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The London magnetic penetration depth is investigated for the layered narrow tight-binding band an-
isotropic superconductors. The nearest-neighbor pairing interaction in planes and the tunneling between
planes are assumed. The manifestly gauge-invariant expression for the static electromagnetic response
kernel is derived within the framework of the ladder-diagram approximation. The out-of-plane penetra-
tion depth A,(T) as well as the in-plane one A(7) is calculated as a function of hole density n, and tem-
perature T( <T,). The resultant A,(0) and Aj(0) depend symmetrically on hole and electron densities,
and are almost not affected by the anisotropy of the order parameter. For both of the extended s-wave
and d-wave states, the obtained anisotropy ratio A,(0)/A(0) as well as A;(0) and T, can be in the range
of the experimental results for high-T, superconductors. For the d-wave state, the resultant A,(7)/A,(0)
as well as A|(T)/A;(0) has T-linear behavior at low temperature, and substantially deviates from those
for the extended and usual s-wave states for all T < T,. The in-plane and out-of-plane Ginzburg-Landau
(GL) coherence lengths are also calculated by assuming their GL relations with the above penetration
depths, and are compared with the experimental results. The case with the out-of-plane tunneling in
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proportion to carrier density is simply examined.

L. INTRODUCTION

The pairing state of high-7, superconductors has not
been fully understood, though many experimental results
supporting the d-wave pairing have been reported recent-
ly.! The magnetic penetration depth A, (T) (as a function
of temperature 7)) is one of the most important quantities
that give information on the pairing state. Recently,
A (T) has been calculated on the basis of the tight-
binding models for the two-dimensional (2D) anisotropic
superconductors?™* and the layered superconductors.>®
The theoretical investigation of A;(7T) based on the
tight-binding model is considered to be worthwhile for
the following reasons. In many theoretical studies of
high-T, superconductors, the pairing interaction is as-
sumed to work over the whole region of the narrow band,
and various properties are calculated for Bloch electrons
in the narrow tight-binding model. Furthermore, in
many theoretical studies of the layered superconductors,
the tunneling between planes is taken as small, and is
treated in the form of a tight-binding band.

In a previous paper,* the present author has shown
that the ladder-diagram approximation”® is consistent
with the gauge invariance in the tight-binding model of
the general anisotropic narrow-band superconductors.
Within the framework of this approximation, the mani-
festly gauge-invariant expression for the static elec-
tromagnetic response kernel has been derived, and A, (T)
for the extended s-wave and d-wave states has been calcu-
lated as a function of hole density n, and temperature
(T < T,) on the basis of the 2D square lattice model. The
obtained results have been compared with those of the
effective hole- and electron-mass approximations.

However, the previous calculation* is for the 2D sys-
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tem and is not sufficient, since A;(T) is to be considered
for the 3D structure. In this work, we extend the previ-
ous work* to the layered system. Our model does not in-
clude the electron-correlation effect (though the transfer
is treated in the form of a narrow band). However, most
properties due to the symmetry of the pairing state are
expected to be examined also in our model.

Some studies have already treated the layered tight-
binding model of the high-T, superconductors. Schneid-
er and Frick® have investigated the effect of the anisotro-
py due to the layered structure on the behavior of A, (T).
Mirsiglio and Hirsch® have investigated A, (T) of the lay-
ered hole superconductors with a somewhat different
mechanism due to a modulated hopping interaction.
However, these works>® have examined only the (extend-
ed) s-wave states (though they have taken account of the
interlayer pairing) essentially. In this work, we examine
the d-wave state also and compare the result with that for
the extended s-wave state. We also compare the obtained
values for the in-plane and out-of-plane penetration
depths [and also for the Ginzburg-Landau (GL) coher-
ence lengths] with the experimental results. We take the
nearest-neighbor attractive interaction in planes and the
tunneling between planes, but we assume that the attrac-
tive interaction between the planes is small enough to be
neglected.

This work is organized as follows. In Sec. II, we apply
the ladder-diagram approximation to the electromagnetic
response of our layered narrow tight-binding band sys-
tem. In Sec. III, we derive the manifestly gauge-invariant
expression for the static electromagnetic response kernel,
and calculate the out-of-plane penetration depth A,(T) as
well as the in-plane one A(T) as a function of hole densi-
ty n, and temperature T( < T,). In Sec. IV, we calculate
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the in-plane and out-of-plane GL coherence lengths.
Furthermore, the case with the out-of-plane tunneling in
proportion to carrier density is simply examined. A con-
clusion is given in Sec. V.

II. MODEL AND FORMULATION

In this section, we apply the ladder-diagram approxi-
mation”? to the electromagnetic response of the layered
narrow-band anisotropic superconductor consisting of
Bloch electrons. Our starting model Hamiltonian is the
following phenomenological layered tight-binding model:

H= ¥ t(r—r')cjac,,a+H.c.—/LZnm

(r,r')o r,o
+ 3 [Vio—1r)+Velr—1)In  ng, (2.1)
(r,r'Yoc’

where ¢(r—r’) is the transfer integral and V(r—r’) the
attractive intersite interaction, Vi (r—r') the Coulomb
interaction; ¢, and n_, are, respectively, the annihilation
and number operators for an electron of spin o with the
chemical potential p at the rth site. In our model, we as-
sume that the intersite pairing interaction between planes
are small enough to be neglected. We take

—t, (r,r’ nearest neighbors in the plane) ,

t(r—r')= it, (r,r’ nearest neighbors out of plane) ,
0 (otherwise) ,
(2.2)
and
—V (r,r' nearest neighbors in the plane) ,
V(ir—r')=

0 (otherwise) .
(2.3)

By using the Nambu notation’ and by dropping some
nonessential terms, we rewrite Eq. (2.1) into the Fourier
transformed form

k

1
2N > V(q)‘l’k+q/2"'3‘l’k q/2‘l’k' 273 ¥k +q2 -
k,k’,q

(2.4)

Here, \IIJr [ckT,c ki 5 7:(i=1,2,3) are the Pauli ma-
trices, and N is the total number of the lattice sites. The
wave-number summations are restricted within the unit
cell of the reciprocal lattice.

In our model, the single-particle energy is expressed as

—2t,[cos(k,a)+cos(k,a)]+2t cos(k,d) , (2.5)

where a and d denote the in-plane and out-of-plane lattice
spacings, respectively. We consider, in our model, only
the in-plane pairing, and the interaction in Eq. (2.4) is ex-
pressed as

V(Q=V(q)+Vc(q), 2.6)
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with the pairing interaction

V(q,)=—2V{[cos(g,a)+cos(q,a)], 2.7)
and the Coulomb interaction
e2 sinhq,d
V. = 2.8
cla)= q” coshgd —cosq,d (2.8)

in the limit a —0. Here, q; denotes a 2D in-plane wave
vector. We consider V(q), however, only for the
vacuum-polarization process as in the usual non-Bloch
treatment,® and we will see that this ¥-(q) does not con-
tribute to the static electromagnetic response.

We consider only the singlet superconducting state.
The temperature Green’s function in the Hartree-Fock
approximation is given by

B m) T
Jlare™ o
={ia),,—-(ek—-/.t)7'3—-Ak”7'1]_1 , (2.9

Gk, in,)= Wi0))

where w, =(2n +1)7T with T the temperature and n an
integer, B=1/T, and ( ) denotes the thermal average of
the system under no field. The order parameter
Ay =34 V(k;—q){c_g cqs ) /N is chosen to be real and

is determined without the Coulomb interaction (the effect
of which is assumed to be small and is neglected here as
in the usual non-Bloch treatment?®) as

Ari= =3 V (k= a6 g i, )7,
nq
V(k,—q)A E,
1 I TH
=Lty — = Ymnis, @10
N<" T 2E, 27! 2.10

with EkZ\/(ek—y)2+Aﬁ". This expression is in the
form of the self-energy, to which precisely the following
contribution to correct €, is to be added:

by =— 513 V(= ngs @.11)
q

where n is given below by Eq. (2.14). In the usual treat-
ments, this correction is neglected. We retain the nota-
tion €, for the corrected energy &, =€, + 5¢,.

In our model, the order parameter has the following
forms for the possible extended s-wave and d-wave states:
Af =A wk (a=es,d) with w§’1=cos(kxa)+cos(kya),

d

Wi, ——cos(k a)—cos(k,a), and A, determined by

a 2
vl By
2T

1= 2.12
N% 2E, 2.12)

(a=es,d) ,

along with Ek=\/(ek—u)2+Ai(wﬁ‘" )2. Here, we note
that our pairing potential can be rewritten as

V(k!I q)= V[wkllwal +wkan” +wk4l

51, (2.13)

D
+wdw
k™q

with wk =Vv2sin(k;a) (i =x,y). We determine p by
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1 1 €l E, given by
n,=2—n,=—3 n,=— 1— tanh —~
‘ ' N% ) N%{ Ey 2T K;(q0)=Kl(q0)+K}(q0) . (2.19)
(2.14) Here, the diamagnetic term is obtained as
where n, and n;, are the electron and hole densities, re- d _ 4me? dex
spectively. Kj(q,0)= zﬁzNz ok, ok, (2.20)
The current carried by Bloch electrons under the weak
long-wavelength vector-potential field A4,(q) are ex- The paramagnetic term is described by
pressed as 41
. ) . Kf(q,0)=—P;(q,0+id) , (2.21)
Jita)=jfq)+ji(q), (2.15) c
where the paramagnetic- and diamagnetic-current densi- with
ties are given by
g P(qiw,)=— _f dre'"(jP(q,7)jH(—q,0)) .
dey
JK E\I’k q/2 ok; TO\I}k+q/2 ’ (2.16) (2.22)
and In the ladder-diagram approximation”® (the diagram is
almost the same as in Ref. 4), the paramagnetic term is
cdr s\ ek expressed as
Ji (q)__cﬁzNz 2 ak ak \yk q/2+q /273 . eZT
Py(qio, )= S Trlyi(p-.p )
XWyiq2-q24;(4), (2.17) np
respectively.* In Eq. (2.16), 7, is the 2 X2 unit matrix. If XG(p)Tpy,p )G(p)],
we concentrate on the linear response to the weak field 2.23)
A;(q), the Fourier transform of the expectation value of
the current density is expressed [the perturbing term  where p, =(p*tq/2,iv,tiw, /2); the free vertex
H,=—(1/cN) 3,3, ji(—q)4;(q) is added to our Ham- vi(p_,p4 ) is given by
iltonian (2.4)] as %€
(p p+)=l—p¢0 (2.24)
Yi\P—> .
(2.18) ’ % dp;

_ 4
Ji(q’w)— _E§Ku(q,w)AJ(q,(l)) ’

where the electromagnetic response kernel K;;(q,0) is
J

Tipsp =7 pssp_ )—%2 7G (k Tk , k)G (k_
Lk

with k, =(k+q/2,iv,*iw,, /2). The last term on the
right-hand side of Eq. (2.25) expresses the vacuum-
polarization correction.”® In our scheme, the effect of
the Coulomb interaction V(p—k) in the second term of

. (2.25) is considered to be small. Hence, below, we
w111 take ¥(p—k) in this term as V(p,—k;) (as in the
usual non-Bloch treatment?) so as to be consistent with
Eq. (2.10).

III. RESPONSE KERNEL AND PENETRATION DEPTH

Here, by using the ladder-diagram approximation
given in Eq. (2.25), we derive the manifestly gauge-
invariant expression for the electromagnetic response
kernel K;; (i,j =x,y,z) at zero frequency, and calculate
the penetration depth for our layered system, in the same
way as for the 2D case in Ref. 4. We also note that A{Z”

and wﬁn depend only on 2D vectors k. We assume that

)73

and the vertex function T';( ) satisfies the linear in-

tegral equation

P+,P—

V(p—k)+ V(q)r3~= 2Tr[7'3G(k+)1“(k+,k )G (k_)],

(2.25)

[

the solution I';(p,p_) (i =x,y,z) to Eq. (2.25) has the

form
3
Tilps,p)=vip)+ 3 Swp Xfi(qio,)r
j=0 B
+}/Vi3(q’iwm )T3 > (3.1)

for the superconducting a-wave state (a=es or d). After
some manipulation, we can obtain the expressions for

(B—es d,py,p,) and Y,3 At ©=0, the analytically
contlnued forms of X5, X5, and Y3 vanish. We expand
Eq. (2.25) [written in terms of X5 and X% ] up to the or-
der of g2. We can solve this equation by using Eq. (2.12),
integration by parts, and some symmetries. In the fol-
lowing, we treat the energy correction 8¢, given by Eq.
(2.11), in a self-consistent symmetric way, as
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Vv
Se,=wE—S wn, .
kTN <

(3.2)
Then the corrected quasiparticle energy has the same
symmetrical property as the bare one, and the following
result with respect to the symmetry coincides with that
obtained by using the bare energy as usual.

By appropriate symmetrical considerations, we can see
that X,%(B=es,d) and X,%(B=px,py) vanish. For the a-
wave state, when we take the limit ¢ —0, only X3 has the
essential contribution terms of the order O (g ') as

24, Zj Rijqj N

X5(q0=0)=— -1, (3.3)
24 2im UR G,
where R;; is given by
R 25 hda ) Be 0%
VT RN E ok, | Mok, < H'ak;
of (Ey) 1
sl LS —k :
3E, | 2E,' h2T 34

with f(x)=1/[exp(x/T)+1]. We have finite values of
the order O(1) for Xfo"(in,y). However, these
coefficients only  correct nonessentially  y;(k)
=#"1(3¢,/0k; )7y in T';, corresponding to that correction
[given in Eq. (2.11) or (3.2)] of €, by the self-energy which
we have neglected in Eq. (2.10), as in the 2D case.*
So, we neglect these coefficients, and our solution
reduces to that for the pure a-wave potential
Vip,—k)= "wkH It should be noted that the

Coulomb potentlal has no effect on the vertex at w=0.
The rather complicated expression (3.4) can be rewritten
as

aek aek af Ek asz
3k; 9k, OE,  okok;

(3.5)

1
ANy [’

Equation (3.5) can be easily transformed (by integrating
the second term by parts) into its original form (3.4). By
using Eq. (3.3) and Egs. (2.19)-(2.25), we obtain the
gauge-invariant form for the static total K;; as

4rre? B [21&1‘11 ] [Em R;nqp ]

K;:(q,0)=——-— |R;;
U(q c? Y Zl,m GRpGm

(3.6)

This form is easily seen to satisfy the gauge-invariance
condition at zero frequency: 3 ; K;;q;=0 (K;; becomes
purely transverse). Furthermore, it is considered to be
the generalized form of the hydrodynamical kernel® for
the singlet superconducting state; R;; can be interpreted
as the superfluid density per eﬂ'ectlve mass.* If R has
the simple form R; 8 as in our case, it follows that K

of the form

(q,O) 47Tf R;
c

5. — 919
ij R 2
> Rugi

(3.7
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For q||¥, in the limit of g —0, we have

K;(q,0)0=K(q,0)=0 (i=x,y,z), (3.8)

and

4

2
K;(q,00=""—R;8; (3.9)

ij (i,j =x,z) .
By considering the case of the applied magnetic field
H||Z, we obtain the in-plane penetration depth (the depth
of the field penetration screened by the supercurrent flow
parallel to the plane, in the x direction here) as

_ 47re?
A(T) 2=———R (T,
||( ) C202d xx
2 2
2 Je, Af(E,) 9%
__ 4me > k f (Ey + k’lk
ZazdﬁzN k akx aEk ak;?
(3.10)

Similarly, by considering the case H||X, we obtain the
out-of-plane penetration depth (the depth of the field
penetration screened by the supercurrent flow perpendic-
ular to the plane) as

-2 47e

2
A(T) 2—2dRzz(T) ,

de, |’9f(E,) %,

n
JoE, akzz k

4re?
=—T"___3% 12
czazdh2N§

(3.11)

These expressions coincide with those obtained for the
transverse field in the Hartree-Fock approximation.
Here, however, Eq. (3.6) or (3.7) guarantees that the ex-
pressions (3.10) and (3.11) are really gauge invariant.

We calculate numerically A (T) as well as A((T) as a
function of n, and T. The chemical potential u is deter-
mined by Eq. (2.14). At T'=0 K, only the second terms
in Egs. (3.10) and (3.11) contribute, and the resultant
A,(0) and A,(0) as functions of n, are almost unaffected

by the anisotropy of A"‘l as shown in Fig. 1. They depend

symmetrically on hole and electron densmes If we take
t,=0.15eV,d =7.7 A and ¢ =3.85 A, almost following
Schneider and Frick,” we obtain the value of the unit
used in Fig. 1 as \/m,,” a’d /4me?~743 A. Here,
mh“—ﬁ /2t”a is the effective in-plane hole mass when
n,—0. Then, for n,=0.2, we have A/(0)=~1783 A,
which is little larger than the typical experimental value
1400 A for high-T, superconductors."® The resulting
maximum T, for ¥/t =2 and ¢, /¢;=0.1 shown in Fig. 1
is estimated as 261 K for the extended s-wave state and
696 K for the d-wave state, and is too large compared
with the experimental values. However, we can obtain
the more realistic value by using smaller ¥ almost
without the changes of A(0) and A,(0) as shown later in
Fig. 4 and in Sec. IV.

By adopting the lattice spacing ratio d/a =2.0, the
resultant anisotropy ratio A,(0)/A,(0) is obtained as
about 5 for most n, with ¢,/t,=0.1 as seen in Fig. 1.
This value is reasonable with the experimental results for
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T J d emeoee._ €S \ . 1=(1/T, 4
S20.0F 7 0.8 AN N
= us ANERN
Y. y L Twg=.0N NN
S 0.0 \ E0.6) /1,201 N N Ny -
,ﬁ es d es 5 \ \
& 0.0 = 0.4t 4(ny,=0.8) v= u/}(\\vx B
—~ 3.0 es V/t=2.0 €s = v= L \ .
Ng us d us extended—s (n=0.2) v=II
S 20t O 0.8 0.2 el
‘E 1.0 usual-s (ny=0.8) v=1II, L AW
0.0 0.4 _ 0.0 A
= f < 0.0 02 04 06 08 LG
< < - T/Te
S €9 J— es 10.2
= . S ous TN R FIG. 2. The reduced in-plane penetration depth A(7)/A;(0)
10,0 and the reduced out-of-plane penetration depth A, (T)/A(0) as
0.0 0.5 1.0 1.5 2.0 functions of reduced temperature 7/7,. The results for the
h usual s-wave state and the empirical two-fluid model are added

FIG. 1. The in-plane penetration depth A;(0), the anisotropy
ratio A,(0)/A)(0) and the transition temperature 7, as functions
of hole density n,, for ¢, /t;=0.025 (dashed), 0.1 (solid), 0.3 (dot-
ted but only shown for T,). The resulting A(0) (as well as T,)
for t, /t; =0.025 almost coincides with that for ¢, /t,=0.1. The
result for the usual s-wave state denoted by us is added for com-
parison.

YBa,Cu;0,_5.!%!! However, according to the recent ex-
periment'> on the GL coherence length in
La,_,Sr,CuO,, the anisotropy ratio &gy,(0)/&g1,(0),
which is considered to coincide with A,(0)/A,(0), is
significantly larger than 5 and is rather reasonable with
the value 20 (which can be obtained for most n, with
t,/t;=0.025 in our model as seen in Fig. 1). These re-
sults are not changed for the more realistic case with
smaller V, as seen in the next section. In the limit n, —O0,
this ratio in Fig. 1 approximately coincides with that in
the effective hole-mass approximation

)\'l(o) 3 172 172

fa” 3.12

t,d?

mp,
My

which is estimated as 1.58 for tl/t”=0.1, and 3.33 for
t,/t,=0.025 (m,, =#*/2t,d? is the effective out-of-plane
hole mass when n;, —0).

The behavior of A,(T)/A,(0) as well as A,(T)/A(0) as
a function T /T, is affected by the anisotropy of the order
parameter. For the d-wave state, the resulting
A(T)/A(0) as well as A(T)/A(0) has the T-linear
dependence in the low-temperature region, and substan-
tially deviates from the extended and usual s-wave ones
for all T < T, as shown Fig. 2 (where the results for the
usual s-wave state and the empirical two-fluid model are
added for comparison). In our layered system, the d-
wave order parameter retains nodes on the Fermi surface.

IV. COHERENCE LENGTH

In this section, we calculate the GL coherence length
£5L(0) by using their GL relation with the penetration
depth. The critical field H, is determined by

for comparison.

HXT) F —F)
87 Na%d " %77
1
= «Q,—Q,), 4.1)
Nad

where F, (F,) and Q, (Q,) are the free energy and the
thermodynamic potential in the superconducting (nor-
mal) state, respectively. By the same treatment as the
usual BCS one, for the a-wave state, we have

87 Nad Jo V' i
2
1 |4z 1
= — | — —_—— E f— [—
a%d | V qu:( a~legmrb)
_BE
2T l1+e " a
—==31 = ,  (4.2)
NG 14 ™

where Hy is the second term in our Hamiltonian (2.4)
without V(q), and we have used the equation
(Hy)=—A2/V and Eq. (2.12). The in-plane GL coher-
ence length §51,(7) and the out-of-plane one £g;,(T) are
obtained by the GL relations®

do
2V27H (T)A(T)

(4.3)

oA T)= v=|,1),

where ¢,=1fic / le| is the flux quantum. These connec-
tions are only exact near T,. We will proceed nonetheless
with GL analysis, following Mirsiglio and Hirsch,® and
use Eq. (4.3) to calculate the GL coherence length at
T =0 K. The numerical result for £5;,(0) (v=|,1) as a
function of n, is shown in Fig. 3. The anisotropy ratio
§61(0)/€51.1(0) coincides with A,(0)/A,(0) as seen from
Eq. (4.3).

To examine the above treatment itself, we calculate the
spatial extent of the pair wave function, as a BCS-like
coherence length £,(0), by following Mirsiglio and
Hirsch:®
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FIG. 3. The in-plane GL coherence length £51(0) and the
anisotropy ratio §gy(0)/§5..(0) as functions of hole density n,
(solid). Also are shown the in-plane BCS-like coherence length
(the spatial extent of the pair wave function) £,/(0) and the an-
isotropy ratio &,4(0)/§,,(0) (dashed but only shown for the ex-
tended s-wave state).

r)r; g(r)
EV(T)z<r3>_§‘— (v=[,1), 4.4
>.g*(r)g(r)
where
(erpeoy )
(r)=5——" 4.5)
g (eoreoy?
with
i By B g
(cprcoy? N% 2E, tanh e (4.6)
At T =0K, a combination of Egs. (4.4)—(4.6) yields
(1/N) 3 [Vl ﬁH/ZEk:”%
£2,(0)= 4.7

(1/N) 3, [

As seen in Fig. 3, the difference between the resultant
§,(0)/8,,(0) and £51(0)/65L.(0) as well as the
difference between §£,(0) and £51(0) is small.

From Figs. 1 and 3, we can see that the out-of-plane
tunneling ¢, in our model affect the result as follows. (i)
It lowers T, but almost does not narrow the supercon-
ducting region of n,. (ii) It decreases (increases) A (0)
[£GL.(0)] but it almost does not affect A (0)[£gy,(0)].

The result in Fig. 3 is only for ¢, /t;=0.1 and the re-
sulting anisotropy ratio is estimated as about 5. Howev-
er, as stated in Sec. III, according to the recent experi-
ment!? on the GL coherence length, the anisotropy ratio
§61(0)/8G1,(0) is significantly larger than 5 and is rath-
er reasonable with the value 20. This situation can be
realized by setting ¢, /¢;=0.025 as seen in Fig. 1, but the
result there has been obtained for the penetration depth.
The result obtained here for the GL coherence length is

WNE
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shown in Fig. 4, but with ¥V'/#,=1.0 to realize the realis-
tic T,. By takmg the same values 7;,=0.15eV,d =7.7 A,
and @ =3.85 A as in Sec. III, we obtain the maximum T.
as 38.28 K for the extended s-wave state and 241.86 K for
the d-wave state. We have §51,(0)~=38.5~154 A for
most n, in the extended s-wave state and
§61(0)=10.1~154 A for most n, in the d-wave state.
The experimental result!? is &cr,(0)=31~52 A for

T,=32~18 K. Our &g (0) has a reasonable value
around the maximum T,. For small T,, however, it be-
comes much larger than the experimental result.!?> The
result for £5;,(0) obtained in Ref. 6 based on the kinetic-
pairing mechanism has a reasonable value for small T,;
around the maximum 7,, however, it becomes rather
smaller than the experimental result.12 In both our result
and the result of Ref. 6, §5;,(0) increases with n;, more
sharply than that in the recent experiment.!> The value
of the A/(0) for n;, =0.2 is almost not changed from 1783
A obtained for V/t,;=2.0 in Sec. III, and can be in the
range of the experimental values.!®!!

Furthermore the recent experimental result'? for the
anisotropy ratio £g1(0)/£5y,(0), exhibits a sharp de-
crease (from about 50 to about 10) as carrier density in-
creases in the low carrier-density region. This cannot be
explained in our above model without any change. Here,
we examine the case with the out-of-plane tunneling ¢, in
proportion to carrier density, admitting that increasing
carrier density may facilitate the electron conduction
along the c axis.!> We change the constant ¢, in Eq. (2.5)
into 7, =pgt n, for the extended s-wave state with some
constant p,. We have some difficulty in choosing such
form for the d-wave state. If we take ¢, =pgtn,, we can-
not expect the sharp decrease of the anisotropy ratio as
n, increases in the d-wave region. Here, we choose
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FIG. 4. The same as Figs. 1 and 3 but with V/¢;=1.0 and
with ¢, /t;=0.2n, for the extended s-wave state (solid) and
t,/ty=0.2(n, —1) for the d-wave state (solid). Also is shown
the result for ¥/¢;=1.0 and ¢, /t; =0.025 (dashed). The result-
ing £g1(0) [as well as A\(0) and T.,] for ¢, /¢, =0.025 almost
coincides with that for ¢, /¢;=0.2n; or ¢, /t =0.2(n, —1).
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t, =pot (n, —1) for the d-wave state; in those recent
treatments!3 of the strong correlation limit which support
d-wave superconductivity, the carrier density or the dop-
ing fraction is considered to be n, —1(=1—n,) rather
than n,. We retain, however, the unrenormalized Ly in
this work. Our result [the sharp decrease of
§611(0)/6511(0) from about 40 to about 10] can explain
the experimental result!? to some extent as seen in Fig. 4
with py=0.2, though not completely. In our treatment,
the increasing tunneling ¢, also almost does not narrow
the superconducting region of carrier density, though it
lowers T, by a small amount.

V. CONCLUSION AND DISCUSSION

In this work, we have investigated the London magnet-
ic penetration depth in the layered narrow tight-binding
band anisotropic superconductors with the nearest-
neighbor in-plane pairing interaction and the nearest-
neighbor out-of-plane tunneling. The manifestly gauge-
invariant expression for the static electromagnetic
response kernel has been derived within the framework of
the ladder-diagram approximation. The results for A,(0)
and A(0) (as functions of the hole density n,) depend
symmetrically on hole and electron densities, and are al-
most not affected by the anisotropy of the order parame-
ter. The obtained anisotropy ratio A,(0)/A(0) as well as
A(0) and T, for the extended s-wave and d-wave states
can be in the range of the experimental results for high-
T, superconductors.'®” 12 For the d-wave state, the resul-
tant reduced penetration depth A,(7)/A,(0) (as a func-
tion of temperature T) as well as A (T)/A,(0) has T-linear
behavior at low temperature and substantially deviates
from those for the extended and usual s-wave states for
al T<T,.

We have also calculated the in-plane GL coherence
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length £5;,(0) and the out-of-plane one §5;,(0) by as-
suming their GL relations with the penetration depths.
The resultant anisotropy ratio  £gy,(0)/£g1,(0)
[=21,(0)/1,(0)] as well as T, for the extended s-wave and
d-wave states can be in the range of the experimental re-
sults.’> Our £y, (0) has a reasonable value around the
maximum 7,. For small T,, however, it becomes much
larger than the experimental result.'? Our &cr,(0) in-
creases with n, more sharply than the recent experimen-
tal result.!?

The out-of-plane tunneling ¢, in our model affect the
result as follows. (i) It lowers T, but almost does not nar-
row the superconducting region of n,. (ii) It decreases
(increases) A,(0)[£gy,(0)] but it almost does not affect
A(0)[§gL(0)]. If we introduce the tunneling ¢, in pro-
portion to carrier density, the resultant anisotropy ratio
£61)(0)/£511(0) exhibits a sharp decrease as carrier den-
sity increases in the low carrier-density region, in agree-
ment with the recent experiment.'? In our treatment, the
increasing tunneling ¢, also almost does not narrow the
superconducting region of carrier density, though it
lowers T, by a small amount.

In this work, we have treated the transfer t; and the
tunneling ¢, as small and in the form of a narrow band.
We have explained the experimental results for the high-
T. oxides to some extent. However, the electron-
correlation effect is not included correctly. The effect of
impurities and the strong coupling to the certain bosons
have also been neglected. Including these effects remains
a future problem.
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