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Abstract " ~BRJ' 

It is shown that the single particle band motion along the c axis is harmful for
 

superconductivity in anisotropic systems. Variation of Tc: with c axis hopping
 

parameter is shown for both the conventional Josephson coupled, pla.nar su­

perconductors and for intcrlaycr pair tunneling mechanism of Wheatley Hsu
 

and Anderson(WIIA).Effect of out of plane magnetic impurity substitution is
 

shown to suppres Tc more for conventional superconductors whereas there is
 

very sharp decrease of Tc: in the WH..\. mechanism at larger concentrations.
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,example, resistivity anisotropy Pc/ Pah is about 103 to IDs in Bi compounds 11). On the other 

hand the typical anisotropies in the superconducting phase like >'a~/ >'c and {ab/{c: are much 

smaller (of the order of 5-10). This shows that the superconductivity is a real 3 dimensional 

phenomena, with the coupling between the euo planes being a very relevent parameter. 

The normal to superconductor transition is at the same time a two to three dimensional 

transition. 

Most theories of high Tc: materials are purely two dimensional in nature, where the 

coupling between the planes is ignored to begin with. The large semiconducting type c axis 

resistivity ( greater than ~lott limit al low temperatures) is shown as a proof, that.the 

elctrons have no band motion along the c axis (2). In other words c axis motion is fully 

incoherent. Invoking localisation along the c axis is meaningless, because electrons cannot 

10caJise along one direction only [2J. It has been emphasized by Anderson [2j, that the 

single particle band term along the c axis is inoperative in the normal state, and in the 

superconducting state as well. On the other hand recently it has been argued by Rojo et. 

ai, 131 that the large c-axis resistivity is not inconsistent with a finite hopping amplitude 

between the planes, because the olT-diagonal disorder has a delocalization effect. For the 

superconducting state, at a phenomenological level they are described by a Lorence-Doniach 

kind of model [-tJ. Here the two adjacent CuO layers ( who are individually superconducting , 

coming from any of the existing purely 2·d mechanisms) have a Josephson coupling between 

them. This coupling further enhances the transition temperature of the individual layers. A 

Josephson coupling between the planes tunnels pairs of electrons between the planes. One 

starts from an effective BCS hamiltonian for the two planes, and switches on a single particle 
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hopping term in the c-dircction. Josephson coupling occurs between thc planes in second 

order of this single particle hopping amplituce. 

We explicitly show here that, having a single particle tunneling tcrm in the c-direction 

is harmful for superconductivity. This is because, as far as one plane is concerned, this 

acts as a pair breaking perturbation. S6 c,"cn though, the Josephson coupling leads to 

real 3-d coherence and an apparent incrcase in transition temperature, the single particle 

hopping between the planes (td tries to destory superconductivity, and the Tc is very much 

I 
suppresed compared t9 the purely decouplcd 2-d supercC?nduc:ors, because the single particle 

and pair tunneling have opposite effects on Te • We find that, for the model where. two 

planar BCS superconductors are coupled by both single panicle and josephson tunneling, 

the Tc decreases with increase of t.L slowly at first and very steeply at larger values. It 

is a monotonous decrease of Tc in other words.single particle tunneling and consequentI 

reduction of Tc due to pair breaking always p;ays a dominant role. 

On the other hand, in the interbyer pair tunneling mechanism of Wheatley, llsu and 

Anderson [S}(WHA), it is argued that in the normal state there is no band motion of electrons 

in the c-direction. even though the hopping a:nplitude ti. is Ciuite substantial as many band 

theory calculations shows, This is so, because of the underlying assumpsion of spin-charge 

decoupling of the electronic system in the 2-d plane due to strong correlation. Therefore. 

even though tl. is quite large, it is not cffecti"e in tunneli~g electrons in the c-direction 

simply because there are no low energy electron like quasiparticle near the Fermi surface in 

the 2-d plane ( c-direction conduction is supposed to be purely incoherent in nature). In 

this mechanism, it is proposed that even in the superconducting phase single particle band 

motion is absent. The first channel of c- axis conductivity occurs in the second order in 

2 

ti.. that is through Josephson pair tunneling. Incoherent motion of single electrons, but 

coherent tunneling of pairs of e~edrons is shown to be possible in model hamiltonian by
" I 
Muthukumar et al [6} Here Tc increases with increase in tl unlike in the earlier case where 

Tc decreases with increase in tL. 

Next we consider the effect of magnetic impurity substitution out of the plane. There 

is a dramatic suppression of Tc upon substituting Yby Pr in YBCa compound, where Pr 

ions show a net magnetic moment (~ 2.7It B) as has been observed in the high temperature 

susceptibility data [7}. We consider the case, where ?ut of plane magnetic impurity have 

no direct exchange coupling ( of the local Kondo kind) with the conduction electrons in the 

plane. Also there is no hybridization of the impurity levels with the a or Cu orbitals. In 

other words, the presence of the moment does not change the in plane electronic parameters. 

In contrast, Fehrenbacher et. ai, [S) has proposed that Pr electronic levels hybridize with 

the planar Oxygen leading to a decrea.se in the inplane hopping amplitude. 

In the present situation, we show that for more conventional theories , where single 

particle motion in the c-direction is operative, there will be, (1) strong suppresion of T duec 

to spin flip scattering by the impurity moment with the electrons moving along c-axis. (2) 

The second channel of conduction along the c-axis, that is the pair tunneling process, will 

also be affected by the magnetic impurity. The effect can be modelled , as if the Cooper 

pairs get a phase slip of" while travelling through the impurity center [91. This will reduce 

effective pairing potential and hence reduce Te• We will show that the first process of 

reduction of Te is more dominant than the second one, because for moderate values of tL , 

the Josephson tunneling between the planes, even in the absence of impurity increases Te 

very slowly with increase of t.L- However, in the Wheatley Hsu Anderson mechanism(WHA) 
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!_t:~-e singleparticle tunneling is absent. Only the interlayet pair tunneling. will be affected 

',b/the p[:~se~ce of the moments. In the WHA mechanism, the pair tunneling term is 

I, p~ci..diar, ill 'the sense that, in the process oC"pair tunn~ling, the individual momenta of the . ,	 , 
,	 I 

. ,",:	 partners.of the cooper pairs are conserved. So the pairing term in the hamiltonian there 
... ' 
•••• ! 

~ is onlyorie ~omentum sum rather that the conventional two momenta. sum. The pairing.. \ ..' ,~:t':'., 
',"} : - .p6t~ntial is ,extremely local in momentum space. This has a remarkable effect on Te • The 

"~' \ 

, ~~ ::.'	 Tei'ncre~ses w:(t.h increase of pair tunneling amplitude( which is quadratic in tJJ much more 

steeply compa'~ed to the usual Josephson coupling case. Theoretically it is argued that, 

the pequliar momenta conserving pair tunneling is a consequence of the normal state being 

a Luttinger liquid (21. This Josephson coupling will decrease with increase of magnetic 

impurity concentration due to phase slippage leading to decrease of Te • We find that for low 

-impurity CQ.ncentration the Te falls faster with impurity concentration in the cOfi\'entional 

planar models, but at larger concentrations .Tc falls faster in the WHA mechanism. 

To begin we consider th~ hamiltonian, 

H =. L((t/c - Jl)c~~C~g + 1 -t. 2) + tJ. I:(c~~cZ .. + h.c.) 
k Ir 

~(tf 1t It 1 1 '1" ?) ti ,,( 'Zt 'Zt I I 1 .»)+ L.J	 Yklc,CJ,oC_l:/Jc_k'/Jck'a + -. - + t L Ckoc_IcOc_Ic'Oclc'o + -.- (1 r 
k~	 k~ • 

Here all momenta are .2-d momenta. We consi~der a 2 layer per unit cell material. '1.1 and 

I 
c~ are electron annihilation opel'ators in layer 1 a!nd 2. tic is the free dispersion in the plane 

and tJ. is the c-axis hopping amplitude. Vw is a BCS type pairing potentia.l in lhc plane, 

coming from any conventional mechanism, details of which are of no consequence for our 

purpose. 7
1 

is the Josephson 
' 

coupling term. We have not taken any momentum dependence 

of the hopping amplitude tJ. along the i: axis. Vw is assumed to have the form, 

'~-:',~ 

4 

-F	 . for fF -1i:..!.;(lfd, If;.;,l(fF + Ii:..!e 

={	 (2)Vu ' 
0	 otherwise 

\Vhere h;.), is the cutoff energ,y coming from a more microscopic origin. We assume that 

the in-plane pairing interaction comes from electron phonon interaction. So We wiil be the 

Debye frequency. For simplicity we assume that tllele is only one cutoff in the theory set by 

the in plane BCS coupling, and Josephson coupling also operates within the same cutoff, 

!\ow we do the mean field, by putting in the pairing ansatz 

(C~;C~lq) = (c~:c:lq) = 6,­

Then the third and fourth term can be combined into 

2 ' 
t .... ) ~(:.- - I I /I. II II 2)(V: + t L W clIc'" + uc",c:' kl + 1 -. 

k . 

Where the prime over the summation represents a restricted sum within the Debye Cut-off. 

To lake into account the single particle hopping between th.e planes, we define two kinds of 

fermions 

I _	 1 . I
ckg - 2'(9k<1 + ,,"'k<1) and C{<1 = 2'(9h - tbkg) 

In terlT'.s of them the mean field hamiltonian will be 

L(t./c - J.l + td¢L9l<1 + L(ft -}' - tJ.)rjJt·~'h + (\I ~ 
i 

f) L((.6.-¢- Ic I¢k; + ~;:I;~'l) +4 
Ie l	 Ir 

(3) 

o and lj.J fermions describes the electrons in the bonding and anti bonding bands, The 

hamiltonian looks like a sum of two BCS reduced hamiltonins for the bonding and antibond· 

ing electron systems. The generalised gap equation will be 
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~ L taT1h(3E~/2) + ~ L tanh(PEt/2) (4) 
(V +~) - k 'lEf - It 2Et 

where, 

Et·o!I = v'(~k ± tloP +6' 

Note that the summations o\'er momenta ~n the first and second term are over two different 

energy shells centercd around Jl ± tl.' Going from summation to integral and converting to 

energy variables it is not vcry difficult to see that the Te is given by 

r-;;--::;') e" - -----..l 
kBTe = Yw; - ti =--e ....(O)(v+·I'·) (5)

;r 

\ 

for small values of tl.. where e" = 1.i81. It is clear that the Te decreases with increase in 

t.L or more or less insensitive to it depcnding on the' magnitude of We and the in plane BCS 

coupling. ~[ajor effcct of the out of the planc single particle hopping is to shrink the cutoff 

of the effective BCS interaction potential. Physically one should think of the single particle 

hopping in the c·dircction acting as a pai .. breaking mechanism, and thereby destroying 

superconductivity. Energetically the condensation energy lost by losing superconducti\;ty 

can be compensatcd by the gain in the single particle kinetic energy in the C direction. for 

larger values of flo , band splitting will be larger and the chemical potential will be very 

near the band edge of one of the subbauds, for low doping, while the other band will be 

submerged much below the Fermi surface, This kind of scenario has been proposed by Levin 

and Quader [11] to explain the transpol'l properties in the normal state of the two layer 

materials. We do not consider this limit. 

Next we consider the case where. there is some magnetic impurity in between the planes. 

Within the I·hand t - J model scenario [t OJ, the tunneling process in the c·direction is a two 

step process, where the inplane hole( Zhang -Rice singlet) moves over to the Y 650rbital( 

6 

for 123 compound) and from there to the ZR singlet in the upper plane. If one substitutes 

the Y atom by some other atom having a net magnetic moment, then this will scatter the 

electrons moving along the c direction. One can model the effect of the impurity by the 

interaction hamiltonian, 

H' U,S .(j (6) 

Where § denotes the impurity spin and (j the electron spin density. This will flip the spin 

of the electrons travelling along the c direction. "'e can rewrite the above Hamiltonian in 

the form 

II', = LU(k -:- k')[(cnc~'1 +cncl'l) + 1 -+ 21 (i) 
Irk' 

It is reasonable to assume that the scattering will be predominantly in the forward or 

backward direction only. Also since the translational symmetry is broken only in the c 

direction, the inplane momenta should be consen·ed. So the interaction hamiltonian will 

be, 

U(O) ~( 1t 1 • 'It 1 1 -+ 2)L..J CkICk! .... CklCkl + 
k 

for the forward scattering and similarly, there will be backward scattering terms like, 

U(2k) L(c~~cLI + c~IcII + 1 -+ 2) 
Ie 

Going to the ¢ and .,p fermion representation, we get 

H' = Uell L(¢t,¢kl + ¢kl¢>kl + ¢ -+ 1/J 

" 
Where V,II = V(O) +V(2k). In terms of these fermions, the interaction hamiltonian looks 

,
like a direct exchange coupling o{ the impurity moment with the bonding and alltibonding band 
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elutrOll$. This will lead to a further reduction in the transition temperature as discussed 

by Maki [12]. The modified Tc will be, Tc = T<il- 'r~, where 

= 2;;(.i}/InN(0)S(S + 1) 
T2 

where n, N(O) and S are the impurity density, conduction electron density of states Dear 

the Fermi surface and the impul'ity magnetic momont respectively. As discussed by Maid, 

not only the Tc will be suppressed and superconductivity destroyed beyond a certain COD­

cent ration of impurity, but also. for moderate density of moments one will see a finite 

density of states within the gap. This could be observed in the tunneling and photoemissioD 

experiments. 

:-'[oving O\'cr to the pair tunneling from layer to layer, the tunneling h:Lmil tonian can be 

written in the form, 

L tlU· bu ' + [,'H,a ..,Sd(~~cL, + h.c 

H' 

Sj is the operator for the local moment at site i and a s are the Pauli matrices. It is 

not difficult to see th<l.t , whenever the cooper pair encounters a magnetic moment while 

travelling along the C axis, the corresponding pair tunneling amplitude gels reduced rromf 

(ll,-U~ TI ,'II' I' I 'I . 'lib f' 'lto -- I . I(~ mean Ie ( 1';\11' lunnc Ing laml loman WI e:L ter lmpurJ yaverage. 

(t'2- nU1!!s(s+1»)",("., . + ,,~t~t + ¢J-t1/J
..L." G w. 0-1<191<1 u ....q .... _kl 

t k 

where n is the concentration of magnetic impurity substituted in between the planes. Cor­

responding gap equation will be, 

1 1 '" tanh(BE:/1
). 1 ~ tanhuiEt/2)

-G + -LJ +
Vel! 2 k 2Et 2 Ie 2Et 

s 

where V"/1 = V +tl/t - nU:/Is(s + 1)It • remembering of course that with the introduction 

of single particle hopping the Tc will be further reduced the way we indicated before. 

In the case of WHA mechanism, modified recently by Chakraborty et al [131. The full 

hamiltonian in absence of impurity is, 

VL: It It '2 '2'l)t" - fl)C~~C~" + 1 -t 2 + cktC-klC-"'ICk't + h.c + 1 ~ 2 (8) 
H'" t'2 It L: ckfc_k!c_klCktIt It '2 '2 + h.c + 1 ~ 2 (9)+.1 

k 

Notice the dilTerence in the Josephson tunneling term in Chakraborty et aI's hamiltonian 

from the conventional Josephson terms. The gap equation will be, 

t'! b"k •L b"6k = ""'!'-tanh(;3Ek /2) + \. -q tanh({3E /2) 
t 2Ek 2Eq q 

q 

where E, = ..fEr+6~ In the presence of magnetic impurity the gap equation will be 

modified to, 

(tl- nU;Jls(s + 1» 6. k tanh({3E /2) + V L ~tanh({3Eq/2) 
6" = t 2Ek k

q 2Eq 

We ha\'e solved all the gap equations numerically to locate the Te, 

\Ye take the inplane dispersion to be fk = -2t(c05 k;r + cos kJl) + 4t'cos krcos kll - fl, 

with t = 0.3 eV, t' = 0.1125 eV, II = -0.-1·'1 eV, V = 0.27 eV and t.1 = 0.1 eV. [n Fig.l we 

show the Tc variation with t.1 for interlayer tunnelir.g mechanism and the usual Josephson 

coupled superconductors, with and without the band term along c axis. We find that, (1) 

For the interlayer tunneling mechanism the Tc rises with increase in t.1 very steeply. For 

example, with t1. = 0.0 we fix V == 0.22 to get a Te of 5 degrees. But for t.1 = 0.1 the 

Tc increase to 85 degrees. (2) For the usual Josephson coupled superconductor without 
~ 

single part.icle hopping, Te rises very slowly with tl.. Tc is only 35 degrees for t1. = 0.1. (3) 
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With single particle hopping term included, remarkably the Te decreases witb increase in conccntration of impurity ,on the other hand Te falls yery sharply in WHA mechanism. This
 

tJ.. We emphasize that, there is no obvious reason why the single particle hopping along the is so, because in the WH ..\. mechanism even though the band motion of single quasiparticle
 

. c a.'Cis should be absent in conventional fermi liquid theories .. This is one of the important motion along c axis is prevented, and hence the first channel of Tc reduction process is
 

differences between the conventional Josephson coupling and Anderson's Josephson term. absent, but due to its peculiar momentum consen'ing nature of pair tunneling thlf Tc is a
 

In Fig.2 , we show the Te variation with the.pair breaking parameter Q = (.~JJns(s + 1), very sensitive function of the pair tunneling amplitude.
I
 

which is directly proportional to the magnetic impurity concentration. Clearly the Tc in the f. 

interlayer tunneling meqlanism falls slower than usual Joscf)hson coupled superconductors 

for low concentration oflimpurity, but at larger concentrations it falls very steeply to zcro. 

The critical concentration of impurity is much smaller in the interlayer mechanism. 

In conclusion, we have pointed out that even though Josephson coupling between plane 

increases Tc , the single pal:ticle hopping between the planes reduce Te• For larger values of 

tJ. , the increase of Tc by Josephson tunneling is taken over by the single particle hopping 

magnetic moment does no-t ha\'e any direct exchange coupling with the conduction electrons 

in the plane, and it does not change the inplane electronic parameters appreciably like Pr 

doping at Y sites does in the Y BCO compounds. In the case of purely planar models, there 

should not be any suppresion of Te , but with a non zero effective band term along the c 

I 

axis, superconductivity will be suppresed due to both by spin flip scattering by the moment 

AS well as due to phase slip processes comillg from the lra\'elling cooper pairs along the c 

direction. For the WHA mechanism, only the second process is operative. We have done a 

quantitative prediction that, for small impurity concentration, the fall of Te with impurity 

concentration in conventional planar superconductors is faster than in WHA case. At larger 

10 11 

t
I
r 
I

I
I
I 

{between the planes at any finite temperatures, and Tc will decrease with increase of '.t.. l\'ext 

we considered the effect on Te by magnetic impurity substitution out of the plane, where the 

r
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Figure Captions 

All the results were obtained with the following choice of parameters: t = 0.25 eV, t' = 

0.1125 eV IfF = -0.45 eV I tJ. = 0.092 eV. FBCS = 0".086 eV and IlwD = 0.02 eV. 

1.	 Te versus the interlayer hopping parameter tJ. for, Iuterlayer tunneling mechanism 

. (dashed lines \\'ith open circles ), Josephson coupled superconductors with and without 

single particle hopping term along c a.'l:is (dashed and solid line ). 

2.	 The \'ariation of Tc with the pair breaking parameter Q for a Josephson coupled DeS 

superconductor (dashed linC]) and in the -interIayer tunneling mechanism (solid line ). 

I 
Tc is different for the two mechanisms for same values of parameters. 
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