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   Superconducting properties of  cuprate  superconductors  are  theoretically studied  using  a

model  in which  superconductivity  is primarily  generated in the Cu02 layers and  supercon-

ductivity in the other  layers is induced by  the proximity  effect.  The  anomaleus  temperature

dependence of the Knight  shifts and  the nuclear  magnetic  relaxation  rates  for'Cu and  O  ions
in YBa2CuR07  are  explained  by a  theoretical  result  based on  this model,  The  structure of the

flux lines is yery  different depending  on  whether  the  flux lines are  parallel or  perpendicular to

the layers. An  unusual  magnetization  process in the  mixed  state  follows the anomalous

nature  of  the  interaction between the  flux lines,

gl. Introduction

   Cuprate oxides  which  show  high 1-lr-superconductivity have Iayer structures  in
which  sever'a,.l kinds of  oxide  layers are  periodically stacked  along  the c  axis.  ,As  a

result,  their physical  properties  are  highly anisotropic.  For  example,  the electric

conductivity  along  the layers is much  larger than that along  the c  axis.  Therefore,

the  crystals  are  considered  to be constructed  by conductive  layers coupled  by the

relatively  weak  transfer interaction. For  the superconducting  state  we  take  a  model

in which  superconductivity  is generated  in the -Cu02  layers in the crystals,･and

superconductjvity  ih the primarily  non-superconducting  layers is induced by  the

proximity  effect.i>'2) Using  this model,  we  ¢ alculate  the Knight  shifts  and  the nuclear

magnetic  relaxation  rates  for the Cu and  O  ions in the Cu02-plane layer and  the

CuO-chain layer of  YBa2Cu307.3) Both the quantities in the Cu02-plane layer decrease
much  faster than  those in the CuO-chain layer below the  superconducting  transition

te;nperature. The  agreement  of  the temperature  dependence with  that observed  in

the  experirnents  confirms  applicability  of  this layered model  for the cuprate  supercon-

ductors. For  discussing the structure  of  the flux lines, we  use  a  simplified  model  in

which  the superconductivity  in the layers is described by  the Ginzburg-Landau equa-
tion and  the coupling  between  the layers by  theJosephson  coupling  mechanism.  This

is a  generalized Lawrence-Doniaeh  rpodel. The  resuk  of  the  calculation.shows  that

the structure  of  the flux lines is very  different depending on  whether  the flux lines are

parallel or  perpendicular  to the layers.`) The  Mi  versus  temperature curve  shows  a

proneunced  upturn  when  temperature decreases.5) The  anomalous  interaction

between the flux lines parallei to the layers is reflected  by an  unusual  magnetization

process  in the mixed  state.6)
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                 g2. Model for the layered cuprate  oxides

   Since experimental  studies  have  most  extensively  been  done on  YBa2Cu307,  we

take  the crystal  as  an  example  of  the layered cuprate  oxides.  The  crystal  of  YBa2Cu307

is constructed  by a  stacking  of  two  Cu02-plane layers ahd  one  CuO-chain  layer as
shown  in Fig. 1. The Y  and  Ba  ions are  neglegted,  since  the electronic  levels of  these
ions disappear near  the Fermi level. The axes  x,y  and  z  are  taken parallel to the

crystal  axes  a,b  and  c, r'espectively.  The chains  are  parallel to the axis  y. We

assume  that the electrenic  bands of  the Cu02-plane and  CuO-chain layers hqve  two

and  one-dimensional  dispersions, respectively,  and  electrons  transfer between the
layers by the electron  transfer interaction. Then, the Harriiltonian of  this system  is

wrltten  as

     H=2{ea(k)[aXaakcr+a'h'aa'ha]+eb(k)biabka}
         k,a

         +,2,.{t(h)[aXobbo+bZaa'ba]+t'(k)a'h'aakd+h.c.} 

"

         +AZ(akta-k･+a'kta'rk.+h.c.), (1)
            h . .

where  ako  and  aha  are  the annihilation  operators  of  particles in the planes and  bbo is
that in the chain  layer, respectively,  and  Ea(h)  and  Eb(k)  are  the energy  dispersions of

these particles. The transfer interaction parameters t(k) and  t'(k) in Eq. (1) are

defined by

     t(h)==-tiexp(thaci), t'(k)=-hexp(dezc2), (2)

where  ti is the  transfer integral between  the  plane and  chain  layers and  ts is the

transfer integral between the planes, and  ci and  c2 are  the distance between the plane
and  chain  Iayers and  the distance between the plane  layers, respectively.  The  layer

                                     nature  of  the oxides  arises  when,the

             : transfer integrals between these layers
             . are  small.  Since the carriers  are  holes

                                     in YBa2Cu307, we  assume  the forms

   -----e.----r------

a

a}

b

T >
-t= -･-･-･-･-･--

plane

chain

             .

             :

Fig. 1. Model crystal  structure  of  YBa2Cus07.

   The  sdlid  and  dot-dasihed lines denote the Cu02-

   plane  and  CuO-chain  layers, respectively.

   Ea(k)=  -  2hi 
2.

 (fex2+ lev2' faa2) ,
      '

            h2
   Eb(h)=N  2mb  (ley2Nleb2) , (3)

where  ma  and  mb  are,  respe'ctively,  the

effective  masses  of  the particles in the

plane  and  chain  layers, and  lea and  kb are

pa'rameters. In Eq. (3), the  values  of  kx
and  la are  restricted  to the region,  lkxl
K  kc, 1feyl gkc  with  a  cutoff  momentum  lec.
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In Eq. (1), we  assume  an  isotropic pairing interaction with  a  superconducting  gap

parameter  a  in the  Cu02 layers and  no  pairing interaction in the chain  layers. In the

following, we  use  the pararneter  values;  malmb=1,  leafec=O.8, kbfec=O.7 and  tilsc
=  lelbe=:O.1, where  Ec  is the cutoff  energy  defined by  Ec=h2lec212nza.  ,

   Introducing a  Nambu  representation

A,=

AmAk2Ak3Ak,AhsAk6ahta

±k"bhtb!k.a'bta%

'

we  write  the  Hamiltonian  H  as

     H=2Ak'QAb+Z(2ea(k)+eb(k))
         k

with

Q-

Ea(h)

 At*(k)

 ot'(h)

 o

   e

k

   ti t(k)

 
-ea(k)

 O

    O Eb(k)

 
-t*(k)

 e

    O t*(k)

 -tr(le) o

Hermite  matrix

    O t'*(h) O

  -t(k)'  o -t'*(k)

    o t(k). .e

 
-E,(h)

 O -t(k)
 

'

    O ea(k)  d

 -t*(k)  A  -Ea(k)

Q by a unitary  transformation

(4)

(5)

(6)

Diagonalizing th

     (UtQU) ･
 (7)

we  have

           6

     H=2ZEp(k)rZprbp+Z(2ea(b)+eb(k)),  (8)
         kA4l  k

where  rkp is the quasiparticle operator  in the  superconducting  state

          6

     rb#=  2(U')piAhj. 
'
 (9)

          J=1  .
                                                 '

The  vector  (Uipt, C]>p,･t･, Uh") is the eigenvector  for the' eigenvalue  E#(k). The

eigenvalues  form  three bands  in each  of  the positive and  negative  energy  regions  and

their energy  dispersions are  symmetric  with  respect  to the Fermi  level. Two  of  them

have  nearly  two-dimensional  dispersions and  the other  has a  nearly  one-dirnensional

dispersion. Each  band  has the superconducting  energy  gap  around  the Fermi  level.

                       g3. Non-Iocal  susceptibility

   For calculatjng  the Knight shift and  the  nuclear  relaxation  rate, we  need  the
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non-local  susceptibility.

     z...(q, w)-:  
-ptB2fe'dt<[o.a(q,

 t), oinr(-q,  O)]>exp(idit) , (10)

where  <--･> deriotes the thermal average,  "] the Bohr magneton,  [A, B] the commuta-

tor AB  
-BA,

 and  amX(q)  the Fourier comporient  of  the spin  density operator  at  the  m

layer. The  sus6eptibility  (10) is calculated  as

     zmm,(q, ev)=  
ptN'Z

 ;emt.,f:doil:do2

              × pimjm･(k+ q, wi) pjm'im(k, tu2) 
wfitowi,)

 -ve [il 
to+21'6

 , 
'

 (11)

where  f(lv) is the Fermi  distribution function and  pij(k, ca) is expressed  as

     pij(le, to)-:21  uiy(le)Uipt(le)S(to-Ept(k)). (12)
             pt= 1

In Eq. (11), im takes 1 and  2 for m=  a, 3 and  4 for m==b,  and  5 and  6 for m=a',  and

similarly  imr takes 1 and  2 for m'=a,  3 and  4 for m'=b,  and  5 and  6 for m'=a'.  The

susceptibility  (11) is used  to calculate  the Knight shift  in g 4 and  the relaxation  rate

in g5. '

                          g4. Knight shift

   The  temperature  dependence of  the 
'spin

 Knight shift  Kls(T) gives inf6rmation

about  the magnitude  of  the superconducting  energy  gap  and  the symmetry･of  the

pairing. The  uniform  spin  susceptibility  of  the m  Iayer is given by

     xm(T)==  Zxmm,(O, O). (13)
            Mr

The susceptibility  (13) is calculated  using  Eq. (11) as

     zm(T)=  2gei2 ,(i:doAl;n(to)sech2(  2toT ), (14)

where  Al}n(tu) is the local density of  states  in the m  layer

            1
     IV]n(cv)=mlv･Z, pi.i.(k, to), (15)
         '

where  im takes  1 for m==a,  3 for m=b,  and  5 for m==a',  respectively.  In Fig. 2 we

show  the calculated  result  of  the local densities of  states  in the Cu02-plane and

CuO-chain layers. As seen  in Fig. 2, the large energy  gap  opens  at  the plane  layer and

the small  gap  does at  the chain  layer. The  latter arises  from  the proximity-induced
superconductivity  in the chain  layer.

   In calculating  the temperature  dependence of xm(T>,  we  use  the  superconducting

gap  parameter  whose  temperature dependence is expressed  by  an  interpolation for-
mula7)

'

NII7Electronic  
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  -5  O 5

  
'
 wlA

Fig, 2. Densities of states. (a) and  (b) show  the

   densities of  states  at  the plane and  chain  layers,
  respectively.  The  solid and  dashed curves

   indicate the densities oi  states  in the supercon-

  ducting and  normal  state, respectively.

obtain  the expeirimental  spin  Knight shifts
subtracting  the orbital  Knight shifts. The experimental  values  normalized  at

shown  by the  solid  circles  and  triangles･

experiment  and  the  theory  is quite satisfactory.

TttMua

>eN-ESM

t

O.5

'
 A(T)==li(o)tanh[fi(Tl;TT)i'2](16)

 with  parameters  A(O) and  B. ･In this

 paper,  we  use  tlie values  of  2A(O)11Tb=6.5

 (a strong  coupling  value),  B=1.74 (the
 BCS  value),  and  1'k/lsc =  O.O05. Since the

 spin  Knight  shift. is proportional  to the

 spin  susceptibility,  K.S(T)ut.S(T})･

 :=xm(T)Zxm(71),  where  KinS(T) is the
spin  Knight shift  at  the  m  layer. The

 calculated  spin  Knight  shifts  in the pla,ne
 and  chain  iayers are  shown  by the solid

 curves  in a  normalized  form in Figs. 3(a)

 and  (b), respectively.  As  seen  in Fig. 3,

 the shift for the ions in the plane  layers

 decreases more  steeply  than  that  of  the

 BCS  theory  below  Tl:, whereas  the shift

 in the chain  layers decreases more  grad-
 ually  than that of  the BCS  theory. We
for the 63Cu

 and  
i70

 ions in YBa2Cus07,

                             T: are
in 'Fig. 3. The agreement  between the

             o
              O  O.5 i O  O.5 1

                      TITc  TITc
Fig. 3, Normalized Knight shifts  of  the Cu 4nd O ions in the plane and  chain  layers. The  symbols  e

  and  A  are  the experimental  values  of the normalized  spifi-Knight  shifts for asCu
 and  

i'O
 in

  YBa2CusOT, respectively.  e  after  Ref. 8), and  A  after  Ref, 9). The  solid  curves  indicate the
  theoreticaT values.

g5. Nuclearrelaxation  rate

rateThe

 low  frequency spin  fluctuations are  responsible  for
1171. The  nuclear  relaxation  rate  at  the m  layer 11Timthe

 nuclear  relaxation

is expressed  as
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il. 
==  

7"XiT
 vlA.(q)+2imXlnm(q,

 cao)cao, (17)

where  7N  is the nuclear  gyromagnetic  ratio,  Am(q)  is the hyperfine interaction con-
stant  between  the nuclear  spin  and  the q  component  of  the spin  fluctuation, and  wo  is
the nuclear  rnagnetic  resonance  frequency. In Eq. (17), we  assume  that  Am(q) is
independent of  ag or  there is no  transfer hyperfine interaction between  the  layers,

Our  numerical  calculation  shows  that the temperature dependence of  Imxmm(q, too) for
the system  described by the Hamiltonian (8) is almost  independent of the wave

number  q  below Tb.- In this case,  the nuclear  relaxation  rate  (17) is approxtMately

wrltten  as

 1 rr  1
Tlm-N  71m)Tc' TL} 

'T

 <(Imxmm(q, cvo))T>av
<(Imxmm(q, cao))Tc>av (18)

With

( fi. )..=:= 
7"illliTl:

 :i]1Am(q)12Im(-`XL!U!'-'5:-MM(q, 
cab)

 ),. . (19)

In Eq, (18), <A>av denotes the average  value  of  A  in the q  space.  .

   We  numerically  calculate  1/71m with  use  of  a relation  applicable  to the case  of  a

small  value  of  too

:l]Im,2C!ueS(ti i-glQ2-, 
)
 oc,.z,,.1:dup,.,.(cv)p,.,.(di)  41T 

sech2[  2aT' ] (20)

With

Pij(to) =Zpij(k,  to) .
       k

(21)

In the numerical  calculation  the S-function in pij･(tu) is replaced  by  a Lorentzian

(71z)1(w2+72) with  rLti(O)==O.08. Figure 4 shows  a  log-log plot of  the normalized

relaxation  rates  in the  plane  and  chain  layers. The  Hebel-Slichter peak  appears  just
below 7} due to the gap  opening  in the plane laYer. The  magnitude  of  the peak  is
much  smaller  than that expected  from the BCS  theory. This fact is due to the
following r'easons.  The  Hebel-Slichter peak  is constrained  to the narrow  tempera-

ture region  just belQw 71], since  the superconducting  order  parameter  A(T)  steeply

increases below 7} for a  Iarge valqe  of  2A(O)ln  such  a$  6.5. The  small  peak  may  be
eliminated  by  the lifetime  effects  due  tQ spin  and  charge  fluctuations, and

phonons.iO)""i2) As  seen  from  Fig. 4(a), the relaxation  rate  in the plane  layers rapidly
decrease$ below  the peakl  On  the other  hand, the  temperature  dependence  of  the

relaxation  rate  in the chain  layer is much  weaker  than- that in the plane  Iayer and  no

Hebel-Slichter peak  is seen.  This is because the superconductivity  in the chain  layer

is much  weaker  and  it has a  gapless  nature  as  seen  in Fig. 2(b). The  experimental

values  of  the normalized  relaxation  rate  for YBazCu307  are  shown  in Fig. 4.

   As  seen  in Figs. 3 and  4, a  remarkable  feature is that the experimental  values  of

the  normalized  spin  Knight shifts  and  relaxation  rates  for the Cu  and  O  ions in each

layer are  on  universal  curves  in the superconducting  state.  This fact indicates that

NII-Electronic  
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  Fig. 4. Normalized nuclear  telaxation rates  of  the Cu and  O  ions in the plane and  chain  layers. The

     solid and  open  symbols  are  the experimental  values  for fiSCu  ancl 
i'O

 in YBazCu307, respectively.

     " after  Ref. 13), AL after  Ref. 14), e  after  Ref. 15), and  -  and  Z  aiter  Ref, 16). The dash-dotted,

     solid  and  dashed cunres  indicate the theoretical values  for 2di(O)!7}=5.5, 6,5 and  7,5, respectively,

the spin  susceptibility  responsible  for the spin-Knight  shift and  the nuclear  reiaxatibn

is common  to the Cu  and  O  ions in each  layer.

g6. Mixed state  in layered superconductors

   To  investigate unusual  properties  of  the mixed  state  in high- Tl: cuprate  oxides  we

develop a  phenomenological'  theory describing the flux lines in layered supercon-

dirctors in this section.  Consider a  superconductor  consisting  of  a  periodic  array  of

superconducting  and  normal  (or weakly  superconducting)  layers, in which  the layers
are  equqlly  separated  by  a  distance D. The  current  flowing across  the layers is
assumed  to be of  the Josephson type. The  Ginzburg-Landau free energy  of  the

superconductor  is then'expressed in terms of  the order  parameters'  defined on  each

layer, the UJ}'s and  the vector  potential, A(r, 2)  =  (Afi(r, 2), Az(r, g)),

F=-fdiD>;

+14mt

[ai(T)l {P>(r)!2+t&1 ep1(r)i` -

( oOr -- 2te Ai(r, 2i))  gpl(r)
+  4Mt,}.ID2

'fim

2

gP}+i(r)exp[- 
2ie

 ZII"i" deA.(r, z)] -  q(r) 
2]

1
  B( r, z)2
8it (22)
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with  gi=ID.  Here, mi  is the effective  mass  on  the lth layer, Mi,i+i is the inverse

interlayer coupling  constant  between the lth and  (l+1)th layers with  the units  of

mass,  and  ai(T)  and  3t are  the GL  coeMcients  on  the lth layer. at is assumed  to have
the form

     at( T)  ==  at(T-  Ti`O'), (23)

TZ(O) being the transition temperature  of  the lth layer without  an  interlayer.coupling.

This is an  extension  of  the  Lawrence-Doniach  model  to the case  of  superconductors

with  nonequivalent  layers. The in-plane coherence  length and  the in-plane penetra-
tion depth can  be defined on  each  layer

       ,- 1 .
                   '

 (24)     &-4m,  ev, T) .

       2-  mtq2Bi
                   . (25)     n, -
         8rre21ai(T)

In the present  model  &  and  Ai are  sorted  respectively  into two  independent parameters
by whether  the lth layer is superconducting  or  normal  one,  i.e., &=={gs, gN} and  Ai
={As,  Aiv}. ･

(1) HVz-apcis case

   First we  investigate a  single  flux line state  when  the magnetic  field is applied  in
the direction perpendicular  to the layers and  calculate  the lower critical  field Mi.
The Ginzburg-Landau equations  for the single  flux line state  are  obtained  from
Eq. (22) in the cylindricar  coordinates  (r, e, g)  as

      41)l, [t-E;;-(r dd. dii(r))' 
.12
 Qt2(r)dii(r)]

       `  
-

 rpt,tn¢ t+i+[ai(  T)+  rpi,i+i+ rpt,t-i]dit(r)- opi,i- ipiri(r)+Btdit3(r) 
,
 (26)

     r  ea. [t aa. Q(r, 2)]+  zi:22 Q(r, 2)=D\(  Iil{e.22 )6(z-zi)Qi(r) dit2(r) , (27)

where  rpi,i+i==11(4Mt,t"D2), Q(r, z)==1-(2elc)zAe(r,  z), Qi(r)=Q(r, zt)  and  cbt(r) is

the amplitude  of  the order  pararneter, i.e., -(r) =  eiedit(r).  When  the GL  parameter

Ks==As18s,  is large, Eqs. (26) and  (27) yield the fol!owing asymptotic  solution  to the

order  parameter  for p=  rLas.  oo,

     ipi(r)=(zlM,i- 
KAspi2

 )(1{Mfi2}Z. 
])L)i'2,

 (2s)

where  dM,i is the order  parameter  in the  Meissner state  and  At is a constant  expressed

in terms  of  the GL  coefficients.  Since the lower critical  field is related  to the  free

energy  of  the single  flux line state,  Aingte, by the relation,  MiiE47:Fsingtelipe witfi ipo
=hcf2e,  substitution  of  Eq. (28) into Eq. (22) leads to the following approximate
expression  for Hbi in the high-rc limit,

     HL:i= 41. r(T)logKs[A,(diTO )2], (29)
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where

r( T)=i2JA[-Zgf(lll-T) anf,kAk -2msAs2
Ks2th,h+iD2(ZM,k+i

 T  Anf,h)(Ak+i -Ah)]  ,(30)

L  being the  period  of  the layer structure.  It is understood  that the ･factor IU'(T) gives
an  additjonal  temperature  dependence arising  from  the layer structure  to the tempera-
ture dependence of  Hbi.
   To understand  -the characteristic  feature of  the superconductivity  in layered

superconductors  containing  normal  layers we  first show  the  temperature dependence
of  ZIM,s and  Zlnf,N, the order  parameters  of  the superconducting  and  normal  iayers in

the  Meissner state.  In Fig. 5, Zlnf,s and  Andi,N are  plotted in a  case  L==3, where  the

unit  cell is composed  of  one  supercenducting  and  two  normal  layers. The  transition

temperature of  the normal  layers without  an  interlayer coupling  was  chosen  tQ be zero
in this case  ( 7)v(O) 1= O), that is, we  consider  the case  where  the superconduetivity  on  the

normal  layers is induced by the coupling  with  the supereonducting  layers. As  seen  in

this figure, the erder  parameter  of  the normal  layers is much  smaller  than that of  the

superconducting  layers at  high temperatures near  7le. In this temperature  range  the

superconducting  order  is maintained  mostly  by the superconducting  layers. How-

ever,  the superconducting  order  on  the normal  layers rapidly  grows  with  decreasing
temperature, so  that both the superconducting  and  norrnal  layers contribute  to the

superconducting  condensation  energy  in the low temperature region.

   In Fig. 6 we  show  the temperature  dependence  of  Hbi calculated  from ,Eq. (29) in
the cases  L==2･v5. It is seen  that an  upturn  curvature  appears  in the temperature

dependence  of  Hbi. This upturn  is understood  as  follows. Consider a  flux line
orthogonal  to the layets. In this configuration  the vortex  core  penetrates  both the
normal  and  superconducting  layers. - Since at  high temperatures the superconducting

                                     order  develops only  in the superconduct-

l.O

 
M.

 ;<

  O.5

    O  . O.5 I.O

                T/Tlle'
Fig. 5,' Temperature  dependence of  the  order

   pararneters on  the  superconductipg  and  normal

   layers in the Meissner  state,

ing layers, the  increase in energy,  caused

by creating･a  vortex  core  comes  mainly

from  the superconducting  layers. On
the other  hand, at  low  ternperatures  the

superconducting  order  develops both in

the norrnal  and  superconducting  layers.
As a  result, forming a  single  flux line
'state

 at  low  temperatures costs  more

energy,  so  that Hl,i rapidly  increases as

the temperature decreases. In single

crystals  of  high-Tl: oxides  the similar

temperaturedependencehasbeenobserv-

ed.17),is)

(2) Hlz-axis  case

   Let us  investigate the flux line states

in the region  near  H}i when  the maghetic

field is applied  parallel to the layers
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  direction perpendicular to the layers.

 l,O

in the

(along the x-axis).  In the following we

approximate  the order  parameter  in the
form

   UJI(y) tx  ditexp[ iq i(y)]  
,
 (31)

neglecting  the  spatial  dependence  of  the
amplitude  of  {Pl(y). This approxima-

tion is valid  for the high-rc supercon-

ductors. The free energy  (22) is, then,

reduced  to

  F:=: ILIIyD\[ sil i, Q,(,)2-( 2di.o )2
      × 4ntur,?1,.,D2 [1-cosPi,i+i(y)]]

      +fdyde  sl. 
Bx(y, z)2 , (32)

where

  Qi(y)= 2di.O diep,(y)-A,(y, z,)  , (33)

                       2z
  A,i+i(y)== ept+i(y)-qt(y)-
                        ipo

           × !I)e"idnt.(y, 2)  (34)

and

     1-Vl`"i-w w/`.'2'C2.V,All]1;IIB.,:i,1" (35)

The  variation  of  the free energy  (32) with  respect  to the vector  potential yields the

equations,  
'

     B,(y)-B,-,(y)- 
DQAt,(,Y)2,

 
.
 (36)

                                                          '                                              '

     &Bi(y)=+  2ip.O sinPi,i+i(y)1(IVIi+iD).  

'(37)

                          '

Here Bi(y) is the internal field in between the lth and'(l+1)th  layers,
                                            '

     Bx(y,2)=Z[0(z-2i)-e(z-zi+i)]Bi(y).  (38)
             t

Consider the single  fiux line state  first. Eliminating the vector  potential in Qt(y) and
Pt,t+-i(y), we  obtain  the equation  for Bi(y) from  Eqs. (36) and  (37) for the single  flux

line state,
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Fig. Z  The  layer structure  with  a  periodic array

   of  superconducting  layers (solid lines) hnd

   normal  ones  (broken lines). The  black circles

   indicate three inequivalent positions of  the fiux

   Iine parallel to lhe layers.

           

   &,in-i[ 
2.e
 Dr71,.i&Bi(y)]+ l;'Ii

      × [Z?.iB,.,(y)-(A7.,+A,2+D2)

      xB,(y)+2?-,B,-,(y)]

    =-2rr&,o6(y).  (39)'

Here  we  assurned  that the singie  flux line

is located at y== O. between  the zeroth

(l=O) and  its neighboring  first (l--1)
layer. We  numerically  selved  Eq. (39)
for the superconductor  with  a periodic
array  of  pairs of  two  superconducting

and  twp  normal  laYers as  shown  in

Fig. 7. In this case.the  flux line can

take  three inequivalent' positions (S-S,
S-N  and  N-N)  if we  assume  that  the

single  flux line is placed in between
adjacent  layers.

ylAs

O,5

O.25

O,5

z/

B

.10 -5

Fig. 8,
    ylAs

(continued)
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8. Magnetic fieid 4istribution ef a  singie  fiux line, The height indicates the magnetic  field
intenslty in arbitrarsr units.  Figures 8(a) and  (b) correspond  to the cases,  IMFzas2==200 antl 3000,
respectively,

   In Figs. 8(a) and  (b) we  show  typical results  fer the field distributiOn Bi(y) in the

case  of  weak  interlayer coupling.  As  seen  in this figure the structure  of  the single  fiux

line shows  clear,difference,  depending on  where  the fiux line iS located in.the layer
structure.  The intensity of  the magnetic  field near  the center  of  the fiux line ln the
S-S case  is larger than that in t]he N-N  case.  Consequently the  extent  of  the magnetic

field along  the layers is larger in the  N-N  case  than  in the  S-S case,  since  the total flux
should  be quantized  to the  value  die in both cases.

   Let us  next  consider  the magnetization  process  near  Hci. We  assume  that the

flux lines sit in between  adjacent  two  normal  layers along  the x-axis  and  ferm  a

regular  triangle lattice as  shown  in Fig, 9. The  positions of the fiux iines in this case
are  given by  the  following two-diniensional  vectors  en  the  yg plane,

rij =(ej  +'ia, 7'c) , (40)

whereiand  7' are  integers and  ed-mO(7'--even)  or  af2  (ir:odd), aand  care  the lattice

constants  of  the  flux line lattice, respectlvely,  along  the y- and  2-axes  in the rectangu-
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  Fig, 9. Simcture of the layered superconductor.  The layers S  and  Ar denote the superconducting  and  t
    normal  layers, respectively.

Iar unit  cell.  In this case  the interrial fie]d Bi(y) is determined from the  equation

     ofsin-i[ 
2ce
 DI-Z,.,a,B,(y)]+ Zit5 [A7.iBi.i(y)-(Z7+i+V+D2)Bi(y)

         +AiZBi-r(y)]==N2rrZai,4m,･S(y-Ej-ia).  (41)
                         i'j

From  the solution  for Bi(y) we  can  calculate  the magnetization  by using  a ther-

modynamical  relation.  In Figs. 10(a), (b) and  (c) we  plot typical results  of  the

                                     magnetization  curves  near  Hci for

 nO.8
 different ratios  of  the inplane penetra-

 
"

st.

to

  :O,"Se.P,t.h.,A,.".
2

.za,s.

Z

h,".S,.S.e,e".A"..thi,S.fi.g.",r,el
 

"ts

 able  difference from those of  conven-

 
S--

 O･6  tional type II superconductors.  In the

,g,i
 

c,ai-',A.";il3i,
Z!,=:i.,SFg '

g,･,,LO,(z),).th,e,,g.r:,/i.ep,t
  I to that ofaconventional  type  II super-
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O.6  O
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Fig. 10.

O.6  O.8

h [ A/27TLA;]
l.O

conductor  without･  surface  pinning.
The  increase rate  of  the flux line densitY
for a raised  external  field is small  in this

Nn.<kN'"'ii,s-Ektr1

Magnetization  curves  in the cases  (

O,9

O.7

 O.5

a) AN2=2,

     O.7  O.9

      h [cPb/2TA,2]
(b) ,IN2=4  and  (c) 2N2=6.
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