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It is shown that BCS-like scenarios for high-superconductivity based on the extended model
yield a characteristic prediction far™*, the critical temperature at optimum doping. A pivotal role
is played byr— = ' — 2¢" (¢' is the next-nearest-neighbor hopping,is the third-neighbor hopping).
Because_ determines the shape of the Fermi surface and the nature of saddle points, it strongly affects
TMx*, Owing to symmetry, structural differences outside the Cypnes are described exclusively
by t_. This explains semiquantitatively the actual variation7¢f* among the various cuprates, with
estimated parameters that are consistent with the observed Fermi surfaces. [S0031-9007(96)00506-6]

PACS numbers: 74.25.3b, 71.27.+a, 74.62.Bf, 74.72.-h

The recent observation by angle-resolved photoelectrori,, r5,), and moreover permit the single-band parameters to
spectroscopy [1] of very flat quasiparticle dispersion (“ex-be calculated from those of the multiband model. At half
tended saddle points”) near the Fermi surface in some (bdilling the extended-J model reduces to the Heisenberg
not all) highd,. cuprates has revived interest in the possi-model, which accurately describes the antiferromagnetism
ble role of Van Hove singularities in the density of statesof the undoped cuprates. Particles doped into the antifer-
(DOS) [2]. While the anomalous flatness is probably dueomagnet get strongly dressed, forming magnetic polarons
to strong correlation effects [3,4], the resulting enhancewhich show up in the spectral function as a sharp quasipar-
ment of the Van Hove singularities can leadTtds well ticle peak at the low-energy side of a featureless incoher-
over 100 K even in a conventional BCS-like theory, asent background [3]. Recent work [4] has shown that these
shown explicitly, for example, by Dagotto, Nazarenko, andfermionic quasiparticles persist at finite doping with fairly
Moreo (DNM) [5] for their antiferromagnetic Van Hove uniform weight over most of the Brillouin zone (BZ) and
(AFVH) scenario. In this Letter we show that such the-little change in dispersion, supporting a rigid-band picture.
ories necessarily entail a very specific prediction for theThe polarons move effectivelyithin one magnetic sub-
variation in maximum critical temperatuismong the var- lattice to avoid distortion of the antiferromagnetic back-
ious cuprates. Specifically, it is shown that the crystalground, as demonstrated by their dispersion
structure outside the Cuy(planes affects the dispersion
of in-plane quasiparticles, influencing the location and the
nature of saddle points, and that this, in turn, can have a (1)
large effect on7™*, the critical temperature at optimum where7. = 7’ = 27", and theeffectivepolaron hopping
dopingd™**, This provides an explicit mechanism for the parameter$’ and?” can be calculated from the parameters
role played by the “chemistry” in determiningf™®* via  of the extended-J model [see Eq. (3) below] [12].
its effect on the electronic structure, where previous work Although|?_| <« 7+ (7 > 0) so that the overall band-
had established a semiempirical correlation [6,7]. We furwidth is determined by7. (which is of orderJ; see
ther predict that only the “highef.” (T™** = 90 K) hole-  below), 7 is a crucial parameter because it has a ma-
doped compounds have extended saddle points, in contrgset effect on the location of the saddle points and the
to the “lowerT,.” (TM** =~ 30 K) La,CuQy group and the shape of the Fermi surface, as shown in Fig. 1. If
electron-doped cuprates. i > 0, the saddle points are & = (== /2, =7 /2), the

The low-energy physics of the Cu@lanes can be de- minima atX and Y. If 7~ < 0, the saddle points are
scribed by the two-dimensional extended (i.e., augmentedt S = (*kg,0), (0, =ks) whereks = 7 — arcco$(l +
by small additional terms)J model [8]. For our analysis 7_-/i+)/(1 — i_/i+)], the minima atP, while X and Y
it will be essential that this effective single-band modelare secondary maxima. In the latter case one has the pe-
is not phenomenological, but can be rigoroudlgrived culiarity that the straight lines through the saddle points
from chemically realistic multiband models [9—11]. Theseare exact energy contours, so that at appropriate doping
derivations identify unambiguously the terms that arise ifé = 2ks(7 — ks)/m?] the Fermi surface shows perfect
addition to nearest-neighbor hoppimgand exchanged  nesting, consisting of one large and four small squares.
(namely, next-nearest-neighbor hoppingthird-neighbor  For kg close to# (i.e., |i—| small) there is very little
hopping”, and three-site spin-dependent hopping termslispersion over the small squards[— Es ~ 412/, ~

e(k) = 74 (cosk, + cosk,)? — i_(cosk, — cosk,)?,
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¥ M E M when the Fermi surface passes through the saddle points,
so that 6™** is nearly independent o¥. In contrast,
for 7— > 0 the optimum location of the Fermi surface
is a compromise between high DOS and not too small
- weight function, which depends on the value Bf#*
itself so thaté™* depends quite strongly off. The
above distinction becomes less pronounced ok 7
when the BZ integral in Eq. (2) is no longer constrained to
the vicinity of the Fermi surface ble(k) — u| < 2kpT,

FIG. 1. Energy contours in the BZ fdr /7. = *0.1. The beI(_:ausd"C gets large. h lculati N 47 f
plots correspond to hole doping: for electron doping the outer L€t US now turn to the calculation of. andi- for
part of the BZ is relevant. the cuprates. We start from the five-band model [6,7],

which includes in addition to the copp8d,:—,> = d,

and oxyger2p, and2p, o orbitals of the familiar three-
bandd-p model [15] also the coppetds,:—,» = d, or-

bital and the2p, orbital on the apical oxygen. Parame-
ter estimates have converged towards a “standard” set of
in-plane parameters [16], with only, .., the energy of

One thus expects_ to be a relevant parameter in the apex orbital, varying considerably from compound to

i i d because of the variation of Madelung poten-
any BCS-like theory based upon these magnetic polarong;2MPoUN _ )
Here we investigate this explicitly, following DNM, for ials [6]. To this model we apply the cell-perturbation

the case of atatic attractive nearest-neighbor interaction m?ho? [tlt?] ?S sgjmr(?arlz((jedl b(_elllok\)/v (debt?”; (()jn :ts aﬁp“'
Hy = —VZ<ii>ninj. Such an interaction is actually pro- cation to the five-band model will be published elsewnere

vided in the-J model by the exchange term because ofthe.lll])' After transformation of the in-plane oxygen orbitals

extra magnetic bond in the system when two polarons ar to Wannier orbital;b af‘d 4 (tran_sforming _IocaIIy like
on neighboring sites{ ~ 0.585/, as proposed by DNM) 1 anda;), the Hamiltonian is divided into intracell and
or, equivalently, by the dominan,tterm of the static appro’xi—”?ter(.:e” terms. The _mtracell part is diagonalized exgctly,
mation to the (actually somewhat longer-range) interactioﬁ('e'c.jlng "'ht?le c_elltelgenstfa:_'est,)gnc(ljthe whtole Ha?ulton-
generated by spin fluctuations [13]. Straightforward ap-Ian IS rewritien In terms of Hubbard operators acting on
plication of BCS pairing theory assumingdawave [14] these c_:eII states. Reduction to an 'effectlve single-band
order parameteA (k) = A, (cosk, — cosk,) leads in the model is now achieved by retaining in each cell only the
x y

i . . . lowest zero-hole stati)), one-hole stateg, ), and two-
familiar way to a self-consistent equation determin T So/r
y d g hole state|S) (the generalized Zhang-Rice singlet [17]),

6(7-/i+)?J < 15 meV], which will therefore look like
“extended saddle points” [1] in experiments with finite
energy resolution. Although the resulting Van Hove sin-
gularity is formally still logarithmic, it is much higher and
narrower than for positivé_.

kpT. 1 5 (cosk, — cosk,) and accounting for the effect of the omitted cell states by
V/4 N 4= le(k) — ul/2kpT. second-order perturbation theory. In the three-band case
le(k) — ul the largest second-order terms come from the [Emery-

X tan W) (2) Reiter (ER)] triplet|T) = |d,b) [18]. The result is aen-

eralizedsingle-band Hubbard model with.¢; of the or-
Solving this self-consistently for a given chemical potentialder of the charge-transfer energy, which is electron-hole
w in conjunction with the equation determining the number
of carriers, and then varying yields T, as a function of
doping.

We have investigated how the resulting, approximately
parabolic,T. vs é curves vary with the model parameters.
Figure 2(a) shows thal ™ is surprisingly sensitive to
even a small nonzerd-. The asymmetry with respect
to the sign ofi_ is due not only to the different nature
(ordinary or extended) of the saddle points, but also to
the d-wave weight functior(cosk, — cosk,)? in Eq. (2),
which enhances the effect of the Van Hove singularity
when the responsible saddle points are closextoy,
i.e., if 7_ < 0, but suppresses it when they arePati.e., FIG. 2. (a) Maximum critical temperatur&™* in units of
if .- >0. As a result, wherf_ is negativeT™ first the interactionV vs ratio of intrasublattice hopping parameters

. N . t_/t.. Curves are foV /i, = 0.05, 0.15, 0.30, 0.50, and 1.00
mcreasesr\rg)l(tht,l as the extended saddle points developsom hottom to top. The full curve corresponds to realistic
whereasT;™* decreases rather rapidly with positive.  cyprate parameters. (b) Rafio/7 VS &,y ; Other parameters:

Also, for 7 < 0 the maximumT, is always reached standard cuprate set [16].
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asymmetric (' # r{f # 1{/") and contains additional in- cance oft’ having the opposite sign for holes and elec-

teraction terms, e.g., (super)exchangg. trons [20], as they assumed = 0. However, both the
The new aspect introduced by the-symmetry orbitals present symmetry-based derivation and the above analysis
d, and p, is the presence of two-hole states Bf (=  of the dispersion (1) indicate that it is more appropriate to

by X a;) symmetry. The lowest of these (denoted|By)  considers_ rather than’ as the relevant parameter differ-
is generally below the ER triplet, its wave function andentiating between the cuprates.

energy depending sensitively an,.x. Yet the single- Combining the above results yield"* as a function
band description remains valid [11], and #Bestates only  of V /7, andeapex (throughi_). Clearly, if the interac-
generate additional second-order hopping terms, of whiction V is of in-plane nature, as in the AFVH scenario
the most important are those foloped holeg(i.e., ZR  whereV =« J, the dependence an,.x amounts directly to
singlets) arising from the proces$S, g, g) — |g,B.g) —  the variation of’'™* between different compounds. The
lg,g,S). Since the relevant first-order hopping parame-crucial question is whether this accounts for (i) the much
ter corresponds to a hole hop betweenaanand ab;-  higher critical temperatures in hole-doped than in electron-
symmetry orbital, it has the opposite sign for horizontaldoped cuprates, and (ii) the trend observed in the hole-
and vertical hops and is zero for diagonal hops. Thus, byoped systems [6,7] that a stronger coupling of the api-
symmetry alone, the second-order contributiory tean-  cal oxygens to the Cufplanes generally leads to a lower
ishes while the contributions td and " have opposite T/M*. Qualitatively it certainly does, as Fig. 2(a) in com-
sign, 1'@"(B) = —2¢"@ " (B), the factor 2 accounting bination with Fig. 2(b) shows, ascribing (i) to the gener-
for the two paths to a next-nearest-neighbor cell, so thadlly opposite signs of_, and (ii) to the fact that a de-
,(f) hh(B) = 0, but 1@ (B) # 0. The corresponding pa- Crease ireapex raisesi_, which generally decreas@g™*.
rameter /2 ¢¢(B) for doped electronsarising from the Quantitatively, forvV ~ 0.5/ (the AFVH assumption) the
process|0, g, g) — 10, B,0) — |g,¢,0) is much smaller Vvalues of 7/ are too large if one usek as calculated
because of the much larger energy denominator involved the cell-perturbation method [which overestimates
Note that the (three-site) hopping terms similarly pro-mainly because it does' not inc.lude (ferromagnetic) direct
duced by the ER triplet satisi;,{;s@)(T) _ +2t§’s(2)(T) be- exch_ange [10]], but_ the|_r magnitude is, p_erhaps somewhat
cause the ER triplet hat, (= b; X b;) symmetry. fortuitously, about right if one uses (as did DNM) the ex-

For the cuprates/.i > ", and, as with the ordinary perimental value off instead. (Note that will also be

Hubbard model, the effective single-band Hubbard modeieduced because of the decrease in spin-spin correlation

may be further mapped onto an extendefl model, de- upon doping and by effective nearest-neighbor Coulomb

scribing either a hole-doped or an electron-doped sys'€Pulsion [21].)  This is shown in Fig. 3, where we have
tem, wherer, 7', etc., are the appropriaté/{ or ee) hop- plotted calculatedversusobservedr™* for those repre-
ping’ paraméte’rs [1'é] andl = Jog + Jog, whereJ g = sentative cuprate compounds for which the parameters can

A€M /U, Fixing the AF magnetic background one be reliably computed from the data compiled in Ref. [6].

finds for the effective intrasublattice hopping parameterévllgait.'mportantly' Fig. 3 shows that the overall trend in
relevant to the polaron dispersion (1), TM** is very robust, as we have further verified by mak-

ing similar plots for different values df, and remaining

=1+ D (T)ar + Jur + i, discrepancies may well be due to uncertainties in the struc-
3) tural parameters.
=40 4 t@(B) _—— We also see from Fig. 3 that > 0 for the lower-

W ' ' T, (T™* = 30 K) La,CuQy group, buti_ < 0 for the
wheret- correspond to first-order farther-neighbor hop-highers, (T™>* = 90 K) compounds. This agrees with
ping produced by the Wannier transformation of the in-the observed Fermi surfaces and, in particular, with only
plane oxygen orbitals{---)ar denotes the expectation the higher?. group having extended saddle points (cor-
value in the antiferromagnetic backgrountx comes roborating that the Van Hove singularitids play a role
from the three-site terms arising as in the reduction of thén high-T,. superconductivity). The calculation also gives
ordinary Hubbard model, anél] from quantum fluctua- 6™** = (.25 for the higher?. compounds, bup™* =
tions restoring spin order after intersublattice hops [3,4]0.15 for the LaCuQ, group, in remarkable agreement with
It follows that, because of symmetrglifferences between experiment. Finally, we note from Fig. 3 that there is also
the various cuprates (reflected mainlyein,..) affectonly  a clear correlation between the obsen&t*’s and the
i— = t_andnotf,. Figure 2(b) shows the dependence ofcalculated?_ /7, values themselves. Clearly, the magni-
1 /11 0N g.pex With standard cuprate values for the othertude of7— /7, and not just its sigis important, and it would
parameters [16]. One notes that this ratipasitivefor  be interesting to see if a less simplified scenario, including,
electrons anaegativefor holes unless the apex level falls for example, a dynamic instead of a static interaction [22]
significantly below the in-plane oxygen level (just beforeand/or doping dependence of the dispersion (e.g., due to
the single-band description finally breaks down). Therehe changing spin-spin correlations [23]), could even more
is no conflict with the earlier arguments for the signifi- convincingly reproduce the observed variatiori7gf*.
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FIG. 3. Ratio 7-/f+ and calculated maximum crit-
ical temperature 7™ for V = 0.5/ (dots: J calcu-
lated by cell-perturbation method; triangles: experimen
tal J) versus experimentalT™* for various cuprates.
Compounds included are LArCwOs (T = 0K),
La; gsBag,;sCuQ, (T = 30 K), LaigsSre1sCuO, (T =

38 K), (Bays7EW33)2(Elh67C@33)2Cs0578 (T = 48 K),
Y08Ca2BaCw0g11 (T1 = 50 K), YBa,Cw;Ogs5 (T =

60 K), YBa,Cu;04 (Ténax =03 K), Bi,SrCa9Y o ClhOg24
(TM = 93 K), TIBa,CaCuO, (T = 100 K),
PhysTlpsSrhCaCuyO; (T = 110 K). The straight line
corresponds to perfect correlation.
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