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An analytic approach to the antiferromagnetic van Hove singul@vityS) model is developed to account
for the small oxygen-isotope effect of high-cuprates. Starting from the hole dispersion in an antiferromag-
netic background, we derive and obtain analytic expressions for density of @& with a narrow VHS
peak. BothT, and the isotope coefficient are calculated using the hole-boson coupling dndlave gap
equation. It is shown that a very smallat optimal doping stems from the fact that the half-width of the VHS
peak in the DOS is smaller than the maximal boson energy. The origim wdrying with doping is also
discussed[S0163-182809)00134-4

[. INTRODUCTION that there is a VHS neaEg in the Hg-based cuprates
(HgB&Ca, 1Cu,05,4 2. 5) for n=0, 1, and 2. By varying
It has been widely accepted that owing to layered structhe dopant levels, the location ofEx can be moved to co-
tures of Cu oxides, carriers within the Cu@lanes exhibit incide with the VHS. The calculated values &fneeded to
two-dimensional(2D) nature of electron dynamics. One- achieve the van Hove condition are in good agreement with
electron band-structure calculatidrshowed that the Cu ox- the T.-optimized composition reported in the literatdfe,
ides are characterized by 2D Fermi-surface nesting. As strongly supporting the existence of VHS nday in these
result, following the discovery of the highs superconduct- Hg cuprates. Third, the VHS model has been used to account
ors, the van Hove singularityVHS) in density of states for many anomalous superconducting and normal-state prop-
(DOY was proposed as @&.-enhancement mechanism for erties of highT, cuprate superconductors, including the
them? However, the idea of achieving highs superconduc- high-T, and reduced isotope effett'? the linearly
tivity with the aid of a sharp peak in DOS at the Fermi temperature-dependent resistivifithe specific-heat jump at
energy Er along with a phonon-mediated pairing was notT.,'* the anomalous thermopowkt, the thermal
widely accepted. The main objections to this highmecha-  conductivity!® and the uniaxial stress effect p.*" Finally,
nism mostly stem from the fact that its effectiveness in enthe van Hove scenario has been developed well beyond the
hancingT, depends on the restriction & being at or very  previous theoretical framework of the phonon-mediated
close the VHS, but at that time there was no convincings-wave pairing. It was found that the VHS in DOS can be
experimental evidence for a DOS singularity n&yr. Fur-  caused not only by the 2D band structitdyut also by an-
thermore, the phonon-mediated pairing mechanism raisafferromagnetic (AF) correlation effects in the CuQ
doubts in the consideration of very small oxygen-isotopeplanes:®~2°|t is well known that strong correlations of elec-
effect (i.e., «=0-0.2, T,.xM ¢, whereM is the atomic trons and their quasi-2D behavior are two most important
mass of oxygehobserved in the cuprates with optimal dop- features of the higfi-, superconductors. Both of them are
ing. close related to the existence of VHS, indicating that good
The VHS model reinvoked in 1990 by Tsuetal’ to  agreement between the VHS theory and the experiments is
account for the doping dependence of the oxygen-isotopentirely by no accident.
mass exponerw observed experimentally in La,Sr,CuQ, Recently, the “antiferromagnetic van HoveAFVH)
(LSCO) (Ref. 5 and YBaCu;O,_, (YBCO).® Since then model was proposed by Dagotto and co-work&r@that the
the van Hove scenario of the high- cuprates has forged flat band neaiEg or the VHS in DOS comes from the AF
rapidly ahead. First, high-resolution angle-resolved photocorrelation effects. Using the 2BJ model and the quantum
emission spectroscopyARPES experiments® suggested Monte Carlo method, the dispersion of one hole in an AF
that an extended region of flat Cy@erived band close to background can be calculated accurately. At srdél] the
Er exists for YBCO as well as other highs cuprates with  hole dispersion is given by g,=1.33] cosk,cosk,
optimal doping, providing a strong support for the concept of+0.37](cos X, +cos Xk,) with J=0.125 eV and strong cor-
VHS in DOS. Second, band-structure calculatfanslicated  relation effects are includeld. This dispersion relation of the
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quasiparticle is similar to that derived from a 2D tight- wherey was taken to be different valueg=1.53181.113%°
binding band structure in which the hole moves only withinand 1.055° anda is the lattice constant. As will be shown
the same sublattice to avoid distorting the AF background. below, its reasonable value taken is very important in the

Earlier theoretical works on the van Hove scenario wereAFVH model. This dispersion relation of the quasiparticle
based on the assumption of conventiosalave pairing. Re- can be regarded as coming from a 2D tight-binding band
cently, the VHS theory has been extended to dawave  model, in whicht, andt;= yt,/2 are the hopping integrals
case-®~?2in which the pairing state is a highly anisotropic between second- and third-nearest-neighbor Cu sites on the
d,2_,2-wave state. In the study of the pairing symmetry, aCuG, plane, respectively, but the nearest-neighbor hopping
most important but unsolved problem is what kind of mechadis absent because the hole moves within the same sublattice
nism creates attractive interactions between holes. In th# avoid distorting the AF background. Making changes of
BCS theory the usual hole-boson interaction is favorable twariables intop,= (ky+ ky)/ﬁ, py=(kx—ky)/\/§, and b

the swave pairing. In the cuprate superconductors, destabi=/2a, we haveE = 2t,W, for a quasielectron where
lization of thes-wave pairing is caused by the presence of

large on-site Coulomb repulsion. This large on-site repulsion W, = —cosp,b—cospyb—y cosp,b cospyb. 2

is fatal in thes-wave channel, but it drops out of titewave This result looks like that obtained from a 2D tight-binding

gap equat_ion. Th? driving force for thewave pairing is the model for a sublattice of the AF background by taking into
attractive interactions between the holes on nearest-neighbgr... /.« nearest-neighbor and next-nearest-neighbor hopping
sites. A most plausible candidate is the AF superexchang

1610, NaNGftegrals, the unit-cell area of the sublattice bebfg- 2a?
i]h W(;“Ch (|js _knovlvr: to beHa huge effeﬁ:{vlzo mevV) N and the corresponding Brillouin zor®Z) rotated byw/4.
ted_un ope I?séjg‘]O:Sti’] OWeI\ll(;ri:W Iel Tany numebr'CtaAccording to the Green’s-function approactthe electronic
studies suggested that the smafl A correlation can SubSlaggng s asgociated with the imaginary part of the single-
tially affect the quasiparticle dispersiofsingle-particle

Green’s functiol it has not been shown that it can also IeadpartICIe Green'’s functioG(E, p) by

to pairing(two-particle Green'’s function, with hole Coulomb 1

repulsion included Thus Nazarenko and Dagozt?crecently N(E)=— 2 Im G(E,p), (3)
proposed a mixed phononic and electronic model where TP

phononic pairing occurs between holes that are strongly\,hereg(E,p):(E_Ep_i0+)—1 with 0" a positive infini-

dressed by AF fluctuations. Although the hOIe-phonon COUtesimal. From Eq(g) the electronic DOS is given by
pling is much smaller than in normal metals, the large DOS

of dressed holes boofs. to realistic values. Their numerical b2 [wlb b

calculations yield an oxygen-isotope coefficient that is small N(E)= —J dpr dpyS(E—2t,W)). (4)
at optimal doping but becomes close to the BCS value 0.5 in w0 0

the underdoped and overdoped regimes. Making changes of integral variables into=cospb, v

Since the AFVH model used to be solved numerically, the— cosp,b and settingv=—u—v— yuv, we can rewrite Eq.
physical reason has not yet been clearly known why the holgs) as
dispersion used in Ref. 20 is able to result in a very small

isotope coefficientx at optimal doping and an increasiag 1 1 1 S(e—w)
with Ex away from the VHS. In this paper we first derive N(E)= f dvf dU———, 5
F away pap (E) gy ISl I ey )

analytically the DOS of the AFVH model with the dispersion

of Eq. (1) and then use the hole-boson coupling @dtave  wheres = E/(2t,), and the integral region is confined within
gap equation to calculafg; and the isotope coefficient. Itis 3 square ¢ 1<u<1, —1<v<1). To perform integral

particular the ratio between them, have important effects ojyarigples intov andw, and so Eq(5) becomes

the DOS, and the narrow van Hove peak in DOS plays a
critical role in reducingr and enhancing . From the ana- 1 dvdws(e —w)
lytical result for the isotope coefficient, we find that when the N(E)= 2J J 5 > >
half-width of the van Hove peak in the DOS is smaller than 2tpm VI-vEV(1+ )2 = (W)
the maximal boson energy, a very smaltan be obtained at Here, owing toy>1, the integral regions of andw are
optimal doping. The origin of varying with doping is also  found to have a more complex pattern than in the case of
discussed. y=1, as shown in Fig. (B). For ease of understanding the
integral regions, we plot isoenergetic lines on the 2D BZ
Il. DENSITY OF STATES (—mlb<py,py<m/b) in Fig. 1(b). For the region ok <2
— v, the lowest energy = —2— vy corresponds td' point in
Starting from the 2DX-J model and using the quantum the BZ; with increasing energy, the isoenergetic circle en-
Monte Carlo method, the hole dispersion in an AF back-arges and becomes gradually square. As the energy is in-
ground at half-filling was obtained. It is approximately valid creased ta=2— v, besides the squarish circle, the isoener-
also at finite doping® If using the electronic language, we getic line also includes four vertexes of the BZ,

(6)

write the dispersion as corresponding to the poin/(w)=(—1,2—y) in Fig. 1(a).
For the region of 2- y<e<1/y, each isoenergetic line con-
Ex= —2t,[ 2 cosk,a coskya+ (y/2)(cos X,a+cos k,a)], sists of two parts: an approximate square with round corners

(1) and four arcs around the corners, shown by the dashed lines
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In Eq. (6), the integral ovemw is readily performed with
the aid of thed function, leaving an integral over. For the
lower energy region in Fig. (&), where—2— y<g<2-1v,
the DOS is obtained as

N(E)=N0fbal(v,s)dv, (7)

where

1
J(a=v)(v=b)(v—c)(v—d)’

and No=1/(2t,m2\»?—1), with a=1, b=—(1+¢)/(1
+7), c=—1,andd=(e—1)/(y—1). In this energy region,
we havea>b>c>d. It is found that such an integral in Eq.
(7) can be expressed as a complete elliptic integral of the first
kind. Making use of integral formulé3.147 of Ref. 24, we
obtain forN(E) the following expression:

1 K( Vi—(e+ 7)2/4) ©
2t,m2\1— ye V1—vye .

As the modulus of the complete elliptic integril(x) is
equal to 1,K(x) exhibits divergent behavior. It is evident
that there is no singular point ®f(E) in this region, for the
modulus ofK(x) in Eg. (9) is always less than 1. For the
middle region in Fig. a), where 2- y<e=<1/y, we have

®

I(v,e)=

N(E)=

N(E)=NO[ fbal(v,s)dv+jcdl(v,s)dv , (10

wherea>b>d>c. It is easily shown that the two integrals
in Eq. (10) are identical to each other and can be also ex-
pressed as complete integrals of the first kind, yielding

< «s+yﬁ—4>

t,m?(y—¢) ( y—e

N(E)= (1)

where a singular peak appearssat 1/y. For the upper re-

®) gion in Fig. Xa), where 1#<e=<1y, we have

FIG. 1. (a) Integral region ofv ande in Eq. (6) is shown as the a b
shaded area. It can be divided into three energy ranges: y N(E):NO[ J’d I(v,e)dv+ JC I(v,e)dv ], (12)
<e<2-v, 2—y<e<lly, and 1k<e<v. (b) Isoenergetic lines
of quasielectron dispersidieqg. (2)]. From inside to outsides, is ~ wherea>d>b>c. Similarly, we obtain
successively equal te-2— vy (center point, —2.5, 0, 2-v, 0.6
(dashed lines 1/y (four straight lineg 0.8, andy (four points. N(E K y—e& ) 13
The only parameter taken ig=1.53 (Ref. 18. (E) tng\/(7+s)—4 \/(s+y)2—4 , (13

in Fig. 1(b). In this energy range there are two integral re- . . .
gions; the approximated square in Figb)lcorresponds to whose singular peak is alsoat=1/y. According to Eqs(g),
the right integral region in Fig. (&), while the four arcs (11, and(13), N(2te) has been drawn as a function ofn
correspond to the left integral region. At=1/y, the isoen- F19- 2 (full line). From these expressions fd(E) along
ergetic line consists of four straight lines with square crossWith Fig. 2, one comes to the following conclusions. First,
ing at|pX|=|py|=7r—cos‘1(1/y). Evidently, a ideal nesting there is a VHS atE=2t,/y. Taking into account the
appears automatically in the AFVH model and it can be use@symptotic formulaK (x) ~In[4(1—-x?) 2] for x=1, one

to account for abnormal normal-state properties observed ifinds that the DOS neaE = 2t,/y exhibits a logarithmic
the highT, cuprate oxides. For the region ef>1/y, the  singularity as N(E)e« In(D/|[E—EJ) where D=8t,(y?
isoenergetic line evolutes into four arcs centered around-1)?/4°. Since 8,=2x1.33] is small andy is very close
(Px,Py)=(0,£m) and (+,0), respectively. Finally, at to unity, the presenb is much smaller than the correspond-
= y, the isoenergetic line reduces to four points®@) and  ing value in the 2D tight-binding band calculatibhSecond,
(xm,0). the DOS is small in a wide low-energy region ©£2— vy,
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1.6 If the p-wave channel interaction is neglected since it does
not contribute to the spin-singlet pairing state, oslyand
12 d-wave channel interactions need to be taken into account
=1 ] and Eq.(15) can be approximately rewritten as

u o8| ] V(k—k")=—Vs—Vy(cosk,—cosk,)(cosky—cosky),

= (16)

N 0.4l 1 whereV¢,=2V;—V, andV4=V,/2 correspond to the- and
d-wave channel interaction constants, respectively. In such a
model, bothVg andV, are positive only if 2/;>V,. A posi-

0.0 S tive Vg will give rise to aswave component of the order
-3 -2 -1 0 1 parametef? For largeV,, —V=0 so that there is no
E/2t, s-wave pairing and onlyl-wave pairing appears. It follows

that for thed-wave pairing the boson-mediated attractive in-
FIG. 2. Electronic DOSN(E) (solid line) and effective DOS  teractions have the same form as that induced by the AF
Nert(E) (dashed ling for y=1.113 (Ref. 19. Both N(E) and  exchange interactions. Since we focus attention only on the
Neri(E) have the VHS ate=1/y. The inset shows the optimal d.wave pairing, we set V=0 in this work. In this case the
doping density corresponding #-=2t, /vy as a function ofy. order parameter is of the form

while there is a large accumulation of weight in DOS in a A(K)= A 4(cosk,—cosky). (17
very narrow energy region betwees-2— vy ande=1y. The

two features of DOS above are evidently favorable to the/NVith expressions for\ (k) andV(k—k’), the self-consistent
high T of the Cu oxides. Third, it is found from Eq@) and ~ equation for thed,>_2-wave order parameter is given by
(12) that there is a discrete jump IN(E) at e=2—1v,

i.e., N(e=2—y+0")=K(0)/[t,72(y—1)]=2N(s =2—y B dk  (cosky—cosky)? W,
—0%) with K(0)=1.5708. This jump arises from the fact 1= df (27)2 2W, 2kgT
that the contributions of four vertexes of 2D BZ to the DOS

) , (18

are suddenly added as soonsasxceeds 2 y. where W= &£+ A3(cosk,—cosk,)? with ¢ the energy mea-
sured relative tdEx. The critical temperaturd . is deter-
. T, FORMULA AND ISOTOPE COEFFICIENT mined by settingA4=0 in Eq. (18), in which the VHS in

DOS plays an important role. In order to compare the VHS
For a given class of high, cuprate superconductors, the effect in thed-wave pairing case with that in t[ngave case,

value of T, as a function of dopant level peaks at an opti-We define an effective DOS for tribwave pairing as
mized composition and decreases with the hole density de-
parting from its optimized value. Another anomaly in the
superconducting properties is the very small oxygen-isotope
effect for optimized doping and its strong doping depen-
dence. Within the framework of the BCS theory, we consider X (E—-Ep). (19
hole-boson interactions in charge channel as the drivin
force for thed-wave pairing:

1 (7 (=
Net(E)= ;JO fo dp.dpy(1—cosp,)(1—cospy)

Yiere we have used the relation (dsqscosky)zz(l
—cosp,)(1—cosp,) in the integral-variable transformation
from k into p, and the quasiparticle dispersi&p has been

H=VoX Nighi —o— > VijNigNj . (14 given in Eq.(2). With the aid ofNo(E), the T, equation for

o (L1 the d-wave pairing reduces to

Here the interactions contain an on-site repulsidi>0) T d
and a nearest-r_melghbor attract.|0H‘(/ij<O), for example, 1:VdJ c0 —gtanr(i) Ny (E4Ep). 20
two holes on adjacent copper sites may experience an attrac- ~Teo2§ 2T,
tive interaction due to motion of the intervening oxygen ) o
atom. Boson-mediated attractions may provide two attractiof’here the interaction is assumed to be of the charge-coupled
channels fos- andd-wave pairing® The interactions in the tyPe, mediated by bosons, so that the maximum boson en-
coordinate space can be rewritten\q8 —r')=Voo(r—r’)  €rgy Tco (settingkg=1) is used as the cutoff energy of the
—Vy[8(r—r'=a)+8(r—r’£a,)] wherea, anda, are the integral. T, formula(20) for th_e_d—wave pairing ha§ the same
unit lattice vector in thex andy directions, respectively. The form as that in theswave pairing, but the effective DOS in
strength of the nearest-neighbor interactions in trend y it is quite d|ffe_rent fromN(E)_. Usmg.the same calculation
directions is assumed to be V. In reciprocal space the Procedure as in the preceding sectibh,¢(E) can be ob-
attractive interactioV(k—k') is given by tained as

V(k—k')=Vo—Vy[ cogk,— k) +cogk,—k))], (15 Neﬁ(E):Nof:,(vys)D(vys)dv (21)

wherea,=a,=1 has been taken/(k—k') consists of the
extendeds-wave, d-wave, andp-wave channel interactions. for e<2—y;
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IV. RESULTS AND DISCUSSION

a d
Neif(E)=N le, D(v, dv+j|v, D(v,e)dv
er(E) 0[ b (v.e)D{v.e) c (v.e)D{v.e) In the presence of VH\.¢¢(E) is strongly energy de-

(22)  pendent, and a small can be achieved for narrow VHS
peak, in particular when the half-width of the VHS peak,
for 2—y<e<1/y; and 2t,(y—1/y), is smaller thanT.,. As Eg is right at Eg
=2t,/y, whereT, arrives at its maximum, it follows from
Fig. 2 thatNg¢(Eg+ T¢o) =0 for T,o>2t,(y—1/y), and so
«a is proportional tdN.{(Er— T¢g) according to Eq(25). In

a b

Neff(E)zNo[f I(v,s)D(v,s)dv+f I(v,e)D(v,e)dv
d c

this case, a smalNgs(Eg—T.o) will give rise to « much

(23 smaller than 1/2. AsEr is away from Eg to the right,

for 1/y=e=<vy, with Neif(EE+Teo) remains vanishing bulNgi(Eg—Teg) in-
creases, giving rise to an increasenoflf Ex moves towards

(l_V)[1+8+(1+ ’y)V] the Ieft, Neff(EF_TCO) is very small andNeff(EF+Tco)
D(e,v)= : (24 =0 for 2t,y—Er<T, so thata remains its small value.

1+yv -
Y However, as soon ast2y—Eg exceedsT.,, « will in-

crease due to an increaseNps(Ex+ T¢g). For a wide VHS
peak,« is still smaller than 1/2 at optimal doping and it also
increases wittEg away fromEg. In this case, however, the
Scalculated value of: is often on the high side compared with
its experimental data, as found in the previous VHS
model*!!

From the arguments above, the ratio betwdgp and
gtz(y— 1/y) is an important parameter related to whether a
very smalla can be obtained at optimal doping. We wish to
point out here thaty appeared in dispersiofl) is not an
adjustable parameter but determined by the principleEhat
is just atEs=2t,/y for the optimal doping so that there are
the highestT. and the smallestr. According to this prin-
ciple, the optimal doping,; is given by

Herea, b, ¢, andd as functions ofe=E/(2t,) have given
just below Eq.(8). In the d-wave caseN.¢;(E) appeared in
the T, formula is not a real DOS. Although it cannot be
expressed as a simple elliptic integral, its VHS behavior i
expected to be similar tbl(E) given in Egs.(9), (11), and
(13). In order to make a comparison betweldp;{(E) and
N(E), we used the same parameter=1.113) to calculate
them. The calculated results are shown in Fig. 2, where th
full and dashed curves represétE) andN¢¢+(E), respec-
tively. It is easy to see that both peaksNg¢(E) andN(E)
have similar divergent behavior at the same energyl/y,
but the former appears higher and narrower than the latte
With the energy being away from=1/y, Ng(E) de-
creases rapidly and vanishes whiéE) decreases to a satu-
rated valugabout 0.1 in Fig. 2 This feature ofNg¢¢(E) is
an important factor of producing a very smal| as will be Xopt= Jv de2t,N(2t50), @7
shown below. IfE¢ is located right at or very close to the Uy
VHS, N¢¢(E) is concentrated on the vicinity dg. As a e )
result, in thed-wave case, the averadé.(E) within the where the upper and lower limits are the energies of th_e band
region betweerEr— T, andEq+ T is large and so favor- j[Op and the Fermi Ievell, respectwely. Sincg(2t,e) is
able to the highF, superconductivity. |ndependent_ot2, Xopt IS de_termlned_only by_y. Xopt @S &
With effective DOS formulag21)—(24), the supercon- function of y is plotted in the inset of Fig. 2. With increasing
ducting transition temperatufg, is determined by Eq20). ¥ the VHS peak moves towards the left and the correspond-
To determine the effect of VHS on the isotope-mass expolNd Xopt increases. From the inset of Fig. 2, one finds that
nent @, one can differentiate Eq20) with respect toT.,. ~ among several values oftaken in Refs. 18-2§=1.055 is

According to the definition of the isotope shifiz= a relatively more reasonable value correspondingkjg
—9InT./9InM, and the relationT,xM Y2 the isotope = 0-15. _ _ _
shift for the d-wave pairing is obtained as Figure 3 showsa at optimal doping as a function of
T.o/(2t,) for severaly. In the present calculations we have
fixed 2t,=0.083 eV =960 K (Ref. 19 and T,=40 K.
1 Ne#f(Ep+Teg) + Neif(ER—T T ) 2 L . ¢
a== eff(Ert Teo) # Nett(Br ~ Teo) o0 Since the variation off;, will changeT,, we keepT, un-
2 2<Neff(EF)> 2Tc

changed by adjusting the interaction strenygthin T, for-
(29 mula (20). It is found that« decreases with increasing
Teo/(2t,), decreasing rapidly fofF;y/(2t,)<0.2 and slowly
for T.o/(2t,)>0.2. In the case of narrow VHS peaky (
=1.113 or 1.055 « has been lower than 0.05 when
i) (26) Teo/(2t5) exce_eds 0.2, becaussleff(EFJrTco):O and
2T, Neif(EE—Teo) is very small. For wider VHS peak
=1.53), nonzerd\ {(Ex+ T.9) makes the value o& rela-
Taking into account that se®fx)=1 for x<1 and tively higher. A sudden drop af nearT.,/(2t,)=0.2 stems
secl(x)=0 for x>1, one finds tha{N{(Eg)) is equal to  from the fact thaN¢(E) as well asN(E) has a big drop at
an average oN¢¢(E) in the energy range frole—2T.to  £=2—1v, being suddenly decreased by half, as has been
Er+2T,. It is easily seen that iN.(E) were a constant mentioned in Sec. Il. In order to kedp=40 K unchanged
independent oE, Eq. (25) would reproduce the BCS result: in the calculation above;y must be adjusted with the varia-
a=1/2. tion of Ty, as shown in the inset of Fig. 3. In the BCS

where

Teo d
<Neff(EF)>:f TO %’\‘eff(EF‘%)SECH
~lco c
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FIG. 3. Calculated results far as functions ofT.y/(2t,) for

vy=1.53, 1.113, 1.055, corresponding to the solid lines from up to

down (inset, from down to up respectively, taken in Refs. 18—20.

The inset shows the electron-boson interactignvs Ty /(2t,)
with T,=40 K fixed.

theory, T. may be enhanced either by increasifg, or by
increasingvy. As a result, a decrease iy can counteract
the increase ofT.y, making T, constant. AsT.y/(2t,)
>0.2,
case, the integral range in ERO) has been beyond the
region of nonzeroNg¢;(E) so that the increase df.y no
longer enhances,.. As Eg is away fromEg, the hole dop-
ing x departs from the optimal doping,,;. T, and @ as
functions ofx are shown in Fig. 4 wherg=1.055 andT
=150 K. In the range of 04 x<0.25, both the decrease in
T, and the variation iv with x away fromx,,; are small. As
x is beyond this range, howevet,increases rapidly accom-
panied with the decrease ®f . This doping dependence of
« is very similar to the result of Ref. 20.

Finally, we wish to point out that unlike the nested-Fermi-
liquid theonf® where there is an ideal nested Fermi surfac

nesting of Fermi surface right at optimal doping, as shown i
Fig. 1(b). It has been showfithat a nested region of Fermi
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V4 goes to its saturated value. This is because in thi

PRB 60
0.8 T T T
X e < -4 40
e \
’ \
| ’ \
0.6 // \\
o L/ voPeT
1 1 <
' \
1 \
P
0'4 B 1’ ‘l <420
i \
\
o ]
1 '
F e '
0.2} T
\
\
| '
ooL— o+ . . . 0
0.0 0.1 0.2 0.3 0.4
X

FIG. 4. Calculated results fag (full line) and T, (dashed ling
as functions of the hole density The parameters arg=1.055,
Teo=150 K, andvg/(2t,)=0.026.

linear in frequencyw for >T. Thus the AFVH model is
yery suitable to accounting for many anomalous normal-state
properties of the high-, cuprates at optimal doping.

In summary, we have derived analytic expressions for the
DOS from the quasiparticle dispersion in an AF background.
In the consideration of the-wave pairing and hole-boson
interactions,T, and the oxygen isotope coefficiemtare cal-
culated within the framework of the BCS formalism. The
VHS in the DOS always exists in a 2D system, no matter
whether the dispersion relation of the quasiparticle is derived
from a simple tight-binding band structure or from a strongly
correlated electron system. The calculation of the AFVH
model yields a very narrow VHS peak in a narrow band,

efrom which a very smalla has been obtained at optimal
only at the half filled case, the AFVH model has an ideal

doping and the doping dependence ewthas been qualita-
tively reproduced. The physical origin can be understood

"rom the present analytic approach.

surface can yield an electron-electron scattering rate that isThis work was supported by the National Natural Science
linear in temperature at low frequencies and then becomeSoundation of China through Grant No. 19874011.
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