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Quasiparticle tunneling current-voltage characteristics of intrinsic Josephson junctions
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A model to understand the overall profile of the quasiparti@®) tunneling current-voltagel {V) charac-
teristic of intrinsic Josephson junctions in high-superconductors such as,Br,CaCyOg, s is presented. It
is mentioned that the angular dependence of the energyAgaould be represented to be of%ificos 2p
type rather than thé-independent purely two dimensional cas @ne. It is shown that the QRV character-
istic calculated on the basis of our model including no empirical parameters well predicts our experiméntal
characteristic, and that the QPV characteristic calculated using=2 is in very good agreement with the
experiment on the whole voltage region.
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[. INTRODUCTION and the CP tunneling is called the zeroth brarighWhenl
reached, if all the N SIS junctions have ideally the same
Since the discovery of superconductivity &35 K in  characteristics, a voltage jump Wfoccurs at the same time
La,_,Ba,CuQ, (LBCO) by Bednorz and Mier! in 1986, over all theN junctions, and hence a net voltage jump\o¥
the study of superconductivity has greatly developed in ordepccurs on thé-V characteristics. Actually, however, thev
to search for superconducting materials with high-transitiorcharacteristics of a SIS junction somewhat differ from those
temperatures: so-called “high: superconductors.” Actu- of the others because of their crystal incompleteness and di-

ally, Wu et al? found YBaCu;0,_ 5 (YBCO) with T,~90 K mension irregularity, so that usually a voltage jump\vofor
in 1987, Maeda etal® discovered BiSKL,CaCyOg., (h€junction with the lowestc occurs on the-V character-

(BSCCO with T,~90 K in 1988, in the same year Sheng istigs. In the voltage _state on tIhe_V curve(notg ling, thel; _
and Hermanh also found TjBa,CaCuOy. 5 (TBCCO) rapidly decreases W|th.decreasmg volta_ge dn‘ference! a_md fi-
with T,~130 K, and recently HgB&a,CuQ; with T,=134 nally reaches zero. 'I_'h|s curve as the flrst branch originates
K wascdiscove}ed bv Schillinet al® The commonc I from QP tunneling with an accompanying ac Josephson os-
ties observed on thgse high—gupérconductors arepthSt all cillation. (3) Thel-V characteristics of superconductors con-

. : ) . structed fromN-SIS junctions exihibitN branches with hys-
the materials have superconducting lay€sg’s) consisting teresis. If we focus thenth branch (:n<N), the net

of CuG, planes, and superconductors such as BSCCO ioltage jump ofnV is observed when;=I¢ for the nth
particular have an inherent structure consisting of altematﬁmction, and thd -V characteristic of thath branch shows
stacks of(SL's) and insulating layefIL's) along thec axis, 3 pehavior similar to that of the first one, i.é5 rapidly

a_md hence they present qnisotropic ch_aracteristics in dire¢ecreases with decreasing thg,. (4) On theNth branch in
tions parallel and perpendicular to thexis. A stack of SL's  \yhjch all the junctions are in the voltage state, both the QP
and IL's, which is formechaturally, makes a series array of ynneling current and the ac Josephson current flow across
superconductor-insulator-superconductdBIS) junctions.  he junctions. It is well known that on the intrinsic Josephson

The SIS junction works well as a Josephson junction when &,nctions(1JJ's) of BSCCO, the current observed at the volt-
weak interaction is established between the superconductl%eNV Iy, is about 20 times larger than that observed at

wave functions of the two SL's. Therefore, it is expected thatpe yoltagenV, 1,,(=1,) where I<n<N.2® In the present

the highT superconductor becomes a good candidate fopaper we focus our attention to only the/ characterisic of
the Josephson device which operates in high-temperature Ry pranch. so that we do not consider wihy, is about 20
gion (>77 K). _ ) Jimes smaller thary,, .

From experiments for the transport properties of layered |, the present paper, we theoretically consider the QP tun-

high-T,, superconductors along theeaxis, it was found that  pejing |-\ characteristic of théNth branch along the-axis

BSCCO, Pb-;ub.stit_uted BSCCO’. TBC.:CO’ and undee_rgope bserved experimentally for the high- superconductors
YBCO make intrinsic Josephson junctiol)) structure: having an 13J structure such as BSCCO and TBCCO. In or-
er to calculate thé&th branch QP tunneling-V character-

The |-V characteristic of superconductors constructed manTﬂ
stic of SIS junctions, usually, the following equation is

of SIS junctions such as BSCCO can be summarized as fol;

lows if the noneqwhpnum effect |s'not taken into accqunt: widely used[hereafter we call this the density of states,
(1) As an external bias current,; increases, a tunneling (DOS), model;*617

currentl increases up to a critical curreht without an ’ ’

occurrence of a voltage difference due to Cooper gaifzs)

tunneling (the dc Josephson effectThis process is revers- (V)= constx fw N(E)N(E—eW! f(E—eV)— f(E)'dE
ible, i.e.,|; decreases with decreasihg; and reaches zero. V) — (EIN( I( V)= f(B)idE,
This I-V line does not originate from quasiparticl&3P’s), (1)
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where f(E) is the Fermi-Dirac distribution function and e-thSL  IL B-thSL
N(E) is the density of states of the QP in the superconductor. Cond.
It should be noted here that in the DOS model the symmetry

of the crystal is taken into account only M(E) sinceE is [A,]
an integral variable. If the energy gap of the supercon-
ductor is independent of the wave numbler i.e., the
s-symmetry energy gap, it is not so bad to calculatelthé || &,
characteristic using the DOS model. However, it is well
known that the energy gap of highs superconductors such P4
as BSCCO and TBCCO hasdgz.,2 symmetry rather than Val. « Cond.
the s symmetry found in metal superconductoilew-T, .GV
superconductoys®~23 Therefore, when thé-V characteris- E,
tic of a SIS junction constructed from superconductors with a
dy2.y2-Symmetry energy gap is calculated using the DOS M Eg
model,N(E) must be represented so as to include the sym-
metry of the energy gap and the crystal. This is usually done
by an averaging treatmett;** Vil

Eyp Y

eV

I,.s& V)

LAyl

LAyl

2m E FIG. 1. Interpretation based on the semiconductor model for the
N(E)= EJO Nn(d’)md‘ﬁ' 2 tunneling process of the quasiparti¢cl@P) specified by the wave
numberk. The ath and 8th superconducting laye(SL’s) with the
where¢ is the angle defined in the polar coordinate, and theenergy differenceV are separated by an insulating lay#r). The
energy gapA(¢)=Aycos2p and the density of states at tunneling of the QP having the wave numbemnccurs when the
Fermi level of normal stathl,( ) in the superconductors are condition eV=2|A,| is satisfied. The absolute valyg,| of the
assumed to have only @ dependence. Even if the2.,2 ~ €nergy gapi is a function of thek and ranges from O to the
symmetry cos @-type energy gap and the density of states maximum valueAma_X defined aseVy/2 using the threshold voltag(_a
calculated and measured as correctly as possible, are adoptéd 0Pserved experimentally. Therefore, it should be emphasized
for the A(¢) and N, (¢), the density of stateBl(E) calcu- that the QE tunnellng occurs even in the .c.aselafvg, because
lated using Eq(2) is an averaged value so that this treatmenth® QP having thi which satisfies the conditioaV=2|A, always
is not so correct. Actually, Tanatet al,*2 Itoh et al,* and ~ &X'SS:
Schlengaet al?* independently calculated the QPV char-
acteristics of BSCCO using the DOS model and found that iso that the model deduced in the present paper is applicable
is possible to explain partly the QRV characteristic of to superconductors whose electronic structures show no elec-
BSCCO but not so easy to explain fairly well the overall tron spin dependence.
profile of the QPI-V characteristic using the DOS model. Let us consider the tunneling current . 4(k,V) of the
The method to avoid this approximative treatment is to doQP specified by the wave numblerfrom the ath SL to the
the calculation by using the wave numbemwhich charac-  gth one on the basis of a semiconductor model shown in Fig.

terizes the Cooper palko,—ko’) instead of the integral by 1. This tunneling occurs whefi) the CP characterized by
E. Here it is noted that we consider a CP with a singlet statgno \wave numbek exists. i.e. vEv= 31— (&/EQ)]#0

so;ha]:[ the spin kStat@T't‘;) IS given by(gT’llt) or (lI’T.)' h where ¢, is the electron energy relative to the Fermi level
S 1ar as we know, there 1S no modet fo expiain the 0Ver'E,:, e~ Eg andE, is the excitation energy of the QP given

all profile of the QPI-V characteristic of BSCCO with no ) . . .
adjustable parameters. The aim of this paper is to present® VékT Ak (2) the QP exists on the level identified by the

model to explain the overall profile of the QPV character- €nergy—E in the valence band{{<0) of theath SL, i.e,

istics of BSCCO. f(—EW#0; (3) the level identified by the energyV—E,
(=\y) in the conduction band&=0) of the pgth SL is

Il. THEORY vacant, i.e.{1—f(\)}#0; and(4) the energy\ is larger

than the absolute value of the energy ga,|. The transi-

A. Model tion probabilityP,, . 5(k) of the QP having a wave numbler

In this section, we formulate the QP tunnelihg/ char-  from the valence band of theth SL to the conduction band
acteristic of a SIS junction constructed by superconductoref the gth SL is given by
with ad,2.,2 symmetry energy gap. In superconductors, QP’s
are generated by the separatiorad®P (ko,—ko”'), so that a
CP makes two QP’s, onkeo and the other-ko'. Here we
assume that the electronic states in the vicinity of the Fermi
level Ex show no electron spin dependence, i.e., there is no
magnetic order. If so, the existing probabilities of electrons
with spin-up and spin-down states become indentical to eacassuming ak-independent tunneling matrix elememnt so
other. We consider electronic states with no magnetic ordethat if we denote the charge of the QP to be transferred as

2
Paep() =7 TPNP=NP N, Q)
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dx, the QP tunneling currerlt, ., 5(V) from the ath SL to
the pth SL (we define the directiomr— 3 as the+z direc-

I (V) =1 aHIB(V) l Bﬂa(v)

tion.) is given as =T 2 U:qukw(_)\kvAk)NQP()\k)
k(k>0,£,=<0)
o p(V)= Lo p(k,V) XON—|[ADF(—EQ{1—f(\)}— 7

k(k,>0,£=<0)

X > Uk UkAW(— Ny, A ) Ngp(hg)
K(k,=0£,=0)

XO(Ne— AN F(E{L— (=N},

=7 v vkf(—E)a{1— (N}
k(k,>0,£¢=<0)

XNPN)O (N [A]), )

where®(x) is a step function defined as

11)

where\ =eV—E,(=|A,|=0).

In Eqg. (12), if we set viv—1, gy—q(const) and
w(—\y,A)—1, we can see under the condition ®f
=|A,| that Eqg.(11), our model reaches Eql), the DOS
model, as follows:

o 1(x=0)

=1 (x<0). ©)
It is clear from Fig. 1 that the tunneling currehj_, (V)
from the Bth SL to theath SL is given by using the tunneling
currentl 5, ,(k,V), which is the current when the QP with
the energy oE, in the conduction band of théth SL trans-
fers to the valence band of the&h SL with the energy of
E,—eV(=—\,), as follows:

I(V)=q7 >

Nop(N) F(—E{1—f(N)}
k(k, =06, <0)

qu(kz>o'§k20) QP( k) ( k){ ( k)}

V= S (12

) L ga(K,V)
(k;<0,£,=0)

Here if Ek(kz>0,§kS0)F(k :%Ek(kZ>O)F(k) and
Ek(kz>0,§k>0)F(k)~—~%Ek(kz>0)F(k) are assumed for an arbi-

o f(E 1-f(—x
vivif(Bdad (=M} trary functionF(k), Eq. (12) is further evaluated as

=7
k(k,<0,,=0)

XNO (=N ) O —|A)- (6)

Here we are considering a crystal with, symmetry, so it is
noted that thezk(kz<0) is equal tOEk(kZ>0) because of the
mirror symmetry on the horizontal plane. Symbolsand c
labeled on the density of states are the characters introduced
to represent the valence and conduction bands within the
framework of the semiconductor model. Using the weight
v vy for the energyr,, which is the existing probability of

the CP identified by the energy af, given by

1 VNE—AZ
207 T N

and the density of states of the QR p(\i) given as

q
)= (2, Nor(ExmeVI{(Ey—eV) ~f(E0)}
=T [” NopE-ewitE-ev-1(E)
X ; S(E—E,)dE

= constf Nop(E)Ngp(E—eV)

)EW()\kiAk): (@)

X{f(E—eV)—f(E)}dE. (13)

This is just equal to Eq(l).

Equation(11) tells us that the essential values on the cal-
culation of the QR -V characteristic ard, q,, and&y. In
the following we consider how these values are given or

No (A )_Nn(EF)|7\k| ®)
P\AK) — ’
Q \/)\E—AE

the valence and the conduction bands can be represented %\éaluated.

follows;
B. Energy gap A,

() _ —w( — _
Na (=M =W(= A, Ak Ngp( = M), The energy gap\, satisfies a following self-consistent

equation called “self-consistent gap equatiéh”

NS (M) ={1=W(hi, A ) FNgp(N). 9
From Eq.(9), it is easily seen that 2 o =
Ak: - _'Ak/tan . (14)
NE(= 00 =NE (N ) =W( Ny, ANgp(A),  (10) < 2B 2k

so that we obtain the net tunneling curré(V) for the QP
I-V characteristic as

Equation(14) tells us that the symmetry of the energy gap
Ay originates from that oV, .. HereV, . is the matrix
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element for the scattering of a CP frofko,—ko') to  resentation of the group, also shows the same symmetry.
(k'o,—k'c"), and is defined by using a scattering potentialThere are someaalg(D4h) basis functions such as 22, and

V(r) as x2+y?. Since the energy gap must not be permanently zero
at #=m/2, i.e.,k,=0, in the present paper we adopt thé (
Vk,k’Ef e~k rv(r)elkrdr. (15) +y?)"-type function as the basis functiaplalg(D4h). That
is, the energy gap, used in the present paper is given as
In the following, therefore, we consider how thg . is
evaluated for the high- superconductors such as the A=Ak, T)sir?"6 cos 2p=A(T)sir*"g cos 24, (19
BSCCO.
CP's exist in a SL consisting of CyOplanes and the wheren=0 andA(T) as a function of the temperatufieis
electronic states near the Fermi level are made from thene value ofA (k,T) at the Fermi wave numbdér=kg, andé

pdo-state constructed by the coppet,3,2 and oxygen p,  and ¢ are angles defined in the polar coordinate.
orbitals (which is clarified by the band-structure calculation

carried out in the present papefherefore, it is sure that the
scattering potentiaV(r) has a site symmeti,, . If so, the
potentialV(r) can be approximated as As already noted, QP’s are generated by the separation of
a CP. Hence it is reasonable to suppose that a QP holds the
_ meas 0,2 4,5 symmetry of the CP irk space. Thek-dependence of the
V(r)—Z % o1m(NY I =v0d N YVo(r) + 0441 Ya(h), charge of the CP is given by the square of Kadependent
(16) order parametet), , and the symmetry of the order param-
eter is the same as that of the energy gap Therefore, the
charge of the QR should be proportional to the square of
the energy gapA,|?, that is,q, should be given as

C. Charge of quasiparticle gy

wheref denotes the angular variablésand ¢ of the vector
r, and Y|'(f) is the spherical harmonics in @al base

V() is of course\(1/47) and YV5(F) is given by
. 1 . .
Va(n= \[E{Yz‘mw;“(r)}

_( 3\/3—5> (x“—6x2y2+y4
8\am 4

ax=qsir*"0 cog2¢. (20)

Equation(20) tells us that for a givem, i.e., for a giverk,,

the the value of the QP charge which contributes to the tun-
, (17)  neling current reaches a maximum wher=nm/2, and be-
comes zero whew=(n+ 3) 7. This is true because the ex-
isting probability of the CP reaches a maximum when the

myas . o
}Nhefl?Y' () is thc? spherlcr?l harmqnlcs complex b?s:ln wave numbek characterizing the CP satisfies the condition
ow-T, superconductors, the most important part of the scatz b=nm/2, and becomes zero when satisfies 4= (n

tering potential is the spherical paf UAm)vo(r). This + )7
fact has made a foundation of the BCS theory in which the *’ "

energy gap of the superconductor is given by the value with

no-wavenumber dependence, i.e. ssymmetry energy gap. D. Value of &

As already stated, higlic superconductors such as a  As already noteds is defined bye,—Eg . k is the wave
BSCCO are, however, not bulk superconductors but supehiymber characterizing the CP, so thgtgiving an electron
conductors with a series array of many SIS junctions congnergy should be evaluated for the crystal constructed from
structed from thin superconducting layefer example, the  only SL because there are no CP’s in the IL. In Sec. Ill, it is
width of the SL is only about 3 A in the case of BSCLO described how the band structure calculation is carried out
Therefore, it is expected that the spherical part of the scafpr BSCCO consisting of periodic SLs.

tering potential is very small as compared with the non-

spherical parts. It is easy to show that the nonspherical part

v4,4r)V4(F) makes ay3(k) symmetry, i.e.dyz 2 Ssymme-

r

IIl. BAND-STRUCTURE CALCULATION

try, as thek dependence of the energy gag. From the The SL in BSCCO consists of three atomic layers, lower-
above, it could be sure that the energy dgpcan be repre- Cu0,, Ca, and upper-CuQatomic layers, as shown in Fig.
sented as 2. The distance between the lower-Guéhd Ca atomic lay-

. ers is the same as that between the Ca and uppegCuO

A= y(K)V5(k). (18)  atomic layers, and the attractive interaction between the cal-

R cium atom and eight oxygen aton®ur oxygens are from
As the energy gap having ®3(k)-type symmetry, the the lower CuQ plane and the others the upper paets as a
simplest cos 2[=(x*—y?)/(x*+y?)=¢(¢)] type is usually binding force to form the SL in BSCCO. Therefore, the in-
adopted for the energy gap of the high-superconductors teraction between the calcium and oxygen atoms must be
such as BSCCO. This is not wrong, but it should be notedaken into account in the band-structure calculation. In addi-
that a function generated by the product of the functigep) tion to the Ca-O interactions one should also consider the
and the basis functiorpalg(D4h) of thea,q irreducible rep- first-neighbor interactions of the Cu-O intra layer and the
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r—C—9 L

2
Nl iV
] v
2nlc, N
K
w| U< >
z v
x - k,
Y
Co — 2nla,
Upper CuO, plage i/ 2nla, >
j O——# k,
‘/@ '/Q> d FIG. 3. The first Brillouin zongBZ) used in the present band
O ) L structure calculation. Six special poinifs X, M, Z, R, andA and
/. (‘, ~ /. nine special lineg\, 3, Y, U, S T, A, W, andV are also shown.
)
0 considerations, the sum Wy of an arbitrary functionF (k)
v O having theD,, symmetry and the no electron-spin depen-
a, Cu dence, 2'F(k), can be evaluated asS¢'gp, (K)F(K),
Lower CuO, plane where 2 is the degeneracy for the electron-spin and the

o, (k) is the number of stars of the wavenumietabu-

lated in Table I. Therefore, the total density of statgdE)
and the partial density of stat@q‘_”)(E) for the L orbital of

FIG. 2. Unit cell of a crystal consisting of only the periodic
superconducting layer$SL's) extracted from BiSr,CaCyOg, 5

(BSCCO. p-atom are calculated as

Cu-Cu and O-O interlayers. This is done here by adopting a’

the band-structure calculation based on the tight-binding N(E)=22, dp. (K)S(E—e}) (22)
(TB) method. In the TB method, generally, interactions be- k 4n

tween distant atoms such as second- and tHade so on
nearest-neighbor atoms extthowever it is possible to ob-
tain the TB parameters optimized for only the dominant in- a’
teractions which are usually the first-nearest-neighbor inter- (W)= — ()1 (2 _
actions. Harrison proposed optimal parameters called DI™(E) 2; |ur (k)] gD4h(k)5(E & (22
“universal parameters” which lead the fundamental interac- _ o _
tions between atomic orbitals such apo, ppo, pdm  Whereu(*)(k) is the coefficient in the expansion of the total
bonds, et&’ In the present paper, therefore, the band strucwave fuction®,(r) by the Bloch functionsy{*)(k,r); that
ture of the crystal consisting of periodic SLs is calculated byis, W(r) is represented as
using the universal tight-binding parameter$&JTBP)
method.
. . Y (r)= ul (k) x ¥ (k,r). 23
In general, &, 4s, and 4 atomic orbitals of Cug{S?, k(1) % 2 U k) X (ko) (23)
(€ and ¢, 2s, and 2 ones orbitals of O, and

2221%), and d;"’is (,)rbit,al Ca,iaga) should be adog:;ij as the The calculations of the densities of states are carried out on
basis functions which comprise the Bloch states. HoweverIhe ba3|s_nofEthe( lr?)ar?]ni; r;:rét(;c;]r;ed '?r?ﬁvt%ehr%vgter\'/cetgghaeresgm
we are now focussing our attention to the electronic stategk(!?o) n EQ. st within 1 !
near the Fermi level. In this case, it is enough to use thélefined byk,>0, so in this case the sum is evaluated as
atomic orbitalsg$g?, ¢5, and ¢{S? in the UTBP band
structure calculation for BSCCO. The self-energies of these ABLE I. The number of stargp (k) of the wave numbek
orbitals are calculated by using the self-consistent-fieldith Dan symmetry. Note that the value @, (k) is 16 for k
(SCPH atomic structure calculations based on the Hermaryithin the reduced zon&" surrounded by six special points X,
and Skillman prescriptiozﬁ using the Schwarz exchange cor- M, Z, R, andA, and is 8 fork on the five surfaces which comprise
relation parameters. the reduced zone.

The first Brillouin zone with the volumé) used in the
present band-structure calculation is shown in Fig. 3 together I'\M.Z,A xR AL YUSTW AV
with the reduced zone surrounded by six special pdints, 9o,,(K) 1 2 4 2
M, Z, R, andA with the volume)’'(=€/16). From symmetry

and
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2

T 7130 well known that such a behavior is observed iV charac-
A teristics of mesas with large number of 13%snd that it is

[ m 7 attributed to the nonequilibrium effect. The model presented
7, L in this paper, however, does not include the nonequilibrium
v (mv) effect because it is hard to take into account it correctly.
Moreover, in experiments it is difficult to distinguish equi-
librium from nonequilibrium effects. For these reasons, the
experimental data to be compared with our model must be
obtained in equilibrium condition. To this purpose, we have
selected a BSCCO sample with six 1JJ’s, where it is expected

(mA)
S
III

200

Current I
dI/dv (mS)

PP, LY.\

~200 =200 %50 700" ° that the nonequilibrium effect is negligible.
Voltage V (mV) The critical current; of 13J’s in this mesa ranges from 30
to 38 uA, which corresponds to the critical current density
FIG. 4. Typicall-V characteristics of a mesa with an area Och of 750—950 A/crA. The characteristic voltag¥/.., de-

4 um? at 4.2 K. The inset shows tHeV characteristic in enlarged fined as the voltage jump at the critical current, was
scale. This mesa contains six 1JJ's. The differential conductivity~32 mV. This value is much smaller than gap volta'g@
dl/dV is also shown as a function &f ; :
=2A/e due to smalll. and large leak current in contrast
with a stack of conventional Josephson junctions made from

Q Q'
S Fl= S Fk=2 3 90,,(K) F(K) BCS superconductors in whict is equal or close td/.
k(k>0) ( _k(kz>0) (k)= k(k>0) 2 (k), On a large current bias, a clear gap structure without nega-

(24)  tive resistance, confirming that interlayer transport occurs via
tunneling process, appears as shown in Fig. 4. Moreover, the

where we note that the fraction which appears in the final-V characteristic becomes linear at larger voltages, so that

term is caused by the restricted sum defineckpy 0. we can define the normal resistariRgof 61() per one junc-
tion for this mesa. From th@l/dV—V curve shown in Fig.
IV. EXPERIMENTS 4, the sum-gap vc?ltagjlsivg was estimated to be 317 mV. As
a result, we obtain an energy gap ok 253 meV. Due to
A. Samples and measurement the improvement of the overheating problem by decreasing

Measurements of thé-V characteristics of 1JJ’s have mesa area, this value is larger than that reported in early
been performed with mesa structures patterned on BSCCexperiment¥*2in 1JJ’s but is in good agreement with that
single crystals. The BSCCO single crystals were grown by @btained previously in surface tunneling experiméntin
self-flux technique, details of which were described else-addition, our experiments showed a good reproducibility.
where? Their critical temperatur&, were 80—85 K. In order Therefore, we belive that the quasipartiti/ characteristic
to avoid the heating effect and to study inherent tunnelingshown in Fig. 4 is a reflection of the inherent properties of
property in 13J's, small mesas with area of 1, 4, and2%°  13J’s. From the experiments more than 30 mesas, we found
and with heights of 2-30 nm were fabricated on top ofthat(1) the value of 2 is 50—60 meV, and2) their normal-
BSCCO single crystals using electron-beam lithography ang,eq quasiparticlé-V characteristics have no sizable differ-
Ar-ion milling.** The top contacts on the mesa and leadsepces, Here the normalization has been done g/ for
were provided by a gold film. The-V characteristics along ¢ voltage and by &/(eR,) for the current, so that the

the c axis of the mesa were measured at liquid-helium temy, 1641 v/ characteristic corresponds to that for a single
perature(4.2 K) by a three-terminal method. In a three- &mction

terminal configuration, the voltage comes from the mesa an The normalized -V characteristic of an 13J is shown in

the contact resistance between the measurements(Aegd Fig. 5a), together with the calculatddV characteristicgb)

and BSCCO single crystal. For data evaluation below, there- ) . :
fore, the contact resistance has been subtracted. and (c) by using traditional DOS model given by E).
Here note that the Fig.(B) was obtained by using the

¢-independent constant value B (¢) defined in Eq.(2)
and the Fig. &) was obtained by using-dependenN,(¢)

The inset of Fig. 4 shows a typicaV characteristic at such as # acos 45! with an adjustable parameter=0.8.
small current bias of a mesa with an area ofu#®. The  Clearly, the experimental curve is found to be in good agree-
height of the mesa is about 10 nm, which is extrapolatednent with the curve Fig. ®) rather than the Fig.(). This
from the etching rate. Thé-V characteristic exhibits mul- result suggests that the quasiparticle tunneling in 13J’s is
tiple QP branches with large hysteresis due to the Josephsanuch angle dependent rather than that in the sirdpleave
and quasiparticle tunneling. From the number of branched)OS model. However, we must note that the above
one can easily estimate that this mesa consists of six 1JJ's)-dependenN, (¢) is a phenomenological expression. Thus
which is in fairly good agreement with the expected onefor an exact analysis of our data we have to use the present
from the mesa height. Here it should be noted that the six QPodel, which gives the quasiparticle tunneling current taking
branches do not show a negative resistance behavior. It igto accout the crystal symmetry.

B. Tunneling property of 13J's
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1.5

tively. On the present band structure calculations based on
the UTBP method, values of 3.817, 15.3, and 3.4 A were
used as those of the lattice constaagsandc, and the in-
terlayer distance, between upper and lower Cy@ayers3?
and values 0f~10.70,—11.28, and—4.68 eV were used as
those of the self-energies @i, 45 and ¢4 atomic
orbitals which were obtained from the SCF atomic structure
calculations. Figure 6 shows that the DQI$E) consists of
a valence band located below cire&/.5 eV and a conduc-
tion band located around 2.5 eV, and that the valence band
is mainly constructed fromp$3" and ¢%) atomic orbitals
and almost all the conduction band is made fref1® one.
The BCS theory tells us thal; is correlated with the

0 0.5 1 1.5 density of states at the Fermi lev&l(Er), as follows:
Normalized voltage g

Normalized current p

kgT.=1.1 ~INoN(E), 2
FIG. 5. Normalizedl-V characteristic along the axis of a Ble Hrwpe 29

Bi,Sr,CaCy0s., 5 (BSCCO single crystal obtained from theV |t is not correct to apply all the predictions deduced from the
characte_ristic measurement at liquid-helium temperature for thggcg theory into the higf-, superconductor, but it could not
mesa with an area of 4m” (a). (b) and (), calculated from @  pe \wrong to suppose that the highest critical temperature is
traditional DOS modgl, are also_ shown_for the comparison, wherg,piained when theN(Eg) has the largest value. In the
(b) and (c) were obtained by using thé-independent and depen- ,resent paper, therefore, we adopt the energy position indi-
dentNn(¢)’s. cated by an arrow in Fig. 6 as the Fermi le#&, in which
N(Eg) has the maximum value. The justification to use this
energy position as th&g is presented as follows; On the
A. Electronic structures Bi,Sr,CaCyOg, 5 (BSCCQ, it is well known that the hole
The DOS(states/eV superconducting layealculated for  d0PiNg plays an essential role to genarate the superconduct-
a crystal consisting of periodic SL's extracted from theiNd state and that the superconducting state of the BSCOO
Bi,Sr,CaCuy0; . 5 with 5=0, i.e., no hole doping BSCCO, is With Tc—90(K) appears when the value af is around
shown in Fig. 6a), together with the partial densities of 0.24(/unit cell). .The value of6characten;es the amount of
state¢PDOS'S (states/eV atoirfor the Cu 3, O 2p and Ca  ©*XYgen dopant into the BBr,CaCyOg unit cell. If a SL

4s atomic orbitals drawn in Figs.(B), 6(c), and &d), respec- captures the doped oxygens, this process makes the change
of symmetry of the SL. Then, it could be natural to suppose

70 ‘ , ‘ , , , , that the IL rather than the SL accepts the doped oxygens. If
the 6 numbers of oxygen are captured by the Il5,édectrons
must transfer from the SL to the IL because the oxygen in the

V. RESULTS AND DISCUSSION

60 ¢ IL should be ionized as &. This charge transfer leads the
change of the ionicity of oxygens in the SL. There are four
50 | | oxygens(/unit cell) in the SL, so that the respective oxygen

must release &4 electrons on the charge transfer process.
That is, if we denote the ionicity of oxygen in the SL as
—q(g>0), i.e., 09 we can see that a relation

/\ €Y S

30 M q=2 5 (26)
®
20 } ML”" is deduced betwee#i andq, and thatg must be given so as
A

40

Density of states

to satisfy the following relation;

FDO(E)dE= 4+ 2
DRE) q, (27)

s AN @
4 2

-6 -14 -12 -10 -8 -6 -
Energy(eV) from the vacuum level

0 where DY)(E) is the partial density of state$PDOS
(states/eV atomfor the oxygen ® orbital in the SL. The
FIG. 6. Density of stateYDOS) (states/eV superconducting PDOS is the projected value of the total density of states into
layed (a) and partial densities of stat¢BDOS'Y (states/eVatom  an orbital to be considered, so, exactly speakind;(E)
calculated for(b) Cu 3d, (c) O 2p, and(d) Ca 4s atomic orbitals. must be deduced from the band-structure calculations includ-
The arrow drawn in(a) shows the energy position of the Fermi ing not only SL's but also IL’'s. We are now interested in the

level Eg . value of ¢, as a function of the wave numblkrcharacteriz-
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1t 1 02+
(b)
05 ] ®
e e NROTC IO
-85 -84 -83 -82 81 -8 -79 -78 -77 -76 -85 -84 83 -82 -81 -8 -79 -78 -1.7 -76
Energy(eV) from the vacuum level Energy(eV) from the vacuum level

FIG. 7. Density of stateqDOS) (states/eV superconducting FIG. 8. Partial densities of statéBDOS'y (states/eV atomnfor
layen (a) and partial densities of statéBDOS’9 (states/eV atoin  (a) 3d, (b) 3dyy, () 3dy,, (d) 3d,4, (€) 3dy2.y2, and (f) 3dg,2.,2
of (b) Cu 3d and(c) O 2p orbitals near the Fermi levét; indi- orbitals of a Cu atom near the Fermi le\®l indicated by an arrow.
cated by an arrow ira).

order to see how the change of the dimensionality of the

ing a CP, so that the band-structure calculations carried out ianergy gap influences into the QPV characteristic. In all
the present paper do not include the IL's. Therefore, thdéhe calculations presented in this section, the values of 53
value of q evaluated from Eq(27) could somewhat differ meV and 4.2 K were used as those ¢ART)|[=eV,,(T)]
from the value of~1.88 with §~0.24. The value ofj cal- and the sample temperatufe
culated by usind=g represented in Fig. 6 was 1.845.

We are now interested in the electronic states rigar 1. Case ofA, with n=0
consisting of the Cu @ and O 2 atomic orbitals.N(E), The normalized QR-V characteristic witm=0, calcu-
D{3Y(E), andDS)(E) nearEg are shown in Figs.(@), 7(b)  lated by using the values of, obtained from the band-
and 7c), and in order to see the nature of h&5Y(E) and
DS)(E) more explicitly, DG (E), D(C“)(E) D(C“)(E) 08
D(C“)(E) DLG) .(E) andDL3Y, (E) are shown in Figs.
8(a), 8(b) 8(c), 8(d) 8(e) and §f), "and DSJ(E), DS(E),
D(Op;(E), andD$))(E) are shown in Figs. @), 9(b), 9(c),
and 9d). Here we note that the oxygen adopted in Fig. 9
makes a Cu-O-Cu chain along the direction, so that

DI(E) andD(O)(E) must replace each other when the oxy-
gen in the Cu- O Cu chain oriented to thedirection is
adopted. Figures 8 and 9 show tiE" (E) is mainly con-
structed from the Cu @.,2 orbital andD{)(E) is made
from the 2p,, one, where the @2, orbital is a 2,y orbital of

oxygen in the Cu-O-Cu chain oriented in tkgy) direction.
Therefore, we conclude that almost all electronic states nea

Density of states

the Fermi level are made by thedo-state caused by Cu
. ) 0.1t
3d,2.,2 and O 2, atomic orbitals. ®)
e © .
B. QP |-V characteristic 85 -84 -83 82 -81 -8 .79 78 -17 -716

. . Energy(eV) from the vacuum level
In this section, we present the calculated results of the QF

|-V characteristic and compare those with the experimental F|G. 9. Partial densities of statéBDOS’Y (states/eV atomfor
results. First we present the results obtained by using they 2p, (b) 2p,, (c) 2p,, and(d) 2p, orbitals of an O atom near the
energy gapA, with n=0, i.e., a purely two-dimensional Fermi levelE indicated by an arrow. Note that the oxygen adopted
cos 2p-type enegy gap. Next we present those withO in  here is an oxygen in the Cu-O-Cu chain oriented inytikrection.
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2 2

Normalized current p
N ‘\
Normalized current p

o Ll oLl
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Normalized voltage g Normalized voltage g

FIG. 10. Normalized quasiparticléQP) tunneling current- FIG. 11. Normalized quasiparticléQP) tunneling current-
voltage (-V) characteristics calculated under the conditiongapf ~ voltage (-V) characteristics calculated under the conditions of
k-dependent weightv, and chargeq, denoted asw,,q,), ()  K-dependent weight and charge(,q,) and(a n=0, (b) n=0.5,
k-independent weight and charge denoted asq)(1,(c) (0) n=1, and(d) n=2. Curve(e) is a normalized experimenttV
k-independent weight ank-dependent chargg, (1,q,) and (d) characteristic. Note thatis the value characterizing the dimension-
k-dependent weightv, and k-independent chargen,q). Curve  ality of the energy gap defined in Eq(19).

(e) is an experimental-V characteristic to be compared with the

calculated ones. Note that the normalized voltggand currentp 2. Case ofA with n#0
have been defined a¥/V and 2(g)/1(g=2), where eV, Here we consider the effect of the dimensionality of the
=2|A(T)|. energy gap into the QP-V characteristic. The condition

(wy,qi) gives the best result, so that all the calculations
structure calculation, is shown in Fig. () Here the nor- presented here_ are carried out under the condition of
malization has been done so that the voltdge represented K-dependent weight and charge.
by the normalized voltagg(T) defined by/V(T) and the We have tentatlvely_ selected the values_of_0.5, 1,and 2 as
normalized currenp calculated on the normalized voltage those ofn. The n.o.rmahzed QMP-V characteristics calculatgd
with the value of 2 is equal to 2. In addition to a curve Under the conditions ofi=0, 0.5, 1 and 2 are shown in
shown in Fig. 108) calculated under the condition of Figs. 11a), 11(b), 11(c), and 11d) together with the experi-

: : tal curve shown in Fig. 14). The effect ofn is not so
k-dependent weightv(—\,,A,) defined by Eq.(7) and men i
chargeq, defined by Eq(20) denoted asw, ,qy), the curves large, but appears arround the _normallzed vollggd. The
”» effect due to the increasing of is that the gradientip/dg
calculated under the conditions of 1, (1,q,) and (w,,q) da=1 of th lized — o1 ()l
hown in Figs. 10), 10(c), and 1Qd), respectively, to- arround g=1 of the normalized currenp(=21(g) _(g_
arehs th th Co H\} h L h "F' =2)) decreases and the calculated QN characteristic
gether with the experimentalV ¢ arac_terlgnc Snown in Fig. gradually reaches the experiment. From Fig. 11, we can see
10(e). Here note that a curve shown in Fig.(lkpcalculated

. - that curve(d) usingn=2 is in very good agreement with our
by our model corresponds to theV characteristic shown in gy herimental curvée). Therefore, if we take into account the

Fig. S(b) calculated by using a traditional DOS model. The experimental errors, it may be reasonable to suppose that the
reason why the curvéb) in Fig. 10 and the curvéb) in Fig. angular dependence of the energy dapshould be given as

5 do not coincide with each other perfectly could be causeqey(ﬁ) dependent such as &M cos 26 with n~ 2 rather than
by the fact that the DOS model cannot take into account th?ne ¢-independent purely two dimensional cas8/pe.
symmetry of the crystal and the energy gap correctly because

of the integral byE, as already stated. Figure 10 clearly
shows that curvegb) and(d) in which ak-independent QP
charge has been adopted, are far from the experimental curve We have proposed a model to understand the overall pro-
(e). Both the curvega) and(c) using theq, seem to predict file of QP1-V characteristic of intrinsic Josephson junctions
the experimental curvée) fairly well. However it is found in BSCCO. Using the values @, obtained from band struc-
that the deviation at the high voltage regiogX1) of the ture calculations based on the universal tight-binding param-
curve (c) using thek-independent weight from the experi- eters method, the QRV characteristics have been calcu-
ment is larger than that of the curvés) using the lated with no adjustable parameters. It has been pointed out
k-dependent weighty, . Therefore, we can conclude that the that the angular dependence of the energy dapof the

QP |-V characteristic calculated under the condition ofhigh-T. superconductors such as,Bi,CaCyOg, 5 should

(wy ,qy) gives the best result. Figure 10 shows that the curvése represented as being of 3ificos 2p type rather than of

(a) underestimates the experimental cuge This point will  g-independent purely two dimensional cas &pe. From the

be clarified in the next subsection. fact that the QP’s are generated by the separation of a CP

VI. SUMMARY
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(ko,—ko’), we have proposed that the charge of the QFprobability of the CP identified by the energy ef\,; and
ought to show the angular dependence sudigg. From a (3) the QPI-V characteristic, calculated by using the energy
comparison of the calculated results with the experimentajap A, with n=2, i.e., A(T)sin*6cos 2p, excellently repro-
ones, we have found thdll) the calculations are greatly duces the experiment&tV characteristic in whole voltage
improved by introducing th&-dependent QP chargg, (2)  region. We wish to emphasize that the energy gamf the

the overall profile of the experiment&dV characteristic is  high-T. superconductors which is the most important quan-
fairly well explained by including not only the, but also tity on the study of the superconductors ought to show not
the k-dependent weightv(— X\, ,A,) which is the existing only the ¢ dependence but also tifedependence.
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