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Quasiparticle tunneling current-voltage characteristics of intrinsic Josephson junctions
in Bi2Sr2CaCu2O8¿d
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A model to understand the overall profile of the quasiparticle~QP! tunneling current-voltage (I -V) charac-
teristic of intrinsic Josephson junctions in high-Tc superconductors such as Bi2Sr2CaCu2O81d is presented. It
is mentioned that the angular dependence of the energy gapDk should be represented to be of sin2nu cos 2f
type rather than theu-independent purely two dimensional cos 2f one. It is shown that the QPI -V character-
istic calculated on the basis of our model including no empirical parameters well predicts our experimentalI -V
characteristic, and that the QPI -V characteristic calculated usingn52 is in very good agreement with the
experiment on the whole voltage region.
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I. INTRODUCTION

Since the discovery of superconductivity at;35 K in
La22xBaxCuO4 ~LBCO! by Bednorz and Mu¨ller1 in 1986,
the study of superconductivity has greatly developed in or
to search for superconducting materials with high-transit
temperatures: so-called ‘‘high-Tc superconductors.’’ Actu-
ally, Wu et al.2 found YBa2Cu3O72d ~YBCO! with Tc;90 K
in 1987, Maeda et al.3 discovered Bi2Sr2CaCu2O81d

~BSCCO! with Tc;90 K in 1988, in the same year Shen
and Hermann4 also found Tl2Ba2Ca2Cu3O101d ~TBCCO!
with Tc;130 K, and recently HgBa2Ca2CuO8 with Tc5134
K was discovered by Schillinget al.5 The common proper-
ties observed on these high-Tc superconductors are that a
the materials have superconducting layers~SL’s! consisting
of CuO2 planes, and superconductors such as BSCCO
particular have an inherent structure consisting of altern
stacks of~SL’s! and insulating layer~IL’s ! along thec axis,
and hence they present anisotropic characteristics in d
tions parallel and perpendicular to thec axis. A stack of SL’s
and IL’s, which is formednaturally, makes a series array o
superconductor-insulator-superconductor~SIS! junctions.
The SIS junction works well as a Josephson junction whe
weak interaction is established between the superconduc
wave functions of the two SL’s. Therefore, it is expected t
the high-Tc superconductor becomes a good candidate
the Josephson device which operates in high-temperatur
gion ~.77 K!.

From experiments for the transport properties of laye
high-Tc superconductors along thec axis, it was found that
BSCCO, Pb-substituted BSCCO, TBCCO, and underdo
YBCO make intrinsic Josephson junction~IJJ! structure.6–15

The I -V characteristic of superconductors constructed m
of SIS junctions such as BSCCO can be summarized as
lows if the nonequilibrium effect is not taken into accoun
~1! As an external bias currentI ext increases, a tunneling
current I T increases up to a critical currentI C without an
occurrence of a voltage difference due to Cooper pairs~CP’s!
tunneling ~the dc Josephson effect!. This process is revers
ible, i.e., I T decreases with decreasingI ext and reaches zero
This I -V line does not originate from quasiparticles~QP’s!,
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and the CP tunneling is called the zeroth branch.~2! WhenI T
reachesI C , if all the N SIS junctions have ideally the sam
characteristics, a voltage jump ofV occurs at the same tim
over all theN junctions, and hence a net voltage jump ofNV
occurs on theI -V characteristics. Actually, however, theI -V
characteristics of a SIS junction somewhat differ from tho
of the others because of their crystal incompleteness and
mension irregularity, so that usually a voltage jump ofV for
the junction with the lowestI C occurs on theI -V character-
istics. In the voltage state on theI -V curve~not a line!, theI T
rapidly decreases with decreasing voltage difference, an
nally reaches zero. This curve as the first branch origina
from QP tunneling with an accompanying ac Josephson
cillation. ~3! The I -V characteristics of superconductors co
structed fromN-SIS junctions exihibitN branches with hys-
teresis. If we focus thenth branch (1<n,N), the net
voltage jump ofnV is observed whenI T5I C for the nth
junction, and theI -V characteristic of thenth branch shows
a behavior similar to that of the first one, i.e.,I T rapidly
decreases with decreasing theI ext . ~4! On theNth branch in
which all the junctions are in the voltage state, both the
tunneling current and the ac Josephson current flow ac
the junctions. It is well known that on the intrinsic Josephs
junctions~IJJ’s! of BSCCO, the current observed at the vo
ageNV, I NV , is about 20 times larger than that observed
the voltagenV, I nV(5I T) where 1<n,N.15 In the present
paper, we focus our attention to only theI -V characterisic of
Nth branch, so that we do not consider whyI nV is about 20
times smaller thanI NV .

In the present paper, we theoretically consider the QP t
neling I -V characteristic of theNth branch along thec-axis
observed experimentally for the high-Tc superconductors
having an IJJ structure such as BSCCO and TBCCO. In
der to calculate theNth branch QP tunnelingI -V character-
istic of SIS junctions, usually, the following equation
widely used @hereafter we call this the density of state
~DOS!, model#;16,17

I ~V!5const3E
2`

`

N~E!N~E2eV!$ f ~E2eV!2 f ~E!%dE,

~1!
©2002 The American Physical Society19-1
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where f (E) is the Fermi-Dirac distribution function an
N(E) is the density of states of the QP in the superconduc
It should be noted here that in the DOS model the symm
of the crystal is taken into account only inN(E) sinceE is
an integral variable. If the energy gapD of the supercon-
ductor is independent of the wave numberk, i.e., the
s-symmetry energy gap, it is not so bad to calculate theI -V
characteristic using the DOS model. However, it is w
known that the energy gap of high-Tc superconductors suc
as BSCCO and TBCCO has adx2-y2 symmetry rather than
the s symmetry found in metal superconductors~low-Tc
superconductors!.18–23 Therefore, when theI -V characteris-
tic of a SIS junction constructed from superconductors wit
dx2-y2-symmetry energy gap is calculated using the D
model,N(E) must be represented so as to include the sy
metry of the energy gap and the crystal. This is usually d
by an averaging treatment;12,14,24

N~E!5
1

2pE0

2p

Nn~f!
E

AE22D~f!2
df, ~2!

wheref is the angle defined in the polar coordinate, and
energy gapD(f)5D0cos 2f and the density of states a
Fermi level of normal stateNn(f) in the superconductors ar
assumed to have only af dependence. Even if thedx2-y2

symmetry cos 2f-type energy gap and the density of stat
calculated and measured as correctly as possible, are ad
for the D~f! and Nn(f), the density of statesN(E) calcu-
lated using Eq.~2! is an averaged value so that this treatm
is not so correct. Actually, Tanabeet al.,12 Itoh et al.,14 and
Schlengaet al.24 independently calculated the QPI -V char-
acteristics of BSCCO using the DOS model and found tha
is possible to explain partly the QPI -V characteristic of
BSCCO but not so easy to explain fairly well the over
profile of the QPI -V characteristic using the DOS mode
The method to avoid this approximative treatment is to
the calculation by using the wave numberk which charac-
terizes the Cooper pair~ks,2ks8! instead of the integral by
E. Here it is noted that we consider a CP with a singlet st
so that the spin state~s,s8! is given by~↑,↓! or ~↓,↑!.

As far as we know, there is no model to explain the ov
all profile of the QPI -V characteristic of BSCCO with no
adjustable parameters. The aim of this paper is to prese
model to explain the overall profile of the QPI -V character-
istics of BSCCO.

II. THEORY

A. Model

In this section, we formulate the QP tunnelingI -V char-
acteristic of a SIS junction constructed by superconduc
with a dx2-y2 symmetry energy gap. In superconductors, Q
are generated by the separation ofa CP~ks,2ks8!, so that a
CP makes two QP’s, oneks and the other2ks8. Here we
assume that the electronic states in the vicinity of the Fe
level EF show no electron spin dependence, i.e., there is
magnetic order. If so, the existing probabilities of electro
with spin-up and spin-down states become indentical to e
other. We consider electronic states with no magnetic or
05451
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so that the model deduced in the present paper is applic
to superconductors whose electronic structures show no e
tron spin dependence.

Let us consider the tunneling currentI a→b(k,V) of the
QP specified by the wave numberk from theath SL to the
bth one on the basis of a semiconductor model shown in F
1. This tunneling occurs when~1! the CP characterized b
the wave numberk exists, i.e.,vk* vk5 1

2 @12(jk /Ek)#Þ0,
wherejk is the electron energy relative to the Fermi lev
EF , «k2EF andEk is the excitation energy of the QP give
by Ajk

21Dk
2; ~2! the QP exists on the level identified by th

energy2Ek in the valence band (jk<0) of theath SL, i.e.,
f (2Ek)Þ0; ~3! the level identified by the energyeV2Ek
([lk) in the conduction band (jk>0) of the bth SL is
vacant, i.e.,$12 f (lk)%Þ0; and~4! the energylk is larger
than the absolute value of the energy gap,uDku. The transi-
tion probabilityPa→b(k) of the QP having a wave numberk
from the valence band of theath SL to the conduction band
of the bth SL is given by

Pa→b~k!5
2p

\
uTu2Nb

(c)~lk![tNb
(c)~lk!, ~3!

assuming ak-independent tunneling matrix elementT, so
that if we denote the charge of the QP to be transferred

FIG. 1. Interpretation based on the semiconductor model for
tunneling process of the quasiparticle~QP! specified by the wave
numberk. Theath andbth superconducting layers~SL’s! with the
energy differenceeV are separated by an insulating layer~IL !. The
tunneling of the QP having the wave numberk occurs when the
condition eV>2uDku is satisfied. The absolute valueuDku of the
energy gapDk is a function of thek and ranges from 0 to the
maximum valueDmax defined aseVg/2 using the threshold voltage
Vg observed experimentally. Therefore, it should be emphas
that the QP tunneling occurs even in the case ofV,Vg , because
the QP having thek which satisfies the conditioneV>2uDku always
exists.
9-2



g
h

uc
th
h

ed

i-

al-

or

t

ap

QUASIPARTICLE TUNNELING CURRENT-VOLTAGE . . . PHYSICAL REVIEW B 66, 054519 ~2002!
qk , the QP tunneling currentI a→b(V) from the ath SL to
the bth SL ~we define the directiona→b as the1z direc-
tion.! is given as

I a→b~V!5 (
k(kz.0,jk<0)

I a→b~k,V!

5t (
k(kz.0,jk<0)

vk* vk f ~2Ek!qk$12 f ~lk!%

3Nb
(c)~lk!Q~lk2uDku!, ~4!

whereQ(x) is a step function defined as

Q~x!5H 1~x>0!

0~x,0!.
~5!

It is clear from Fig. 1 that the tunneling currentI b→a(V)
from thebth SL to theath SL is given by using the tunnelin
current I b→a(k,V), which is the current when the QP wit
the energy ofEk in the conduction band of thebth SL trans-
fers to the valence band of theath SL with the energy of
Ek2eV(52lk), as follows:

I b→a~V!5 (
k(kz,0,jk>0)

I b→a~k,V!

5t (
k(kz,0,jk>0)

vk* vk f ~Ek!qk$12 f ~2lk!%

3Na
(v)~2lk!Q~lk2uDku!. ~6!

Here we are considering a crystal withD4h symmetry, so it is
noted that the(k(kz,0) is equal to(k(kz.0) because of the

mirror symmetry on the horizontal plane. Symbolsv and c
labeled on the density of states are the characters introd
to represent the valence and conduction bands within
framework of the semiconductor model. Using the weig
vk* vk for the energylk , which is the existing probability of
the CP identified by the energy oflk , given by

1

2
S 12

Alk
22Dk

2

lk
D[w~lk ,Dk!, ~7!

and the density of states of the QPNQP(lk) given as

NQP~lk!5
Nn~EF!ulku

Alk
22Dk

2
, ~8!

the valence and the conduction bands can be represent
follows;

Na
(v)~2lk!5w~2lk ,Dk!NQP~2lk!,

Nb
(c)~lk!5$12w~lk ,Dk!%NQP~lk!. ~9!

From Eq.~9!, it is easily seen that

Na
(v)~2lk!5Nb

(c)~lk!5w~2lk ,Dk!NQP~lk!, ~10!

so that we obtain the net tunneling currentI (V) for the QP
I -V characteristic as
05451
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I ~V!5I a→b~V!2I b→a~V!

5t (
k(kz.0,jk<0)

vk* vkqkw~2lk ,Dk!NQP~lk!

3Q~lk2uDku! f ~2Ek!$12 f ~lk!%2t

3 (
k(kz.0,jk>0)

vk* vkqkw~2lk ,Dk!NQP~lk!

3Q~lk2uDku! f ~Ek!$12 f ~2lk!%, ~11!

wherelk5eV2Ek(>uDku>0).
In Eq. ~11!, if we set vk* vk→1, qk→q(const) and

w(2lk ,Dk)→1, we can see under the condition oflk
>uDku that Eq. ~11!, our model reaches Eq.~1!, the DOS
model, as follows:

I ~V!5qt (
k(kz.0,jk<0)

NQP~lk! f ~2Ek!$12 f ~lk!%

2qt (
k(kz.0,jk>0)

NQP~lk! f ~Ek!$12 f ~2lk!%.

~12!

Here if (k(kz.0,jk<0)F(k). 1
2 (k(kz.0)F(k) and

(k(kz.0,jk>0)F(k). 1
2 (k(kz.0)F(k) are assumed for an arb

trary functionF(k), Eq. ~12! is further evaluated as

I ~V!5
qt

2 (
k(kz.0)

NQP~Ek2eV!$ f ~Ek2eV!2 f ~Ek!%

5
qt

4 E
2`

`

NQP~E2eV!$ f ~E2eV!2 f ~E!%

3(
k

d~E2Ek!dE

5constE
2`

`

NQP~E!NQP~E2eV!

3$ f ~E2eV!2 f ~E!%dE. ~13!

This is just equal to Eq.~1!.
Equation~11! tells us that the essential values on the c

culation of the QPI -V characteristic areDk , qk , andjk . In
the following we consider how these values are given
evaluated.

B. Energy gap Dk

The energy gapDk satisfies a following self-consisten
equation called ‘‘self-consistent gap equation’’25

Dk52(
k8

Vk,k8

2Ek8

Dk8tanh
Ek8

2kBT
. ~14!

Equation~14! tells us that the symmetry of the energy g
Dk originates from that ofVk,k8 . Here Vk,k8 is the matrix
9-3
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element for the scattering of a CP from~ks,2ks8! to
~k8s,2k8s8!, and is defined by using a scattering potent
V(r ) as

Vk,k8[E e2 ik8•rV~r !eik•rdr . ~15!

In the following, therefore, we consider how theVk,k8 is
evaluated for the high-Tc superconductors such as th
BSCCO.

CP’s exist in a SL consisting of CuO2 planes and the
electronic states near the Fermi level are made from
pds-state constructed by the copper 3dx2-y2 and oxygen 2ps

orbitals ~which is clarified by the band-structure calculatio
carried out in the present paper!. Therefore, it is sure that th
scattering potentialV(r ) has a site symmetryD4h . If so, the
potentialV(r ) can be approximated as

V~r !5(
l

(
m

v l ,m~r !Y l
m~ r̂ !.v0,0~r !Y 0

0~ r̂ !1v4,4~r !Y 4
4~ r̂ !,

~16!

where r̂ denotes the angular variablesu andf of the vector
r , and Y l

m( r̂ ) is the spherical harmonics in areal base.
Y 0

0( r̂ ) is of courseA(1/4p) andY 4
4( r̂ ) is given by

Y 4
4~ r̂ ![A1

2
$Y4

4~ r̂ !1Y4
24~ r̂ !%

5S 3A35

8A4p
D S x426x2y21y4

r 4 D , ~17!

whereYl
m( r̂ ) is the spherical harmonics incomplex base. In

low-Tc superconductors, the most important part of the sc
tering potential is the spherical partA(1/4p)v0,0(r ). This
fact has made a foundation of the BCS theory in which
energy gap of the superconductor is given by the value w
no-wavenumber dependence, i.e., ans-symmetry energy gap
As already stated, high-TC superconductors such as
BSCCO are, however, not bulk superconductors but su
conductors with a series array of many SIS junctions c
structed from thin superconducting layers~for example, the
width of the SL is only about 3 Å in the case of BSCCO!.
Therefore, it is expected that the spherical part of the s
tering potential is very small as compared with the no
spherical parts. It is easy to show that the nonspherical

v4,4(r )Y 4
4( r̂ ) makes aY 2

2( k̂) symmetry, i.e.,dx2-y2 symme-
try, as thek dependence of the energy gapDk . From the
above, it could be sure that the energy gapDk can be repre-
sented as

Dk5g~k!Y 2
2~ k̂!. ~18!

As the energy gap having aY 2
2( k̂)-type symmetry, the

simplest cos 2f@5(x22y2)/(x21y2)[w(f)# type is usually
adopted for the energy gap of the high-Tc superconductors
such as BSCCO. This is not wrong, but it should be no
that a function generated by the product of the functionw(f)
and the basis functionwa1g

(D4h) of the a1g irreducible rep-
05451
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resentation of the groupD4h also shows the same symmetr
There are somewa1g

(D4h) basis functions such as 1,z2, and

x21y2. Since the energy gap must not be permanently z
at u5p/2, i.e.,kz50, in the present paper we adopt the (x2

1y2)n-type function as the basis functionwa1g
(D4h). That

is, the energy gapDk used in the present paper is given a

Dk5D~k,T!sin2nu cos 2f.D~T!sin2nu cos 2f, ~19!

wheren>0 andD(T) as a function of the temperatureT is
the value ofD(k,T) at the Fermi wave numberk5kF , andu
andf are angles defined in the polar coordinate.

C. Charge of quasiparticleqk

As already noted, QP’s are generated by the separatio
a CP. Hence it is reasonable to suppose that a QP holds
symmetry of the CP ink space. Thek-dependence of the
charge of the CP is given by the square of thek-dependent
order parameterck , and the symmetry of the order param
eter is the same as that of the energy gapDk . Therefore, the
charge of the QPqk should be proportional to the square
the energy gap,uDku2, that is,qk should be given as

qk5q sin4nu cos22f. ~20!

Equation~20! tells us that for a givenu, i.e., for a givenkz ,
the the value of the QP charge which contributes to the t
neling current reaches a maximum whenf5np/2, and be-
comes zero whenf5(n6 1

4 )p. This is true because the ex
isting probability of the CP reaches a maximum when
wave numberk characterizing the CP satisfies the conditi
of f5np/2, and becomes zero whenk satisfiesf5(n
6 1

4 )p.

D. Value of jk

As already noted,jk is defined by«k2EF . k is the wave
number characterizing the CP, so that«k giving an electron
energy should be evaluated for the crystal constructed f
only SL because there are no CP’s in the IL. In Sec. III, it
described how the band structure calculation is carried
for BSCCO consisting of periodic SL’s.

III. BAND-STRUCTURE CALCULATION

The SL in BSCCO consists of three atomic layers, low
CuO2, Ca, and upper-CuO2 atomic layers, as shown in Fig
2. The distance between the lower-CuO2 and Ca atomic lay-
ers is the same as that between the Ca and upper-C2
atomic layers, and the attractive interaction between the
cium atom and eight oxygen atoms~four oxygens are from
the lower CuO2 plane and the others the upper one! acts as a
binding force to form the SL in BSCCO. Therefore, the i
teraction between the calcium and oxygen atoms must
taken into account in the band-structure calculation. In ad
tion to the Ca-O interactions one should also consider
first-neighbor interactions of the Cu-O intra layer and t
9-4
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Cu-Cu and O-O interlayers. This is done here by adopt
the band-structure calculation based on the tight-bind
~TB! method. In the TB method, generally, interactions b
tween distant atoms such as second- and third-~and so on!
nearest-neighbor atoms exist,26 however it is possible to ob
tain the TB parameters optimized for only the dominant
teractions which are usually the first-nearest-neighbor in
actions. Harrison proposed optimal parameters ca
‘‘universal parameters’’ which lead the fundamental intera
tions between atomic orbitals such assps, pps, pdp
bonds, etc.27 In the present paper, therefore, the band str
ture of the crystal consisting of periodic SL’s is calculated
using the universal tight-binding parameters~UTBP!
method.

In general, 3d, 4s, and 4p atomic orbitals of Cu,f3d
(Cu) ,

f4s
(Cu) and f4p

(Cu) , 2s, and 2p ones orbitals of O,f2s
(O) and

f2p
(O) , and a 4s orbital Ca,f4s

(Ca) should be adopted as th
basis functions which comprise the Bloch states. Howe
we are now focussing our attention to the electronic sta
near the Fermi level. In this case, it is enough to use
atomic orbitalsf3d

(Cu) , f2p
(O) , and f4s

(Ca) in the UTBP band
structure calculation for BSCCO. The self-energies of th
orbitals are calculated by using the self-consistent-fi
~SCF! atomic structure calculations based on the Herm
and Skillman prescription28 using the Schwarz exchange co
relation parameters.29

The first Brillouin zone with the volumeV used in the
present band-structure calculation is shown in Fig. 3 toge
with the reduced zone surrounded by six special pointsG, X,
M, Z, R, andA with the volumeV8~5V/16!. From symmetry

FIG. 2. Unit cell of a crystal consisting of only the period
superconducting layers~SL’s! extracted from Bi2Sr2CaCu2O81d

~BSCCO!.
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considerations, the sum byk of an arbitrary functionF(k)
having theD4h symmetry and the no electron-spin depe

dence, (k
VF(k), can be evaluated as 2(k

V8gD4h
(k)F(k),

where 2 is the degeneracy for the electron-spin and
gD4h

(k) is the number of stars of the wavenumverk tabu-

lated in Table I. Therefore, the total density of statesN(E)
and the partial density of statesDL

(m)(E) for the L orbital of
m-atom are calculated as

N~E!52(
k

V8

gD4h
~k!d~E2«k! ~21!

and

DL
(m)~E!52(

k

V8

uuL
(m)~k!u2gD4h

~k!d~E2«k!, ~22!

whereuL
(m)(k) is the coefficient in the expansion of the tot

wave fuctionCk(r ) by the Bloch functionsxL
(m)(k,r ); that

is, Ck(r ) is represented as

Ck~r !5(
m

(
L

uL
(m)~k!xL

(m)~k,r !. ~23!

The calculations of the densities of states are carried ou
the basis of the manner mentioned above, however, the
(k(kz.0) in Eq. ~11! must be done within the restricted are

defined bykz.0, so in this case the sum is evaluated as

FIG. 3. The first Brillouin zone~BZ! used in the present ban
structure calculation. Six special pointsG, X, M, Z, R, andA and
nine special linesD, S, Y, U, S, T, L, W, andV are also shown.

TABLE I. The number of starsgD4h
(k) of the wave numberk

with D4h symmetry. Note that the value ofgD4h
(k) is 16 for k

within the reduced zoneV8 surrounded by six special pointsG, X,
M, Z, R, andA, and is 8 fork on the five surfaces which compris
the reduced zone.

k G,M ,Z,A X,R D,S,Y,U,S,T,W L,V

gD4h
(k) 1 2 4 2
9-5
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(
k(kz.0)

F~k!5 (
k(kz.0)

V

F~k!52 (
k(kz.0)

V8 gD4h
~k!

2
F~k!,

~24!

where we note that the fraction which appears in the fi
term is caused by the restricted sum defined bykz.0.

IV. EXPERIMENTS

A. Samples and measurement

Measurements of theI -V characteristics of IJJ’s hav
been performed with mesa structures patterned on BSC
single crystals. The BSCCO single crystals were grown b
self-flux technique, details of which were described el
where.9 Their critical temperatureTc were 80–85 K. In order
to avoid the heating effect and to study inherent tunnel
property in IJJ’s, small mesas with area of 1, 4, and 25mm2

and with heights of 2–30 nm were fabricated on top
BSCCO single crystals using electron-beam lithography
Ar-ion milling.30 The top contacts on the mesa and lea
were provided by a gold film. TheI -V characteristics along
the c axis of the mesa were measured at liquid-helium te
perature~4.2 K! by a three-terminal method. In a thre
terminal configuration, the voltage comes from the mesa
the contact resistance between the measurements lead~Au!
and BSCCO single crystal. For data evaluation below, the
fore, the contact resistance has been subtracted.

B. Tunneling property of IJJ’s

The inset of Fig. 4 shows a typicalI -V characteristic at
small current bias of a mesa with an area of 4mm2. The
height of the mesa is about 10 nm, which is extrapola
from the etching rate. TheI -V characteristic exhibits mul
tiple QP branches with large hysteresis due to the Josep
and quasiparticle tunneling. From the number of branch
one can easily estimate that this mesa consists of six I
which is in fairly good agreement with the expected o
from the mesa height. Here it should be noted that the six
branches do not show a negative resistance behavior.

FIG. 4. Typical I -V characteristics of a mesa with an area
4 mm2 at 4.2 K. The inset shows theI -V characteristic in enlarged
scale. This mesa contains six IJJ’s. The differential conducti
dI/dV is also shown as a function ofV.
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well known that such a behavior is observed inI -V charac-
teristics of mesas with large number of IJJ’s,24 and that it is
attributed to the nonequilibrium effect. The model presen
in this paper, however, does not include the nonequilibri
effect because it is hard to take into account it correc
Moreover, in experiments it is difficult to distinguish equ
librium from nonequilibrium effects. For these reasons,
experimental data to be compared with our model must
obtained in equilibrium condition. To this purpose, we ha
selected a BSCCO sample with six IJJ’s, where it is expec
that the nonequilibrium effect is negligible.

The critical currentI c of IJJ’s in this mesa ranges from 3
to 38 mA, which corresponds to the critical current dens
Jc of 750–950 A/cm2. The characteristic voltageVc , de-
fined as the voltage jump at the critical current, w
;32 mV. This value is much smaller than gap voltageVg

52D/e due to smallI c and large leak current in contras
with a stack of conventional Josephson junctions made fr
BCS superconductors in whichVc is equal or close toVg .
On a large current bias, a clear gap structure without ne
tive resistance, confirming that interlayer transport occurs
tunneling process, appears as shown in Fig. 4. Moreover
I -V characteristic becomes linear at larger voltages, so
we can define the normal resistanceRn of 61V per one junc-
tion for this mesa. From thedI/dV2V curve shown in Fig.
4, the sum-gap voltageNVg was estimated to be 317 mV. A
a result, we obtain an energy gap of 2D553 meV. Due to
the improvement of the overheating problem by decreas
mesa area, this value is larger than that reported in e
experiments10,12 in IJJ’s but is in good agreement with tha
obtained previously in surface tunneling experiments.31 In
addition, our experiments showed a good reproducibil
Therefore, we belive that the quasiparticleI -V characteristic
shown in Fig. 4 is a reflection of the inherent properties
IJJ’s. From the experiments more than 30 mesas, we fo
that ~1! the value of 2D is 50–60 meV, and~2! their normal-
ized quasiparticleI -V characteristics have no sizable diffe
ences. Here the normalization has been done by 2ND/e for
the voltage and by 2D/(eRn) for the current, so that the
normalizedI -V characteristic corresponds to that for a sing
junction.

The normalizedI -V characteristic of an IJJ is shown i
Fig. 5~a!, together with the calculatedI -V characteristics~b!
and ~c! by using traditional DOS model given by Eq.~1!.
Here note that the Fig. 5~b! was obtained by using the
f-independent constant value asNn(f) defined in Eq.~2!
and the Fig. 5~c! was obtained by usingf-dependentNn(f)
such as 11a cos 4f31 with an adjustable parametera50.8.
Clearly, the experimental curve is found to be in good agr
ment with the curve Fig. 5~c! rather than the Fig. 5~b!. This
result suggests that the quasiparticle tunneling in IJJ’s
much angle dependent rather than that in the simpled-wave
DOS model. However, we must note that the abo
f-dependentNn(f) is a phenomenological expression. Th
for an exact analysis of our data we have to use the pre
model, which gives the quasiparticle tunneling current tak
into accout the crystal symmetry.

y
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V. RESULTS AND DISCUSSION

A. Electronic structures

The DOS~states/eV superconducting layer! calculated for
a crystal consisting of periodic SL’s extracted from t
Bi2Sr2CaCu2O81d with d50, i.e., no hole doping BSCCO, i
shown in Fig. 6~a!, together with the partial densities o
states~PDOS’s! ~states/eV atom! for the Cu 3d, O 2p and Ca
4s atomic orbitals drawn in Figs. 6~b!, 6~c!, and 6~d!, respec-

FIG. 5. NormalizedI -V characteristic along thec axis of a
Bi2Sr2CaCu2O81d ~BSCCO! single crystal obtained from theI -V
characteristic measurement at liquid-helium temperature for
mesa with an area of 4mm2 ~a!. ~b! and ~c!, calculated from a
traditional DOS model, are also shown for the comparison, wh
~b! and ~c! were obtained by using thef-independent and depen
dentNn(f)’s.

FIG. 6. Density of states~DOS! ~states/eV superconductin
layer! ~a! and partial densities of states~PDOS’s! ~states/eV atom!
calculated for~b! Cu 3d, ~c! O 2p, and~d! Ca 4s atomic orbitals.
The arrow drawn in~a! shows the energy position of the Ferm
level EF .
05451
tively. On the present band structure calculations based
the UTBP method, values of 3.817, 15.3, and 3.4 Å w
used as those of the lattice constantsa0 and c0 and the in-
terlayer distancedL between upper and lower CuO2 layers,32

and values of210.70,211.28, and24.68 eV were used as
those of the self-energies off3d

(Cu) , f2p
(O) and f4s

(Ca) atomic
orbitals which were obtained from the SCF atomic struct
calculations. Figure 6 shows that the DOSN(E) consists of
a valence band located below circa27.5 eV and a conduc-
tion band located around22.5 eV, and that the valence ban
is mainly constructed fromf3d

(Cu) and f2p
(O) atomic orbitals

and almost all the conduction band is made fromf4s
(Ca) one.

The BCS theory tells us thatTc is correlated with the
density of states at the Fermi level,N(EF), as follows:

kBTc51.14\vDe21/V0N(EF). ~25!

It is not correct to apply all the predictions deduced from t
BCS theory into the high-Tc superconductor, but it could no
be wrong to suppose that the highest critical temperatur
obtained when theN(EF) has the largest value. In th
present paper, therefore, we adopt the energy position i
cated by an arrow in Fig. 6 as the Fermi levelEF , in which
N(EF) has the maximum value. The justification to use th
energy position as theEF is presented as follows; On th
Bi2Sr2CaCu2O81d ~BSCCO!, it is well known that the hole
doping plays an essential role to genarate the supercond
ing state and that the superconducting state of the BSC
with Tc;90(K) appears when the value ofd is around
0.24~/unit cell!.33 The value ofd characterizes the amount o
oxygen dopant into the Bi2Sr2CaCu2O8 unit cell. If a SL
captures the doped oxygens, this process makes the ch
of symmetry of the SL. Then, it could be natural to suppo
that the IL rather than the SL accepts the doped oxygen
thed numbers of oxygen are captured by the IL, 2d electrons
must transfer from the SL to the IL because the oxygen in
IL should be ionized as O22. This charge transfer leads th
change of the ionicity of oxygens in the SL. There are fo
oxygens~/unit cell! in the SL, so that the respective oxyge
must release 2d/4 electrons on the charge transfer proce
That is, if we denote the ionicity of oxygen in the SL a
2q(q.0), i.e., O2q, we can see that a relation

q522
d

2
, ~26!

is deduced betweend andq, and thatq must be given so as
to satisfy the following relation;

E
2`

EF
D2p

(O)~E!dE541q, ~27!

where D2p
(O)(E) is the partial density of states~PDOS!

~states/eV atom! for the oxygen 2p orbital in the SL. The
PDOS is the projected value of the total density of states
an orbital to be considered, so, exactly speaking,D2p

(O)(E)
must be deduced from the band-structure calculations inc
ing not only SL’s but also IL’s. We are now interested in th
value ofjk as a function of the wave numberk characteriz-

e

re
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ing a CP, so that the band-structure calculations carried o
the present paper do not include the IL’s. Therefore,
value of q evaluated from Eq.~27! could somewhat differ
from the value of;1.88 with d;0.24. The value ofq cal-
culated by usingEF represented in Fig. 6 was 1.845.

We are now interested in the electronic states nearEF
consisting of the Cu 3d and O 2p atomic orbitals.N(E),
D3d

(Cu)(E), andD2p
(O)(E) nearEF are shown in Figs. 7~a!, 7~b!

and 7~c!, and in order to see the nature of theD3d
(Cu)(E) and

D2p
(O)(E) more explicitly, D3d

(Cu)(E), D3dxy

(Cu)(E), D3dyz

(Cu)(E),

D3dzx

(Cu)(E), D3dx22y2

(Cu) (E) andD3d3z22r 2

(Cu) (E) are shown in Figs.

8~a!, 8~b!, 8~c!, 8~d!, 8~e! and 8~f!, andD2p
(O)(E), D2px

(O)(E),

D2py

(O)(E), and D2pz

(O)(E) are shown in Figs. 9~a!, 9~b!, 9~c!,

and 9~d!. Here we note that the oxygen adopted in Fig
makes a Cu-O-Cu chain along they direction, so that
D2px

(O)(E) andD2py

(O)(E) must replace each other when the ox

gen in the Cu-O-Cu chain oriented to thex direction is
adopted. Figures 8 and 9 show thatD3d

(Cu)(E) is mainly con-
structed from the Cu 3dx2-y2 orbital andD2p

(O)(E) is made
from the 2ps one, where the 2ps orbital is a 2px(y) orbital of
oxygen in the Cu-O-Cu chain oriented in thex(y) direction.
Therefore, we conclude that almost all electronic states n
the Fermi level are made by thepds-state caused by Cu
3dx2-y2 and O 2ps atomic orbitals.

B. QP I -V characteristic

In this section, we present the calculated results of the
I -V characteristic and compare those with the experime
results. First we present the results obtained by using
energy gapDk with n50, i.e., a purely two-dimensiona
cos 2f-type enegy gap. Next we present those withnÞ0 in

FIG. 7. Density of states~DOS! ~states/eV superconductin
layer! ~a! and partial densities of states~PDOS’s! ~states/eV atom!
of ~b! Cu 3d and ~c! O 2p orbitals near the Fermi levelEF indi-
cated by an arrow in~a!.
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order to see how the change of the dimensionality of
energy gap influences into the QPI -V characteristic. In all
the calculations presented in this section, the values of
meV and 4.2 K were used as those of 2uD(T)u@[eVm(T)#
and the sample temperatureT.

1. Case ofDk with nÄ0

The normalized QPI -V characteristic withn50, calcu-
lated by using the values ofjk obtained from the band

FIG. 8. Partial densities of states~PDOS’s! ~states/eV atom! for
~a! 3d, ~b! 3dxy , ~c! 3dyz , ~d! 3dzx , ~e! 3dx2-y2, and ~f! 3d3z2-r 2

orbitals of a Cu atom near the Fermi levelEF indicated by an arrow.

FIG. 9. Partial densities of states~PDOS’s! ~states/eV atom! for
~a! 2p, ~b! 2px , ~c! 2py , and~d! 2pz orbitals of an O atom near the
Fermi levelEF indicated by an arrow. Note that the oxygen adopt
here is an oxygen in the Cu-O-Cu chain oriented in they direction.
9-8
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structure calculation, is shown in Fig. 10~a!. Here the nor-
malization has been done so that the voltageV is represented
by the normalized voltageg(T) defined byV/Vm(T) and the
normalized currentp calculated on the normalized voltag
with the value of 2 is equal to 2. In addition to a curv
shown in Fig. 10~a! calculated under the condition o
k-dependent weightw(2lk ,Dk) defined by Eq.~7! and
chargeqk defined by Eq.~20! denoted as (wk ,qk), the curves
calculated under the conditions of (1,q), (1,qk) and (wk ,q)
are shown in Figs. 10~b!, 10~c!, and 10~d!, respectively, to-
gether with the experimentalI -V characteristic shown in Fig
10~e!. Here note that a curve shown in Fig. 10~b! calculated
by our model corresponds to theI -V characteristic shown in
Fig. 5~b! calculated by using a traditional DOS model. T
reason why the curve~b! in Fig. 10 and the curve~b! in Fig.
5 do not coincide with each other perfectly could be cau
by the fact that the DOS model cannot take into account
symmetry of the crystal and the energy gap correctly beca
of the integral byE, as already stated. Figure 10 clear
shows that curves~b! and ~d! in which ak-independent QP
charge has been adopted, are far from the experimental c
~e!. Both the curves~a! and~c! using theqk seem to predict
the experimental curve~e! fairly well. However it is found
that the deviation at the high voltage region (g.1) of the
curve ~c! using thek-independent weight from the exper
ment is larger than that of the curve~a! using the
k-dependent weightwk . Therefore, we can conclude that th
QP I -V characteristic calculated under the condition
(wk ,qk) gives the best result. Figure 10 shows that the cu
~a! underestimates the experimental curve~e!. This point will
be clarified in the next subsection.

FIG. 10. Normalized quasiparticle~QP! tunneling current-
voltage (I -V) characteristics calculated under the conditions of~a!
k-dependent weightwk and chargeqk denoted as (wk ,qk), ~b!
k-independent weight and charge denoted as (1,q), ~c!
k-independent weight andk-dependent chargeqk (1,qk) and ~d!
k-dependent weightwk and k-independent charge (wk ,q). Curve
~e! is an experimentalI -V characteristic to be compared with th
calculated ones. Note that the normalized voltageg and currentp
have been defined asV/Vm and 2I (g)/I (g52), where eVm

[2uD(T)u.
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2. Case ofDk with nÅ0

Here we consider the effect of the dimensionality of t
energy gap into the QPI -V characteristic. The condition
(wk ,qk) gives the best result, so that all the calculatio
presented here are carried out under the condition
k-dependent weight and charge.

We have tentatively selected the values of 0.5, 1, and 2
those ofn. The normalized QPI -V characteristics calculate
under the conditions ofn50, 0.5, 1 and 2 are shown in
Figs. 11~a!, 11~b!, 11~c!, and 11~d! together with the experi-
mental curve shown in Fig. 11~e!. The effect ofn is not so
large, but appears arround the normalized voltageg;1. The
effect due to the increasing ofn is that the gradientdp/dg
arround g51 of the normalized currentp([2I (g)/I (g
52)) decreases and the calculated QPI -V characteristic
gradually reaches the experiment. From Fig. 11, we can
that curve~d! usingn52 is in very good agreement with ou
experimental curve~e!. Therefore, if we take into account th
experimental errors, it may be reasonable to suppose tha
angular dependence of the energy gapDk should be given as
(u,f) dependent such as sin2nu cos 2f with n;2 rather than
the u-independent purely two dimensional cos 2f-type.

VI. SUMMARY

We have proposed a model to understand the overall
file of QP I -V characteristic of intrinsic Josephson junctio
in BSCCO. Using the values ofjk obtained from band struc
ture calculations based on the universal tight-binding para
eters method, the QPI -V characteristics have been calc
lated with no adjustable parameters. It has been pointed
that the angular dependence of the energy gapDk of the
high-Tc superconductors such as Bi2Sr2CaCu2O81d should
be represented as being of sin2nu cos 2f type rather than of
u-independent purely two dimensional cos 2f type. From the
fact that the QP’s are generated by the separation of a

FIG. 11. Normalized quasiparticle~QP! tunneling current-
voltage (I -V) characteristics calculated under the conditions
k-dependent weight and charge (wk ,qk) and ~a! n50, ~b! n50.5,
~c! n51, and~d! n52. Curve~e! is a normalized experimentalI -V
characteristic. Note thatn is the value characterizing the dimensio
ality of the energy gapDk defined in Eq.~19!.
9-9
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~ks,2ks8!, we have proposed that the charge of the
ought to show the angular dependence such asuDku2. From a
comparison of the calculated results with the experime
ones, we have found that~1! the calculations are greatl
improved by introducing thek-dependent QP chargeqk , ~2!
the overall profile of the experimentalI -V characteristic is
fairly well explained by including not only theqk but also
the k-dependent weightw(2lk ,Dk) which is the existing
u
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probability of the CP identified by the energy of2lk ; and
~3! the QPI -V characteristic, calculated by using the ener
gapDk with n52, i.e.,D(T)sin4u cos 2f, excellently repro-
duces the experimentalI -V characteristic in whole voltage
region. We wish to emphasize that the energy gapDk of the
high-Tc superconductors which is the most important qua
tity on the study of the superconductors ought to show
only thef dependence but also theu dependence.
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