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Model for c-axis resistivity of cuprate superconductors
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On the basis of the structural features and correlation effects that exist in the cuprate systems it has been
argued that the Cu®,2_,2 orbitals are reasonably well suited for the transport alongthagis. On the same
ground it has also been argued that the band of the out-of-plane states that involves tthigCp 8rbitals
lies higher than the occupied in-plane states by an amain) that decreases with the carrier density €0
as to vanish beyond a certain critical concentratign Phenomenological arguments are used to obtain
expressions fop, within the Boltzmann framework for alh. Whenn<n,, p. shows a semiconducting
behavior forT<W and a metallic behavior fof >W. Forn>ny it turns out thatp.. is metallic for allT. The
observed temperature dependence Of explained reasonably by the present model for a number of samples
of La, ,SrCuQ,, YBa,CuwO;_y, and BpSK_,La,CuQ, with different dopings. The values &(n) esti-
mated for these samples support one of the main features of our model that th¥(gamecreases with
increasingn. [S0163-182¢08)08909-1

. INTRODUCTION sideration is based on the hybridized Cd,3 ,2-O 2p,,
orbitals?°=3|n cuprate systems there are Cds3_,2 orbit-
The behavior of the-direction resistivity p.(T)] of the  als also for which the electronic charge distribution is di-
high-temperature cuprate superconductors is in generggcted for the most part normal to the plaiie? Therefore
qualitatively different from that of tha@b-plane resistivity o, transport along the axis the Cu 83,2_,2 orbitals appear
[pan(T)] of these materiafs™® The main difference lies in {5 he more suitable than the orbitals Cd,3_,2 and O Dy
the appearance of a semiconducting behavior dp ot jie in theab plane. In order to clarify this point, let, be
(dp.C/dT<o) below a certain temperature in the low and . quantum-mechanically-averaged extension of thepQ, 2
optimally doped systems while,, continues to show metal- orbital andr, that of the Cu 85,2_,2 orbital along the near-

H : > _1,4,11,12,14,15 ) W ) - X
lf'gr:ﬁ::m_?r d((ejg gzltdde-[]ceot)qf andp pr?e:g:tssg;\gﬂgngifng est apical oxygen orbital O . Then the overlap matrix
¢ ab ﬁlement between the Op2, orbitals of neighboring planes

problem. In the literature, a number of attempts have beeri. . . odir

made to explain this difference in behavior @f(T) from will be .phenomenolog|cally pro.po.rtlonal @, =e ' )

pap(T).22-% The main models that have been proposed b)yvhered is interlayer separation. Similarly the overlap matrix
ab(T).

different authors are based on assumptions of Boltzmanfl€ment between the Cudg.2_ 2 orb|2t3Is of the neighboring
theory of three-dimensional anisotropic systéiié? dy-  Planes will be proportional tg,e”““"2. This means that
namical dephasing superconducting fluctuatioR$,static ~ P2/P1 Will be >R whereR=r,r,/(r,—r;). Very recently,
and dynamic interlayer disord&t suppression of interlayer Nakamuraet al'® have studied the variation @f; with d in
tunneling due to in-plane inelastic scatterfigesonant va- the La gss5l146CUO, System under hydrostatic pressure
lence bond(RVB) approact, ?° marginal Fermi liquid upto 7.3 GPa. From their study we find that the hopping
(MFL) concept® incoherent hopping between Luttinger parameter along axis varies likee 2%An with A,=0.5 A.
liquids %2 tunneling through localized impurity centets, Since this value of\ , is based on experimental observations,
joint effect of in-plane dephasing and-axis “barrier” A, may be treated as a certain kind of average;cindr .
scattering’* coherent motion of polarons, and effect of When this is so, we may takg<A,, andr,>A,. Thus,
electron-phonon and strong anharmonic interactiéihiese r,;<0.5A. Since the Cu 8,,2_,2 orbital is directed along
assumptions are in general considerably different from eacthe ¢ axis, we expect, to be significantly larger than,.
other, and we are still far from the realization of a clearHowever, even if , is 10% larger tham,, e*¥R>10?. This
picture of the origin ofp.. It appears that some crucial fac- means hopping along the direction will be negligible via
tors that may be central to tleedirection transport in cuprate the O 2o, , orbitals as compared to that via the Cdg2 2
superconductors are not captured in the existing models. Urerbitals. This viewpoint is supported by several experimental
der such circumstances it is useful to attempt a phenomen@bservation$4® also. Using polarization-dependent
logical method for the-axis transport based on our knowl- Ls-absorption measurements on the, Lgsr,CuQ, system,
edge of the Cu 8 and O D orbitals that are involved in the Chenet al** have found that the number of doping induced
charge transport. apical O 2, holes increases witk after x~0.10. Combin-

In the existing theories af-axis resistivity the main con- ing this result with the fact that the Qp2 orbital can hybrid-
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ize significantly with the Cu 83,2_,2 orbital only3’ we may The Hamiltonian of Eq(1) describes the main features of
say that the Cu 8;,2_,2 orbitals are involved in the hopping the basic units of a cuprate system. In this regard it may be
along ¢ axis. A similar conclusion is drawn by Srivastava noted that we have not considered the @, 2rbital. While
etal®® on the basis of the polarization-dependentinclusion of this orbital is required for a quantitative under-
L;-absorption measurements on the TI2212 systems. Undetanding of the state, there will be no effect of this simplifi-
these circumstances, it is plausible to assume that the intecation on the main features of our model.
planar motion of electrons in cuprate systems occurs via the With an approximate diagonalization &f in Eq. (1), we
Cu 3d;,2_,2 and apical O P, orbitals, and that the O,  obtain two sets of states. The first consists of primarily the
orbitals take no part in the interplanar hopping process. Thaybridized Cu &,2_2-O 2p, and Cu 33,2_,2-O 2p, orbit-
aim of the present article is to develop phenomenologically als. We call this set of states “in-plane” states. The other set
model on these lines and study its outcome for ¢haxis of states described by comprises the hybridized Cu
resistivity. 3ds,2_,2-O 2p, orbitals. We call this set of states “out-of-
plane” states. The out-of-plane states are involved in a mo-
tion of the hole along the axis.

Now we present an approximate eigenvaludofeq. 1.

For this purpose we employ the Green’s function technique.
A. Elucidation of the essential points using a Cu@ cluster For specificity, we evaluate the Green's function
In order to see how the in-plane and out-of-plane state&(d21 A3 corresponding to the motion of gnspin in the

arise in a cuprate systems we consider a three-atom clustégz2-r2 State with an energy. Without loss of generality we
CuO,. One of the atoms of this cluster is a Cu atom having™aY taket,;=0 in Eq.(1). The neglect of the hybridization
3d,_ 2 and A2 2 orbitals of energiesy; and ey, re- of the O 2p, and Cu 313Zz,rz orbitals in Eq.(l) is not going
spectively. The second atom is an oxygen atom with thdo affect the essential aspects of our picture. In fact, with
orbital 2p, of energye,, . This atom lies in theb plane at tXZ=O_We are gble to obtam the energy Iev<_a|s of_the c_Iuster
a distance of/2 from the Cu atom whera is the shortest CUQ: in analytical form. This Green’s function will satisfy
Cu-Cu distance in the plane. The @ 2orbital hybridizes the equation of moticH

Il. FEATURES OF THE IN-PLANE AND OUT-OF-PLANE
STATES

with the Cu 3,22 orbitals witht, as the overlap matrix it + ot
element. At the same time the Qv 2orbital hybridizes with ({21 :d2))0=([d21 ,dz¢ ]+ )+ (([dz; K] d21)) @
the Cu 3l3,2_,2 orbital also witht,, as the overlap matrix

element. The third atom is also an oxygen atom but it lieHere[-- ,---] denotes a commutator, whife-- ,---], de-

along thec axis with the orbital p, of energye,,. This  notes an anticommutator. The commutdtds, ,K] is given
orbital hybridizes with the Cu &;,2_,2 orbital witht, as the by
overlap matrix element. The Hamiltonian corresponding to

this three-atom cluster is
[dZTlK]:6d2d2T+thZT+Un21d2T+U, E nl’srdZT.

s'=1,]
©)
K= [€g10).dis+ €q.dbdost €, Pl Pyt €0 P)
s 01615615 €0, 02025 €p,PxsPrs™ €p PacPes This shows that we need to consider the Green's functions
.t aqt .t
+ b d]gPyst Plsdl1s) + t dhgpost Lz Wbz iz, (N2idar )21, ANAUNLe a1 ), fOr

working out the second term in the right-hand side of 4.
Following again the method of ZubarBwve obtain

+txz(d]2Lspxs+ plstS)] + U,zz niTniL + + T
e o{(Pz13d21)) 0 ={[Pz ,d2;]+) +{({[Pz ,K]:d21)) 0

, (4)
+U Z N1gNys: - (1) . .
8.8 w((nz da;;d31)) o =([N2,d2;,d314)
Heres denotes the electron spit andd are creation and +(([nz,dy; ,K];d%))w (5

annihilation operators of the hole corresponding to the Cu
3d,2_y2 orbital. di and d, are creation and annihilation and
operators of the hole corresponding to the Qg 3_,2 or- ot _ +
. . et e n,d ,d w=LN1g ,
bital. p. and ps are creation and annihilation operators of (M1 dzd20))0 =[Ny day A2 )
the hole corresponding to the porbital, andpl andp, +(([n15dyy KI;d3 )Y, (6)
are creation and annihilation operators of the hole corre- . . .
sponding to the O @, orbital. nic=dl.d,. is the number op- '€ commutators involved in Eq&l)—(6) are given by
erator corresponding to the={x?>—y?, 3z22—r?} orbitals
and spins. U is the on-site Coulomb repulsion when two
holes are either in the Cudg._,2 or in the Cu 33,22
orbitals.U’ is the Coulomb interaction when one hole is in
the Cu 3l,2_,2 orbital, while the other is in the Cud3,2_,2
orbital. U'=U—-Uy, whereU, is the energy responsible +U’2 N1gNy dyy (8)
for Hund’s rule. s’

[pzT K]= szpzT+tzd2T ) (7)

[Nz,da; ,K]=€g Nz day+1t02 Pyy+UN, dyy
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and Here K, corresponds t&k when (n,)=1, (n;;)=0, and
(nps)=1, while K’ corresponds to the interaction between
[Nysda; K= €g,n15021 + 1,01 5Pz +UNy Ny dyy doped holes only. The expression ¢fdy; ;d3;)),, corre-
, sponding toK, may be obtained from Eq$2)—(15). It is
+U'Nyo(14n; gdy). (9) 0
w— €

On the basis of Egs.(7)—-(9) it is seen that the <<d21;dZT>>w: Pz (17

following new Green’s functions are required in the (0= )(w—wy-)

right-hand sides of Eqgs(4) to (6): ((ny ps ;d£T>)w, where
<<n2¢pz¢id£¢>>wa <<n11pZT;d£T>>w! and((nlleT;d;T»w. ) 5
Out of these we consider equations of motion of only w2t=5[(ed2+u’+epz)i \/(ed2+U’—epZ)2+4tZ].
((n2,pz1;d3,)),, and((ny,p,; ;d%;)),,, while the remaining (18
two are reduced in the form of previously obtained Green’ﬁt is seen that fot.=0

functions by using the mean-field approximation. In fact, we z -

use the following approximations: Wy, =e€q +U’ (19)
+= €d,
N1 Ny o ~(Nyg)Np dyp s (10  and
annlLdsz<n1T>n1Ld2T . (11) Wy _ = Epz. (20)

The Green's functions ((n,py ;d£T>>wv and Using the same approach and approximation we obtain the
((n1s'P:d3,)),, are given by the equations of motion other Green's functions

(w—epZ)F(w,edz)-i-U'tf

cqt o\ — T
{{Nz Pz !d2T>>w [Nz Pz ad2¢]+> (P2 ;p;T»w: Z (21
+(([N2ypz KLidh ) (12) [T (0-w)
a=1
and
and
qt o\ — ) i
({Nys Py 1d2T>>w ([N1sPz1,d2¢]4) T (w— 6px)|-(wa€dl)+ Uti
+(([NysPz KI5 1)), (13) (Pxt 1 Px ) 0= Z . (22
The commutators involved in EgEl2) and(13) are given by ‘11_:[1 (0= 0x)
[Nz Pz, K]= €, Na Py +tn7 doy (14  Here
and Flw,eq)=(0—€)(0— €)1, (23
[N1sPz KI=€p N1g Py +tN15dy . (15 L(w,edl)=(w—epx)(w—edl)—tf(, (24

With the approximations given by Eq4.0) and(11) we now  and w,, and w,, are roots of
do not require any new Green'’s functions. Therefore, using

Egs.(2) to (15) it is now possible to obtain an expression of Flwza ,edz)zo, (25
the Green’s functio(d,; ;d},)),,. This expression will in-

volve various averages of number operators suckinas) Flwz,,€4,7U")=0, (26)
and(n,g) [cf. Egs.(10) and(11)]. The magnitudes of these

averages of number operators will depend on the number of L(wy, ,edl)=0 (27)

holes present in the CyQcluster. While it is possible to
account for the Coulomb interaction for any given number ofand
holes in a Cu@ cluster, difficulties will arise when we con-
sider the macroscopic solid of the Cu@lusters. So, we
dividg the role of the Coult_)mb intgraction in two parts. In ¢ may be noted that the roots of E@6) match withw,.. .
the first part the Cqulomb |'nteract|on acts according to th%imilarly, the poles of((d;, ;dIT>>w1 say wy., will be
presence of the spin hole in the 8,2 2 state of the Cu given by Eq.(29). In fact

atom. This amounts to considgn;)=1, (n;;)=0, and '
(nps)=1. The remaining part of the Coulomb interaction w1:=3[(eg.+U+e, )+ \/(Ed +U—e, )2+4t2].
will correspond to the Coulomb interaction of the “doped” = 1 Px ! Px * (29)
holes only where by “doped” holes we mean the holes other

than the already preseptspin Cu holes. In this sengemay  On the basis of Eqg18) and(25)—(29), it is not difficult to
be written as conclude that

L(wxq,€q,+U)=0. (28

K=Ko+K'. (16) W= Moz} = 0y (30)
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TABLE I. Values of the energies,; andw,, for the CuQ cluster forepz— €, =—05,00, and 1.5 eV. Values of the energy difference
E=w, —wy are also given. In the last column values/gf- 2t, are given for typical values oft3by assuming the square density of states

of the “in-plane” band.

€p,~ €p Wy1 Wy E 8t ny Er W+ 2t,
eV eV eV eV eV (per Cy eV meV
0.15 0.45 696
—0.50 1.432 1.078 —0.354 3.0 0.25 0.75 396
0.35 1.05 96
0.38 1.14 0.0
0.20 0.40 744
0.0 1.432 1.576 0.144 2.0 0.22 0.44 704
0.25 0.50 644
0.20 0.30 2087
0.25 0.37 2012
15 1.432 3.069 1.637 15 0.30 0.45 1937
0.40 0.60 1787
0.50 0.75 1637
and band arising out of the “out-of-plane” states. In the tight
binding model, the width of these bands will bg &nd 4,
@y =My} = o; . 31 respectively. Here(t,) describes overlap matrix elements

For the case when Cudg._,2 is filled by one hole and Cu
3ds,2_,2 is empty, the energy set of the in-plane stdteg},
say, involves two states,; andw,, (cf. Fig. 1). The energy
set of out-of-plane states, séy,}, also involves two states
w, and w,. We arrangew,;'s and w,;'s such thatw,;
=min{w,} and w,;=miKw,}. We define a parameté& (cf.
Fig. 1) such that
E: Wz1— Wyq . (32)

We have calculated the values @f; and w,; for the
typical values of different parametets™ In fact, we take
edl=0, €d,~ Ed1:O'3 eV, €p, — €4, = l6eV,t,=1.2¢eV,t,
=0.4eV,U=10eV, andU’'=8eV. The results are pre-
sented in Table | foe, —€e, =—0.5,0.0, and 1.5 eV. These
three values oiepz— €p, correspond relatively to the systems
La, ,SrCuQ, YBaCu0;_,, and BpSr,CaCuQ,, and
TI,Ba,CaCuO. In order to see how it is so, we notice, for
example, from the Appendix of Ohta and co-workerhat
€p,— €p, IS least(and negativefor La,_,Sr,Cu0,, increases
for YBa,CuGQ;_y, and becomes larger for Bi- and Tl-based
systems. The values & [Eq. (32)] are also given in Table I.
It is clear from Table | thaE increases with increasingJZ

—€p.In fact forepz— e, =—05E is negative. We empha-
size that qualitatively the relative features Bf will not

change with the inclusion of the Op2 orbitals inK. In fact
K will then correspond to the cluster CgO

B. Occurrence of gap between in-plane and out-of-plane states
in the solid system

When the Cu@ units are combined to form the cuprate
solid system, the states,;, wy;, andw,, will be replaced
by the bandg e, ;k=(ky,ky)} and{ekz}, respectively. This
is shown schematically in Fig. 1. While the former is the
band originating from the “in-plane” states, the latter is the

between the neighboring CyQluster in theab(c) direc-

tion. In the present treatment we treat these parameters phe-
nomenologically(cf. Table ). In the tight-binding scheme
the in-plane and out-of-plane bands are approximately de-
scribed by

ex=—2t)(coska+coskya) (33
and
() (b) (¢)
ATOMIC Cu 02 CLUSTER BAND STATES
LEVELS LEVELS
€d4+ U,
etV —————
'
P Wx2
P Drz
z \ Wz4
P |}
X ) E
\
Wy

edz

qu +

FIG. 1. Schematic plot of electronic structure of a spin up hole
for the case when there is a spin down hole in the @232
orbitals. (a) Atomic levels are shown. The Cud3,>_,2 level is
shown by a dashed line to signify that due to the presence of a spin
down in the Cu 8l,2_2 orbital, the Cu 8l3,2_,2 orbital of energy
€4, Will be vacant.(b) Formation of cluster states of Cu,@orre-
sponding to the O @&,, O 2p, atomic levels are shown. Dashed
lines signify the admixture of the Cud3. 2 or Cu 3d3,2_ 2 orbit-
als. (¢) Formation of in-plane and out-of-plane band states are
shown.W is the gap defined in Eq35).
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€, =—2t, cosk,c+E. (34) TABLE Il. Values ofn andW(n) for various cuprate supercon-
z ductors. The values af for the YBCO samples of Takenale al.
(Ref. § are estimated according to the method given by Fukuzumi

: _ et al.(Ref. 48, by using the interpolation method. Values\W{n)
In the CuQ cluster the states, and €k, become indepen for La,_,S,CUQ, (x=0.12 andx=0.20 and BhSt,_La,CuO,

dent ofk andk, and according to E((32) differ by E. E (x=0.2 and 0.3 are based on the, data for T>50K and T
appears in Eq(34) to satisfy this requirement. For a given > 75K, respectively. The value of for HgBaCaCu,O, is at T
number of holes in the solid the general situation, which Eqs=150 K.

(33) and (34) represent, will be that the band of in-plane

states will be filled upto the Fermi enerd¢, and the bot- Systems Referencen(Holes/CuQ) W(n) (meV)
tom of the band of out-of-plane states will be above by the
gap Lay 90S1h.1CUO, 3 0.10 12.5
Lay geSfy 1 LU0, 3 0.12 8.33
Lay gsSt 1:CUO, 3 0.15 5.50
W=E—-2t, +4t,—Eg. (35 LaygeSh2dCus, 3 0.20 2.28
YBa,CusOg g8 6 0.145 17.2
Fig. 1(c) |IIustrates“§h|s snua}’tlon. Hergg is measured from YBa,COg s 6 0.21 75
the bottom of the “in-plane” band.
) _ YBa,CyOg o3 6 0.24 5.75
SinceEr depends on the number of band hahes\ will .
. . . . . B|28r1.7LaO.3CUq/ 12 n, 7.58
be a function of the hole dopingf. Fig. 1. SinceEg in- Bi,Sr, dLag Cu 12 ny(>ny) 4.06
creases witm, W(n) will decrease with increasing. It may 150 g8 LUQ, A '
. . Bi,Sn od a9 0sCUQ, 12 ns(>ny) 2.05
be noted thaW is already a function oépx— €p, throughE Bi St od 0 0:CUQ, 16 . 336
(cf. above. For an illustrative purpose we have calculated(S;mB?eA) ° '
values ofW+2t, for €p,~ €p, = -0.5, 0.0, gnd 1..5 eV.ltis Bi St od8,0:CUQ, 16 ) 3.02
clear from the Table (for t, =0 that there is a high chance (sampleB)
for W to vanish for the €p,~ €p, = —0.5 case forn> Bi,Sh gd-a9 04CUQ, 16 - 4.27
~0.38. Fort, >0, W will vanish even for smallen. We  (sampleC)
emphasize that, is a parameter of relatively much smaller HgBa&CaCu;0q 18 0.13 205

value thant,. For La_,SrCu0, YBa,CuO, and (sampleA)
Bi,Sr,CaCyOg systemdt, is typically 5, 40, and 0.1 meV,
respectively** As pointed out above, this case corresponds to
the Lag gsSKp.1Cu0, system. In this system trend of vanish-

ing W is indeed observed in measurgd for n=0.3 (see In order to describe resistivity of the system we consider
Table 1)). On the other hand, there is no chance Wrto  the CuQ layer and the one-dimensional chain passing
vanish in thee, —€, =0 case even uptm=0.5 fort,  through the Cu atoms along toeaxis. The chain is supposed

<0.05 eV. As mentioned above, these values of parametet§ make up of the Cu@;,2_,2 and O 2, atoms. There may
€, —€p_andt, correspond relatively to YB&u;O;. In this be other atoms also on this chain. The specification of such

system measuregl, does not show any signature of vanish- atoms is nqt important for the present mode!. In fact, the
ing W (see Table Il. We may therefore say that our model parametet, involves the effects of such atoms in a phenom-

with a doping dependent energy gépis supported by mea- enological manner. Accqrding to E¢L6) we have divided_
sured experimental data gn for the cuprate superconduct- the Coulomb interaction in two parts. The part corresponding
ors. to K, defines the band stateg and e, [Eqgs.(33) and(44)].

We emphasize that the energy ge{(n) is physically Let the momentunk andk, be collectively denoted by.
different from the gap that occurs in semiconductors wherd hen, according to Eq16) the second part of the Coulomb
the energy gap is the energy separation between the top #fteraction will correspond to the holes of the stajesThe
the occupied valence band and bottom of the empty conduddamiltonian which describes this situation may be written as
tion band. The other difference is that heW(n) is
n-independent, contrary to the-independent gap in the + bt
semiconductors. An idea of the semiconductorlike gap forH=2> €,C,,sCy,st > Viy—y )€ 1€y 1 Cyr, Cyp -
the c-direction transport has been proposed by $rand e S (36)
Yan and co-worker&’ The recent model of Abrikosov based
on the resonant impurity levels also involves a gap for th
c-direction transport® For the case of the YB&WO,_,
system considered by Abrikosov, the impurities are the ) S
atoms of the CuO chain. Since the O atoms control the carCk, .s correspond to the creation and annihilation operators of
rier density also, the gap involved in the Abrikosov's ap-a hole in the “out-of-plane” bandV(y—v") denotes the
proach is indirectly related with the carrier concentration.Coulomb interaction for the momentum transfer y’ be-
The concept of gap is also involved in the theory of Alexan-tween the holes described by thes) states(We emphasize
drov and co-worker?® In the work of these authors the gap that the effect of the Coulomb interaction due to the Cu holes
is due to the dissociation of a bipolaron into two polarons. is taken in constructing theys) states. Let ¢.4(r;) denote

C. Model Hamiltonian for the cuprate system

q—lerecl’s andcy s correspond to the creation and annihilation
Ooperators of a hole in the “in-plane” band, whilz{pS and
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the cluster wave function corresponding to the momenjyum Nap+ Ne=N. (41)
spin s, and positionr; of a hole. ThenvV(y—v") may be _ ) . ) _
written as This relation will be applicable to the<<n, case also with

the value ofn, given by Eq.(39). In fact, forn<ng, n. will
be T-dependent, while fon=ng n. will be T-independent.
V(y=9") =61y s wf ¢’;~,S(fi)¢:mls(rj) Whether a hole moves in theb-plane or along the direc-
tion, its lifetime, sayr, will be same. In order to see how it
XV(ri—r) ¢, «(r)é,(rdridr;, (37)  happens, let,, and 7. denote the hole lifetime along trzed
and c direction, respectively. For specificity, let.<r,y.
Then, if a hole ofc direction comes at a copper atom with
9 lifetime 7., it finds that it can raise its lifetim@ower the
V(ri—r)= € exp(—;<|ri—rj|). (38)  Scattering rateby changing its direction to thab plane.
J e(=)[ri—rj] Thus 7.< 7, affects the hole distribution between tlad
plane andc direction. But the hole distribution has already

Here,r; andr; are the coordinates of the two interacting . ; D
holes, k is inverse screening length due to the hole-hole in-been fixed in the sense of the Hamiltonit (Eq. (16)).

teraction, ande(e°) is the dielectric constant at optical fre- wi]l:shvgclef?rr]ze;;;gaﬁfemz E?reeznseégsélgfog g]i?gciliohndgf
guency due to the lattice ions. P

Because of the gay, the band of out-of-plane states will motion. This is in fact, the case in other models &4 . The

start to get filled only when the band of in-plane states isextraT dependence along direction that arises in such

filled up to the bottom of the band of out-of-plane states. LetmOdeIs 's due to, for examrz)Lt’-:‘éAthe combining of holons and

ny denote the maximum hole density for which the upperSplnons along the direction:
band will remain unoccupied. Then, fox ngy the motion of
holes along the axis will be governed by the existence of a
finite gapW.

Because of the gay/ there will be no hole motion along
c direction at the temperature=0. For T>0, a number of
holes proportional te™W("/XeT will be excited to the out-
of-plane bands. Her€ is the Boltzmann constant. Phenom-
enologically, the number of holes excited to the out-of-plan
states may be written as

where

lll. RESISTIVITY

In the overdoped regime where the Coulomb interaction is
screened and where the antiferromagnetic background of the
Cu ions has lost its significance, the scattering rate will be
given by the Fermi liquid picture. So the hole scattering rate

ewiII be given by

fi

—=AT? (overdoped regime (42
ne=n,e WWkT (n<ng). (39 T
Here A is a parameter independent of temperatérés the

In order to specify the parametay we proceed as follows. | oq,ced Plank’s constant.

We emphasize that in our model the motion of holes along - \yhen carrier concentration is reduced from the over-
direction depends upon the occupancy of the @4,8. 2 yopeq [imit for a certain range af, a situation will arise

orbitals. In fact, we have already mentioned in the beginning, hare Coulomb interaction becomes poorly screened and
of this article that practically the Off, , holes will not take |\ here the magnetic interaction due to the Cu iomish each
part in the motion allong dire.ct_ion. Ag is clear from qu) Cu having one down spin hdleannot be ignored. It has
the Cu 33,22 orbital hybridizes with the O @, orbital  peen shown in the literature by a number of workers that

also. The resulting states will be along tab plane. From nqer such circumstances the scattering rate is enhanced and
such hybridized states we may estimate the number of holeg given by?8-30

present on the average in the Cdg®_,2 orbital correspond-
ing to the planar motiofi.e., fort,=0 in Eq.(1)]. Since, the ) _ )
thermally activated motion alongaxis will depend on these —~ =BT (intermediate doping (43)

holes, we speci b
pecitn, by HereB is of order of 1.

While going from the overdoped regime to the intermedi-
nz=2 <dIsd23>tZ=O- (40) ate regime the screening lengih ! and the appearance of
s magnetic interaction of antiferromagnetic origin vary gradu-
The value of n, has been calculated by Zotos and ally. We therefo_re believe .that for. a general carrier doping
co-workeré? for a Cu,O5 chain alongx axis (cf. Table | of ~ the hole scattering rate will be given by
It may be noted that the Cud3,._,2 orbital hybridizes —=CT" (1sm=<2). (44
with the O 2p, orbital also. The states resulting in this man- T
ner have already been considered to form the band of out-oHere m varies from 2 to 1 gradually as we go from the
plane stategcf. Egs.(18) and (34)]. For n>n,, the holes overdoped regime to the intermediate doped regime. In fact,
will be divided in two parts: those which move alomd  this fact can be deduced from the analysis of the resistivity
plane, and those which move alonglirection. Letn,, and  data of systems of varying carrier densify°
n. denote the number of holes corresponding toahelane Having discussed the hole density and hole lifetime along
andc direction, respectively. Then, the ab plane andc direction, we now turn to specify the
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resistivity. We use the Boltzmann equation. It has been 0.3
shown by Liu and Xing* that formally the results of the

Boltzmann equations are similar to the models based on the

incoherent motion along the axis. In using the Boltzmann

equation we need hole mass along #&teplane andc direc-

tion. In terms of band energy, [Eq. (32)] the ab-plane £ 02
effective mass of a hole is given by by

526k

* _ g2
m;,=% / Tk, (45) |
(O

Similarly, the effective mass along tleedirection is given on 2 : 3
the basis of band energy_[Eq. (34)]. That is, " total

2 FIG. 2. Plot ofn,/n vs nyy, (total number of holes in the G053

0" € (46) chain on the basis of the calculations of Zotos and co-workers

* _ 32
me =# P (Ref. 40.

With massm,(mZ), carrier densitynap(n.) and lifetime

L N ratio n,/n will be further smaller if we treat the realistic
7, the resistivity along thab plane andc direction is given z

Cu,0Oy cluster in place of CyD,. This is because as the num-

by ber of O atoms in the cluster increases, the probability of the
m¥ average occupancy of the  drbital per Cu atom will also
Pi= gz (47 increase. Because of this and because of the fact that
: eV'KeT>1 we neglect the factor af,/n in the bracket of
where,i=ab,c. Eq. (48). We may thus use the result that

We discuss Eq47) for two cases. The first correspond to
the situation where the hole density is such thag&0 for
T=0. Letng denote this initial hole density. The other case

Pc
corresponds to the case where-n, or n.>0 for T=0. In E“ew(n)/KBT- (49
both of these cases,,>0 and is independent af. a
A. Casel: n<ng This equation resembles formally with that of Alexandrov

5 . ..
In this case only the in-plane band will be partially filled @nd co-workers> However, as mentioned above the origin
(upto Eg). The out-of-plane band will be above the gap©f W andA of Alexandrovet al. are completely different.

W(n). The magnitude ofi, will be given by Eq.(39). When ~ The main result is thai. shows a semiconducting behav-
this is so, according to Eq41) n,y, also acquires @ depen- 101 (dpc/dT<0) below a certain temperature with a cross-
dence in this case. Consequenﬂy' E,q]) leads to over to the metallic behaViOl’dﬁ)C/dT> O) at hlgher tem-

peratures. A large number of samples of thg L&r,CuQ,,
pe  min n, YBa,Cu;O;_,, and other cuprate systems show this
ﬂ: me . (eW/KBT_ F)- (48) behavior' 1° The most important difference of the present
2 ab’z model from that of others that also explain this
This shows that for lowl', p./pa,~eVKeT. Thatis,pc/pa,  crossover?’~* lies in the form of theT dependence of

diverges aff=0. pc(T). According to Eq.(47), for the case oh<ng, theT
We emphasize that E¢48) shows that thab-plane re- dependence op.(T) is governed by the factofr™(e"VksT
sistivity p,p, is affected due to the-direction electronic mo- —n,/n). On the other hand, in the RVB theory and MFL

tion (parameterized by, /n). In order to assess the effect of theory, theT dependence qi.(T) is given byp (T)=BT+
n,/n, we consider the estimation af,/n on the basis of the C/T for all n (Refs. 28-30 In the model of Rojo and
work of Zotos and co-worker® In fact, we can calculata, Levin® p.(T) varies likea+bT+ (c+dT) " wherea, b, c,
from our model also. But, in our model the Cu-O cluster hasand d are T-independent parameters. In the model of Zha
less number of atoms so that the valuesngfobtained by  and co-worker¥ the T dependence gi(T) is hidden in the
Zotos and co-workers will be more realistic. We notice fromdensity of stateN(0), while in Abrikosov’'s modet® the
Table | of Zotos and co-workers that for the total numberT-dependent resistivity is of the typél[coshE/kgT)
Niota= 2 Of the holes in the GD; chain the occupancy of Cu  +coshg/kgT))/sinh(e/kgT) and arises due to resonant impu-
3d,2_2 orbital per Cu atom is 0.67, and not 1. Because ofrity levels. HereE— ¢ and E+ € characterize the lower and
this, we define the average number of doped hales the  upper limits of the resonaritmpurity) levels®® E does not
sum of the occupancies of the @ 2nd Cu 3l3,2_,2 orbitals  depend on the carrier density, rather it depends on disorder.
per Cu. Then, since the occupancy of the @l4,3_,2 orbital  In the present case, the gif{n) is dependent on the carrier
per Cu isn,, the occupancy of the Oorbital per Cu will  density and has nothing to do with disorder. In the model of
be n—n,. In Fig. 2 we plotn,/n obtained in this manner Alexandrov and co-worketsthe T dependence qf. is gov-
againstn,. It is clear from this figure that for lowmy,,  erned byp,,e”2'¥eT whereA is the bipolaron binding en-
(i.e., for nya~2), n,/n is significantly smaller than 1. The ergy.
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B. Casell: n>ng

3.88
In this case the out-of-plane band will also be filled up

partially so thain, will be T-independent. Thus as a result of
Eqg. (41), n,, will also be T-independent. Consequently, Eq. 3.48 [—
(42) will lead to

2
Pc*Pab- (50 s 3.08
(34
Many overdoped samples of the cuprates show this S 268 — a1 X=040;, W=12.5meV
behavior>*%**Many other workers have also arrived at a o~ b:X=042, W=8.33meV
behavior ofp. given by Eq.(50) (Refs. 21, 26, 34, and 35 g € 1X=045;, W=5.5mev
et d:X=0.2, W=2.28meV

However, in the present case E&O) is valid only for the 2.28 |~
case wher@>n,. They way we have introduced the gép
makes it clear that the situation o ny or of W=0 requires
(ep,—€p) to be negative. As has been already mentioned 1.88

o] 5 10 15 20
this condition is satisfied only by the La-Sr-Cu-O-based cu- -4, =3 =4
prate systemé&cf. Appendix of Ohta and co-workerdn fact, T (0K )

in other families of cuprate systenag — e, is positive. So, FIG. 3. Plot of Inp./py) vs T-1 for the observed data of
the case ofiV=0 may not be realized in these systems. OnLa,_,Sr,CuQ, for different values ofk taken from Nakamura and
the basis of the measurgd of various cuprate systems, it Uchida(Ref. 3.

turns out that among others th&=0.3 sample of

La,_,Sr,CuO, (Ref. 3 and the x=0.22 sample of using Eq.(49) are presented in Table Il. The valueswi{n)
La,_,Sr,CuQ, (Boebingeretal, Ref. 5] correspond to for the sample a of HBCCO of Carringtoet al®is also
W=0. In fact according to Fig. 3 of Nakamura and Ucfiida presented in Table Il. The Ip{/p,y) vs T~* plots for this
pc* pap for x=0.3 sample. As far as the=0.22 sample of sample is almost linear. From Figs. 3—6 it is clear that
Boebingeret al®! is concerned, we have estimated the the exponential increase @f(T)/pap(T) fits well in the
dependence qgf, andp,, assuming., pap=T™. Itis found ~ case of most of the samples considered he@fe Table
thatm= 1.4 for p,,, While m=1.3 for p.. This means that ). Discrepancy is, however, encountered in the case of the
the value ofm differs only by 8% forp. andp,;,. Thisis not L3 SKCuO,; (x=0.12 and 02 (Ref. 3 and

a significant difference and it may be concluded that for theBizSh—xLa,CuQ, (x=0.2 and 0.3sample$’ towards lowT
La,_,Sr,Cu0, sample of Boebingeet al. with x=0.22, Eq.  (less than 50 K and 75 K, respectivelyFor the LSCO
(50) is applicable. samples(x=0.12 and 0.2 the deviation of lfp(T)/pa(T)]

The c-direction resistivity of the sample Ba,CaCyOg VS T~ 1in Fig. 3 may be attributed to structural changes at
single crystal measured by Duaet al®® is also metallic low T. Such a change is indeed seen in the resistivity curves
down to T;. It is clear from Fig. 1 of Duaret al. that p, ~ Of these sample&f. Fig. 2 of Ref. 3. For Bi,Sr,_,La,CuQ,

% ppx T for T>~200 K. BetweerT, and 200 K the resis- Samples the root of this discrepancy may be attributed to the
tivities p,, andp, show fluctuation effects that may be con- T dependence 0p,p(T). According to Egs(44) and (47),
sidered a source of deviation pf, andp, from the linearT ~ pan(T) increases monotonically witfi. On the other hand,
behavior. We thus conclude that for the,B&CaCyOs  according to Fig. 4 of Wangt al*? p,,(T) starts to change
sample of Duaret al, also p.p,, Within the fluctuation  its behavior below about 75 K for=0.2 and 0.3 samples. If,
effects. instead of Fig. 4 of Wangt al,'? we use extrapolated lin-

The fact that this result is obtained primarily on the basisearly varying values op,,(T) for T<75K also, we find
of the values ofepz— €p, shows that the main points of the

present model is able to explain the essential feature of the z.8 a.7-Y=6.68;,W=47.2meV
cuprate systems. bI7-Y=6.78,W=12.0 meV
¢ 7-Y=6.88 W= 7.5meV
< 24 d.7Y=6.93,W=5.75meV
IV. EXTRACTION OF W(n) FROM RESISTIVITY DATA QO’
~
In order to illustrate the importance of the present &L 2.0
model of p,(T) we consider the experimental observa- s d
tions made by different groups on the samples of the &
La, SKCuQ,  (LSCO,  YBaCuwO; , (YBCO), S 1.6
Bi,Sr,_,La,CuQ, (BSLCO) and HgBaCaCu;0g (HBCCO)
systems. In Figs. 3, 4, 5, and 6 we plot the experimental 1.2 1 1 1 1 I
values®218 of In[p(T)/p.(T)] vs T~ for the LSCO, 2 6 10 14 18 20

YBCO, and BSLCO samples. T-4(40_3 K_4)

In order to estimate the values @f(n) from these plots
we have used Eq49), since the terrm,/n turns out to be FIG. 4. Plot of Inp./py) vs Tt for the observed data of
negligible against the exponential factor. The values of therBa,Cu;0;_, for different values of (7 y) taken from Takenaka
energy gapw(n) obtained from the plots of Figs. 3—6 by et al. (Ref. 6.
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samples of this system for=0.05. The three samples are
marked byA, B, andC. These samples were chosen such
that the superconducting transition temperatligeis ex-
pected to be nearly same in all the three samples. The
samples differ from each other in the amount of the disorder.
From Fig. Xa) of Ando et al. it may be seen that sampk
has practically lineai- behavior ofp,,(T) aboveT.. Be-
cause of this, we may say that tAedependent effect of
e disorder that may be, for example, due to weak localization
is least in the case of sample On the basis of the above
arguments we therefore expect theplrip,,) vs T~ plot for
sampleB to be relatively more linear than for samplsand
C. In order to see whether it is so or not, we have plotted
IN(pe/pan) Vs T~ 1 for the experimental data of Andat al. for
all the three samples. The values\W{n) are presented in
Table Il. The plots are shown in Fig. 6 wherefrom it is quite
clear that the Ing./pa,) vs T~ plot of sampleB is indeed
FIG. 5. Plot of Inp/pay) vs T~* for the observed data of relatively more linear than that of samplésand C. This
Bi,Sr,_La,CuQ, for different values of taken from Wanggt al. gives support to our point that the deviation of theplif.y)
(Ref. 12. vs T~1 plot from a linear behavior is due t@-dependent
effects of the disorder. This means that in a pure cuprate
excellent agreement with the observ@ddependence of system our model is a reasonable model of the transport
pc/pap With the values oW(n) presented in Table Il. This along thec axis.
suggests that th&-dependent effect of disorder is a reason- From Table Il it is clear that the correlation-induced gap
able source of the discrepancy in théprip.,] vs T~ plots ~ W(n) decreases with increasimg This trend agrees well in
for x=0.2 and 0.3 of the BBr,_,La,CuQ, samplegFig. 5.  general with the trend expected on the basis of Sec. Il. For
Study of the BjSr,_,La,CuQ, system has also been the Lg_,Sr,CuQ, system we may examine the variation of
made by Andoet al!® These authors have considered threew(n) with n more specifically. According to Cheet al.*®

0:X=0.3,W=7.58 meV
5.55 - p:X=0.2, W=4.06 meV
¢ X=0.05,W=2.05 meV
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the gap between the in-plane and out-of-plane states is less
then 30 meV. The values presented in Table Il fall in this

a4 range. Cheret al*® also find that the relative occupancy of
the Cu 315,22 states remains fixed and negligibly small for
4.2~ x=<0.15. Furthermore, for the LSCO system the density of
states at Fermi leveN(0), increases witm.>*54 This sig-
Al W=336mev nifies that with increasing the increase oEg(n) will be-
4.0 = B: W=3.02mev come slow? In light of Eq. (35), this implies that with in-
C:Ws4.27meV creasingx the increase ofV(n) will become slow. This is
38 indeed what we observe from Table Il. This provides yet
another support in favor of the basic assumption that the Cu
- 3ds,2_,2 orbitals are important for the transport along the
e 3.6 axis.
°{‘ Yet another feature of the variation ¥f(n) is evident
1N B from the HBCCO samples of Carringtaet al'® These au-
“’o 3.4 - thors have considered six samples of this system. All of these
o samples appear to correspond to the same carrier dansity
o 3.2 - This is clear from the fact that,, is same for all the samples
(cf. Fig. 1 of Ref. 18. The variation ofW(n) for different
samples of HBCCO may then be due to the variation of the
3.0 - A phenomenological parametér . In fact, if t, increases
when going from sampled” to sample “f” of the HBCCO
25 system, according to E435) W will decrease.
V. CONCLUSIONS
2.6 S 4:) 2lo In this paper we have made an attempt to analyze the role

U0 K™

of the Cu 33,22 orbitals in the context of the transport
alongc axis in the hight. cuprates. These orbitals are ex-

FIG. 6. Plot of Inp,/p,) Vs T~ for the observed data of the tended along the axis and the Cu ions are relatively much
samplesA, B, andC of Bi,Sn o489 0<CUQ, taken from Andcet al. ~ Nearer to the apical oxygen ions as compared to the in-plane
(Ref. 16. SamplesA, B, andC marked in the plots correspond to O atoms. A relatively larger extension of the Cdz®_,2
different amounts of disorder. orbitals along thec axis than that of the hybridized Cu
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3dy2_y2—O 2p,, orbitals, led us to the hypothesis that thethe energy level of the out-of-plane states. The
transport alongs axis will be controlled by the Cud®,_,2  La,_,Sr,CuO, sample of Nakamura and Uchitidor x
orbitals, and the hybridized in-plane orbitals ®@,2-Cu  =0.3 appears to correspond to this case. In this paE)
3d,2_,2 make a relatively negligible contribution .. We  turns out to be always metallic. This amounts to a crossover
have examined the behavior pf on the basis of phenom- to metallic behavior for the whole temperature range when
enological expressions. the carrier density exceeds a critical valug(i.e., n>ng).

The expressions op. presented here provide us with  Although the present model is a phenomenological one, it
quite satisfactory results. At low carrier density, we have as weaved around the essential features of the cuprate sys-
situation where the Fermi level lies below the out-of-planetems. The coherent interpretation of experiments on three
states by an energy/(n). Consequently, the resistivity will ~ gifferent systems for different doping give credence to the
show a semiconducting behavior corresponding to activatiop,gdel. This phenomenological model may serve as a pointer
energyW(n). However, this semiconducting behavior will jn search of a microscopic theory of transport along the

last only up toT*~W(n). Here T* is the crossover tem- axis of the normal state of cuprate superconductors.
perature. The correlation-induced finite lifetime of carrier

holes 7, will force p. to show metallic behavior for large

T>W(n). This “crossover” inp.(T) from insulating to me- ACKNOWLEDGMENT

tallic behavior, occurs while,,(T) remains metallic for all

T. This is what is observed in most of the samples of the This work was supported by the Department of Science

cuprate systems. and Technology, New Delhi, Indigde Grant No. SP/S2/M-
For overdoped systems, the Fermi level may pass througB8/95.

ly. lye, in High Temperature Superconductpeglited by A. Nar- 18p, Carrington, D. Colson, Y. Dumont, C. Ayache, A. Bertinotti,

likar (Nova Science Publishers, New York, 198%ol. 2, p. and J. F. Marucco, Physica Z34, 1 (1994.
199; in Physical Properties of High Temperature Superconduc-1°V. Hardy, A. Maignan, C. Martin, F. Warmont, and J. Provost,
tivity, Ill, edited by D. M. GinsbergWorld Scientific, Sin- Phys. Rev. B56, 130 (1997.
gapore, 1991 20p_B. Allen, W. E. Pickett, and H. Krakauer, Phys. Rev3RB
2L. Forro, V. llakovac, J. R. Cooper, C. Ayacha, and J. Y. Henry, 7482(1988.
Phys. Rev. B46, 6626 (1992. 2IM. Liu and D. Y. Xing, Phys. Rev. B9, 682 (1994).
3Y. Nakamura and S. Uchida, Phys. Rev4B 8369(1993. 2|, Terasaki, Y. Sato, S. Miyamoto, S. Tajima, and S. Tanaka,
4T. Watanabe, K. Kinoshita, and A. Matsuda, Phys. RevB Phys. Rev. B52, 16 246(1995.
11 544(1993. ). J. Leggett, Braz. J. Phy&2, 682 (1994).
5X. H. Hou, W. J. Zhu, J. Q. Li, J. W. Xiong, F. Z. Huang, and Z. 24 . B. loffe, A. I. Larkin, A. A. Varlamov, and L. Yu, Phys. Rev.
X. Zhao, Phys. Rev. B0, 496 (1994. B 47, 8936(1993.
K. Takenaka, K. Mizuhashi, H. Takagi, and S. Uchida, Phys. Rev?°A. G. Rojo and K. Levin, Phys. Rev. B8, 16 861(1993.
B 50, 6534(1994). 26N. Kumar and A. M. Jayanavar, Phys. Rev4B, 5001(1992.
K. Semba, A. Matsuda, and T. Ishii, Phys. Rev.4B 10043 27Y. R. Wang, J. Wu, and M. Franz, Phys. Rev.4B, 12 140
(1994. (1993.
8p. Nyhus, M. A. Karlow, S. L. Cooper, B. W. Veal, and A. P. ?N. Nagosa, Physica €63 54 (1996.
Paulikas, Phys. Rev. BO, 13 898(1994. 29p_ W. Anderson and Z. Zhou, Phys. Rev. Léf), 132(1988); 60,
°Y. Ando, G. S. Boebinger, A. Passner, T. Kimura, K. Kishio, 2557(1988; P. W. Anderson, Phys. Rev. &, 2624(1990.
Phys. Rev. Lett75, 4662(1995. %0p_ B. Littlewood and C. M. Verma, Phys. Rev. 45, 12 636
103, s. Zhou, J. B. Goodenough, B. Dabrowski, and K. Rogaski, (1995.
Phys. Rev. Lett77, 4253(1996. 31D, G. Clark, S. P. Stong, and P. W. Anderson, Phys. Rev. Lett.
117, Watanabe and A. Matsuda, Phys. Rev58 6881 (1996. 74, 4499 (1995.
12N, L. Wang, B. Buschinger, C. Geibel, and F. Steglich, Phys.*?P. W. Anderson, T. V. Ramakrishnan, S. Strong, and D. G. Clark,
Rev. B54, 7449(1996. Phys. Rev. Lett77, 4241(1996.
13F. Nakamura, M. Kodama, S. Sakita, Y. Maeno, T. Fujita, H.3%A. A. Abrikosov, Phys. Rev. B2, 7026(1995.
Takahasi, and N. Mori, Phys. Rev. B8, 10 061(1996. 34y, Zha, S. L. Cooper, and D. Pines, Phys. Rev.58 8253
¥M. K. R. Khan, Y. Mori, I. Tanaka, and H. Kojima, Physica C  (1996.
262, 202(1996. 35A. S. Alexandrov, V. V. Kabanov, and N. F. Mott, Phys. Rev.

15X, D. Xiang, W. A. Vareka, A. Zettl, J. L. Corkill, M. L. Cohen, Lett. 77, 4796(1996.
N. Kijima, and R. Gronsky, Phys. Rev. Le@8, 530(1992; L. 36M. Zoli, Phys. Rev. B56, 111(1997.
Winkler, S. Sadewasser, B. Beschoten, H. Frank, F. Noueertné’W. E. Pickett, Rev. Mod. Phy$1, 433(1989.

and G. Guntherodt, Physica Z55, 194 (1996. 38W. Weber, Z. Phys. B0, 323(1988.
18y, Ando, G. S. Boebinger, A. Passner, N. L. Wang, C. Geibel,**W. Weber, A. L. Shelankov, and X. Zotos, Physical63-155
and F. Steglich, Phys. Rev. Left7, 2065(1996. 1305(1988.

17y Kubo, Y. Shimakawa, T. Manako, and H. Igarashi, Phys. Rev.*°X. Zotos, A. L. Shelankov, and W. Weber, Physical&3-155
B 43, 7875(1991). 1309(1988.



6136 RATAN LAL, AJAY, R. L. HOTA, AND S. K. JOSHI 57

414, Kamimura and M. Eto, J. Phys. Soc. Jp8, 3053(1990; V. logg, H. L. Kao, J. K. Kwo, R. J. Cava, J. J. Krajewski, and W.
I. Anisimov et al, Phys. Rev. Lett68, 345(1992; J. Zaanen F. Peck, Jr., Phys. Rev. Le@i9, 2975(1992.
and A. M. Oles, Phys. Rev. B8, 7197(1993. 51G. s. Boebinger, Yoichi Ando, A. Passner, T. Kimura, M. Okuya,

42y, 1. Anisimov, M. A. Korotin, J. Zaanen, and O. K. Anderson, . Shimoyama, K. Kishio, K. Tamasaku, N. Ichikawa, and S.
Phys. Rev. Lett68, 345(1992. Uchida, Phys. Rev. LetZ7, 5417(1996.

*3C. T. Chen, L. H. Tjeng, J. Kwo, H. L. Kao, P. Rudolf, F. Sette, 524 M. puan, W. Kichi, C. Dong, A. W. Cordes, M. J. Saeed, D.
and R. M. Fleming, Phys. Rev. Le#8, 2543(1992. The re- L. Viar, and A. M. Hermann, Phys. Rev. &3, 12 925(1991).

sults of these authors indicate that the ap@akp, is the over- 535 Shengelaya, Physica £33 124 (1994. According to this
yvhelmingly predominant out-of-plane orbital for doping- authorN(0) of La, ,Sr,CuQ, varies like J(x—0.058).
44Emg:ﬁ:drir:1mlsls.Nucker 3 Eink.S. L. Molodtsov. A. Gutierrez. E S4We consider the density of states at Fermi lew{0) to be
Navasgo ,St.rebel Z’H.u M ’Dt.)nl.<e G Kain(’jl 'S Uchida’ Y. independent oflf due to the follpwing .reasons. The wgy Zha
Nakan",nuré, 1. Marl’d, M Kiauda, G. Séerﬁann-lséhénko, A kroi, et aI.I(Ref. 34 have used the Knlght-shlft datg for extractmg the
J. L. Pang, Z. Y. Li, and R. L. Greene, Phys. RevaB 3354 density of statedN(0) makes it clear that thifatter quantity
involves effects of the correlations that exist in the cuprate sys-

(1993. )

45y, Ohta, T. Tohyama, and S. Maekawa, Phys. Rev332968 tems. In the present model the correlatlon effects e}re. accounted
(1992. for in terms of the gagW(n). Thus, if we takeN(0) similar to

46p_ Srivastava, F. Studer, K. B. Garg, Ch. Gasser, H. Murray, and that of Zhaet al., we will be considering the correlation effects
M. Poma, Phys. Rev. B4, 693(1996. twice. In order to avoid such an inconsistency we consig)

47D. N. Zubarev, Sov. Phys. UsB, 302(1960. to be T-independent.

48N, P. Ong, Physica @35-240 221 (1994 5This feature is also evident for low hole density from the ob-

4%Y.F. Yan, J. M. Harris, and N. P. Ong, Physic&85-24Q 1527 served electronic band structure of the doped holes in cuprate
(19949. system. See, e.g., E. Dagot al, Phys. Rev. Lett74, 310

50M. Mukaida, Phys. Rev. B0, 7124(1994; H. Takagi, B. Bat- (1999; A. A. Abrikosov et al, Physica C214, 73 (1993.



