AF correla- 
tions are more important than those between the planes. 
To understand the consequences of this fact we shall 
again consider the bonding and the antibonding band. 
The former is even with respect to the z + -z reflec- 
tion, and the latter is odd. The standard hamiltonian for 
the magnetic scattering is 
H;=- c c o%w-mhPl~P) 9 

where SR is the spin of the impurity at point R, and 01, 
/3 are spin indices. In case of two antiferromagnetically 
correlated impurities in the two planes, (ial and u/3 1 
must be of different parity to render a non-zero H$. 
This means that only T& is non-zero. 

In the previous paragraph we considered static impu- 
rities. In this context “static” means that the 
characteristic frequency of the AF fluctuations 
hoA, < ITT, = 25 meV. It is not clear yet how large OAF 
is in YBa2Cu307-X, Detailed calculations will have to 
include the proper frequency dependence of the mag- 
netic susceptibility in the same way as it is done with 
the phonons in the Eliashberg theory. It is obvious, 
however, that the qualitative conclusions will not 
change. 

Let us discuss the consequences for the Josephson 
effect separately for each of the above cases. Rather 
than trying to explain the contradictory experimental 
results reported so far [l-8], we shall indicate some 
qualitative predictions of our model. 

The supercurrent density through a grain boundary 
in a two-band superconductor can be written as 
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J, = C,J! sin +“, where Ji is the Josephson critical 
current density corresponding to tunneling between the 
bands i and j, and 4” is the gauge-invariant phase dif- 
ference of the order parameters Aj and A) In the sim- 
plest case of the Ginzburg-Landau regime [ 241 

J” = rA.A./4eR..k T c 1 J UB > 

where R,= (Ue2) (~r/2rrfi)~/(D) is the tunneling 
resistance per unit area, (D) is the angle-averaged 
transparency of the barrier and PF = min(p,,, PFj). Fol- 
lowing Geshkenbein and Larkin [25], we obtain 
immediately that if the order parameters have different 
signs, sign( Ai) = - sign( Aj) , then in the stationary 
case (J, = 0) a finite phase difference appears, &= rr. 
This is similar to the “rr contact” considered by 
Bulaevskii et al. [26], but in our case it is due to the 
sign reversal of the order parameter in different bands. 

Generally, the total critical current, JT’, depends on 
the orientation of the boundary relative to the crystal- 
lographic axes because of the angular dependence of 
R,. It can become negative for certain directions when 
the contribution due to interband tunneling prevails, 
The condition is Jf’ + Jf’ > Jf’ + Jz’ for the HTS/ 
HTS junction and JA” > JL’ for the HTS/LTS one. To 
some extent this effect is similar to that considered by 
Sigrist and Rice [ 271 for the d pairing, but some of our 
predictions differ qualitatively, as discussed below. 

(a) Let us first consider the c-p scenario. For a HTS / 
LTS junction the tunnel resistance R12( 0) depends 
strongly on the angle 8 relative to the b-axis, namely 
R12( 0) has a sharp minimum at 0= 0 due to the strong 
angle dependence of a barrier transparency (D) for a 
tunneling process. Moreover, according to band-struc- 
ture calculations [21] the kinetic energy of carriers 
along the chains is larger than that in the plains, thus 
leading to larger (D) values. As a result, Jy (0) <O 
for small 0, whereas for all other angles Jz’( 0) >O. 
Therefore an intrinsic rr phase shift will occur in this 
case between tunneling along the a and along b direc- 
tions. Then a DC SQUID with junctions on the a and 
b faces of a crystal, will show a @a,,/2 shift of a field 
dependence I,(H). This effect was observed in Refs. 
[ 1,3,4] and attributed to the dX2-yz pairing state. 
Another consequence is a shift of a Fraunhofer pattern 
for a single junction formed on the corner of a crystal, 
because J, changes sign along the junction, as was 
discussed in Refs. [ 1 and 41 for d pairing. Evidently, 
the same effect will take place in the case considered. 

We should also mention that the nonzero Josephson 
current, observed for c-axis tunneling in Pb/insulator/ 
Y1 -,Pr,Ba,Cu,O, tunnel junctions in Ref. [ 51 is con- 
tradictory to the dXz-yz symmetry. Indeed, a nonzero 
Josephson current was predicted theoretically for c-axis 
contact between s wave and d wave superconductors 
in Ref. [ 281, but only in the second order in the bound- 
ary transparency (D), therefore this model cannot 
explain the rather large values of the 13, products of 
the order of 1 meV observed in Ref. [5], On the other 
hand, this observation is consistent with the suggested 
c-p scenario. The reason is that, contrary to the case of 
dXp-yl symmetry, the average order parameter in the 
ab plane is nonzero. 

Interesting consequences appear for HTS/HTS 
(grain-boundary) junctions. As follows from the above 
arguments, if 0=0 in only one of the grains, then the 
grain boundary is a rr contact, otherwise it is a conven- 
tional one. Consider a closed contour crossing N grain 
boundaries. The flux-quantization condition in zero 
external field reads n@c = LI!/ + C,,= 1,N ( c&o/ 
2n) 4r’, where L is the self-inductance of a ring and 
4 @) is a phase difference across the mth junction. Then 
it ~0110~s immediately, that if a contour crosses an odd 
number of 8= 0 junctions, a spontaneous magnetiza- 
tion of a ring with half-integer flux quantum will occur, 
and when it crosses an even number of 8 = 0 junctions 
the flux quantum will be integer. 

Spontaneous magnetization with half-integer flux 
quantum in a three-junction ring and with integer flux 
quantum in a two-junction ring was demonstrated 
recently for YBa2Cu307 in Ref. [ 61. In this experiment 
all grain boundaries were of 8= 0 type. Thus, the results 
[ 61 are in agreement both with our proposal and with 
the d wave scenario discussed by Sigrist and Rice. To 
distinguish between these two explanations measure- 
ments for different grain orientations are necessary. At 
the same time, the absence of an angular dependence 
of J, observed in Ref. [2] for a number of different 
grain-boundary orientations in YBCO does not contra- 
dict our scheme. Indeed, in Ref. [2] all six grain 
boundaries have had B# 0 which results in JT( f3) = 
Jal (0) = const. 

Another interesting phenomenon observed first in Bi 
based HTS [29] and more recently in YBCO [ 81 is 
the paramagnetic Meissner effect ( ‘ ‘Wohlleben 
effect”). The explanation was proposed in Refs. 
[27,29,30] in terms of intrinsic rr junctions between 
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weakly coupled superconducting grains, giving rise to 
spontaneous orbital currents in arbitrary directions. An 
external magnetic field will align those spontaneous 
current loops and can produce a net positive magneti- 
zation. Therefore, the existence of n junctions between 
at least some of the superconducting grains is a key 
point for the Wohlleben effect. As discussed above, 
such intrinsic T junctions may exist in the considered 
two-band superconductor with interband gap-sign 
reversal, thus leading to the possibility of the Wohlle- 
ben effect. 

(b) For our second scenario a sign of the total critical 
current in an HTS/LTS and an HTS/HTS junction in 
any given direction depends crucially on the relation 
between the current components Jr” and Jr’, i.e. on 
the corresponding tunnel resistances. From symmetry 
considerations, there exists no fundamental reason for 
a sign change of J, l2 - JL’ versus 0 in the ab plane. As 
a result, the intrinsic phase shift between the two bands 
cannot be detected by Josephson experiments, similar 
to the c-p scenario discussed above. In all junction 
geometries such an ISRG superconductor will behave 
like a conventional s wave one. 

However, a possibility of the Wohlleben effect still 
exists: Each given contour would include an even num- 
ber of n contacts, which in an ideal case would com- 
pensate one another. But in reality the tunnel 
resistances of these contacts, depending of the local 
state of each grain boundary, will be different, so that 
the compensation would become incomplete. 

We note, that this scenario may be relevant not only 
to YBCO but also to all double-plane materials, like Bi 
based compounds. 

The main goals of the current paper were to dem- 
onstrate the possibility of the existence of an s wave 
superconductor with the sign reversal of the gap, to 
point out some factors which favor such a state in 
YBazCu307, and to emphasize that some experiments 
interpreted as unambiguous evidence for the d wave 
pairing can, in fact, be explained by the suggestedISRG 
s pairing. 

In addition to that, we would like to outline some 
implication of our analysis to a model of spin-fluctua- 
tion induced superconductivity (Ref. [ 311 and refer- 
ences therein). In this model, AF fluctuations are 
dynamic, and serve as the intermediate bosons to give 
superconductivity. Only one plane is considered, and, 

much in the same spirit as in our analysis, the order 
parameters A(k) and A(k+&), where Q is the AF 
vector (n/a, n/b), are of the opposite signs, which in 
the case of the YBa2Cu307 Fermi surface leads to the 
x2 -y2 symmetry for A(k). Apparently, if one consid- 
ers two AF coupled planes, and two bands, a and b, 
then only in the a-b channel does a non-zero pairing 
potential appear. This is similar to the observation [ 321 
that in YBCO the prude (with respect to z* -z) 
phonons contribute to the intraband (a-a and b-b) 
coupling only, and the uttgerade phonons to the inter- 
band coupling only. Even without solving the corre- 
sponding equations, one can immediately predict the 
results: Since in a bilayer there is no problem having 
gaps of the same sign on a given sheet of the Fermi 
surface, an s wave solution must exist, with A, and Ab 
having opposite signs, Direct numerical calculations 
show indeed that the Montoux-Pines model for a 
bilayer has a stronger instability in the s channel with 
ISRG than in the d-channel [ 331. Another interesting 
point is that the intraband phonon pairing and the inter- 
band spin-fluctuation pairing can coexist and even help 
each other. 
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