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We study the problem of the low-energy quasiparticle spectrum of the exténdietbdel and analyze the
coherent hopping between weakly coupled planes described by this model. Starting with a two-band model
describing the CuO planes and the unoccupied bands associated with the metallic atoms located in between the
planes, we obtain effective hopping matrix elements describinges charge transfer. A computational
study of these processes shows an anomalously large charge anisotropy for doping concentrations around and
below the optimal doping.

DOI: 10.1103/PhysRevB.63.060504 PACS nunifer74.72—h, 74.25.Fy, 74.20.Mn

The anomalous charge transport of hih-materials is obtained from electronic structure calculations and for the
still among the most important open problems related withcase of YBaCuO it is given b&cos{(Xa)—cos(@,a)]z.8
the physics of these compountsit is now accepted that in In what follows we use an uncorrelated empty band to
order to build a complete theory of high-temperature superdescribe the intermediate states and the extemdEdnodel
conductivity, a deep understanding of the normal-state propto describe the CuO planes. The extentieldmodel includ-
erties of these compounds is needed and one of the mostg hole hopping to second and third nearest-neiglihidy)
intriguing  questions concerns precisely the chargesites, and withl/t consistent with experimental values, re-
dynamics® The cuprate highF, superconductors have crys- produces the photoemission results of the parent insulating
talline structures consisting of CuO planes which makes almaterials*° In the standard notation the model Hamiltonian
of them highly anisotropic materials. The electrical conduc-describing the plangis:
tivity reflects the anisotropy: while in the plane it shows a
metallic behavior, along the-axis in the underdoped regime, +
it indicates an incoherent charge transport; moreover, it has Hi=32 Si"Sj— > tamChoCimo 1)
an anomalous temperature behavior, and its frequency de- (LD nm

pendence is not of the Drude type. where the matrix elemett,,, is t for NN, t’ for second NN,

Band-structure calculations together with a semiclassical 4t for third NN Cime destroys an electron with spin at
theory of charge transport, predict a metallic behavior in a"site m and doublé ggcupation is not allowed. Using the

directions with an anisotropy much smaller than the eXPeritany-hody states, we perform a canonical transformation

mental values. Electron-electron interactions may stronglyhat eliminates the intermediate states and generates an ef-
renormalize the bare parameters, however within the framey,

S : ective Hamiltonian that includes a charge transfer matrix
work of the Fermi-liquid theory the observed anisotropy can-giement between two consecutive CuO planes. Let us first

not be understood. This led Anderson and others 10 proposg,nsiger the case of a single hole. The two-plane states of the
the failure of the conventional Fermi-liquid theory in theseSystem are indicated ag/: >®|¢z ) where|¢' ) is the
O,v 1!/ m,v

compounds. bod function of plariewith m holes and
An important amount of experimental data has been aciany-body wave function of parieith mnoles and quan-

cumulated during the last yedtsAmong other things, the tum numbersy and the corresponding energy B, ,. We

formation of charge stripes in the normal state has bee]ﬁake the plane Wi.th no holles in its ground stat_e indicated by
confirmed’ Whether this is relevant for the occurrence of ¥~ 0- The effective matrix elements connecting the states

1 2 1 2 H
superconductivity is not yet clear, however, it should bel %00 ®|¥1,) and |y ,)@|y5 accounts for a hopping—

taken into account in a detailed description of the normaffom oneé plane to the other—of a single hole. The one-hole
phase. guantum numbers include the crystal momentur, spin

Here we revisit the problem of the low-energy quasipar_\{ariables and oth_er guantum numbershat uniquely iden-
ticle spectrum of the extendedd model and analyze the tfY the state and in what follows we take=(k,o,). Due to
coherent hopping between weakly coupled planes. Our starf?® momentum and spin conservation of the Hamiltonian, the
ing point is a stack of CuO planes coupled via the electrorf!Tective hopping of a hole with momentuknand spino is
hoppingt, (k) to higher-energy intermediate states. The in-91Ven by:
termediate states represent the unoccupied bands associated
with the metallic atoms located in between the planes.

In a single-particle theory, the intermediate states can be
easily eliminated through a canonical transformation giving
rise to an effective hopping between consecutive CuO planeshereg,,, is the energy to add an electron at the intermediate
of the formt® (k) =t?(k)/AE,, with AE, the one-particle band, My(k,o, ) =(¥1 x o »|Cikol W50 and M3 (k,o,u)
energy difference betwedastates of the CuO and the inter- :<¢§,0| Cgka|¢i(k,0,u)> are the matrix elements for the cre-
mediate layer bands. The principal symmetrytBfk) is  ation and destruction of a hole in the planes. We calculate

2 (KM (k, o, )M} (k,0, 1)

Eoo  E1ko.n) ~ €ke

T,(k)= : )
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FIG. 1. Dispersion of one hole for the extended model on a . .
4x4 clusterit’ /t= —0.35,t"/t=0.25, and)/t=0.4. In the inset the FIG. 2. () and (b) Single hole spectral function&(k, »), for

one hole PES is shown together with t8e 3/2 and the AFCAH the extended-J model, same parameters as Fig(btoadenings
state energies. Hele=(0,0), M= (), andX=(,0) =0.1t). The arrow points to the one-hole lowest-energy state with

the corresponding momentuntc) Matrix element|M|? for the
available momenta on a4 cluster.(d) Hole density around one

many-body energies and matrix elements by exact diagonayle (open circlg on the two holes ground stafie=(0,m)]. Full
ization of small clusters with perIOdIC boundary conditions. circles radius are proportiona| to the hole density_

Consider the one-hole ground state in a 16-site cluster:

this state has momentuka=(#/2,7/2) and the product of the ) . L . .
matrix elements in Eq(2) is the weight of the quasiparticle antiferromagnetidAFCAH), like in one-dimensiona(1D)

peakZ, . Since the same factd, renormalizes the in-plane systems, and it h.as been slpec.ulated that this ils2 ar.1 indication
hole mass, for one hole close to the Fermi surface, interaf charge and spin separation in the 20 model.~ Similar
tions do not renormalize the anisotropy. The one-hole stat® the high-spin excitation case, here also, the matrix ele-
with k=(m/2,7/2) can be viewed as a spin-1/2 and chaege ments connecting this §tate with t_he ground state of the un-
quasiparticle, where the spins across the hole have ferromagppeOI system by creating a hole is zero. Although the total
netic correlations. To distinguish this excitation from othersSPIN of thek=(,0) lowest-energy excitation is 1/2, the sym-
that appear at different regions of the Brillouin zofBZ), metry 1of its spin-wave function is orthogonal to' that of
we refer to it as ther-type spin-1/2 quasiparticle. This qua- Cike|¥6@- The one-hole spectral density of the insulator
siparticle exists for all the momenta in the BZ and its energydoes not show any structure at the energy of this state as
can be obtained simply by following the lowest energy peak§hown in Fig. Zb). Again, to lowest order, this excitation
of the one-particle spectral density, i.e., its dispersion reladoes not propagate from one plane to the other. This is a
tion, shown in Fig. 1, gives the one-hole photoemissionProperty of thett’t”—J model and it is not observed in the
(PES dispersion of the insulator. It is important to note thatt-J model for similar values o8/t.
this quasiparticle is not the lowest-energy state for all mo- In order to qualitatively determine the regions of the BZ
menta k. For realistic parameters that fit the PES/t( where the different type of excitations are the lowest-energy
=0.4,t'/t=—0.35 and"/t=0.25), the lowest-energy states ONes, we have continuously changed the' bOL_mdary conditi_ons
in the 4x4 cluster withk=(0,0) and (m,7) have total spin N the cluster an(_j the result; are shown in Flg. 1. In a region
3/21* These high spin states have been obtained in cluste@ound theX point, the spin-1/2 states with AFCAH are
of different sizes(up to 20 sites and for different param- stable(dashed ling If these excitations actually describe a
eters. However, it is not clear that in the thermodynamic'@gion of charge and spin separation, the dashed line branch
limit they will remain being the lowest-energy excitations does not correspond to the dispersion of a single quasiparti-
around the andM points. These states can be interpreted a§le but to the superposition of a holon and a spinon. It has
high-spin quasiparticles that occur as a precursor of the N2een suggested that these states play a central role in the
gaoka state. The magnetization is confined around the hof@any-holes states and may be responsible for the formation
like in a polarized spin bag. These states are not connected & Stripes:> As we show below, they are also relevant for the
the ground state of the undoped system when a hole is créoherent hopping along theaxis in the doped systems.
ated; in other words the matrix elements in E2). are zero ~ Summarizing the one-hole results, we have shown that
and these excitations do not propagate—to lowest order-in different regions of the BZ, the lowest-energy excita-
from one plane to the other. The reason is that when a hole fons are of different nature. Close to the Fermi surface
created on the spin-zero ground state of the insulating sysk=(7/2,7/2)], there is a spin-1/2 quasiparticle that propa-
tem, the resulting states have total spin 1/2, and the spirfates along the axis with an effective hopping renormalized
wave function is orthogonal to the spin-3/2 excitations. ~ With the Z,_ factor. At theX point, the anomalous spin-1/2
More interesting are the one-hole lowest-energy states axcitation with AFCAH is the lowest-energy state. A hole in
k=(m,0) or (0,7m). These states have been studied recently irthis state is confined, up to second ordett in in a single
some detait’>!! The spin correlations across the hole areplane. Here the word confinement is used in the sense that
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there is no bonding-antibonding splitting of the degenerate 1.00 1.00

two-plane lowest-energy state. In Fig(cRthe matrix ele- 075 @) 0.75 (b)ex {\

ment for different values ok is shown. Higher-order terms = S 050 \;;v M

may generate a coherent hopping for this type of excitations. x b X il

In any case, we expect these higher-order terms to generate &= °?° JT <02 / \A\
very small dispersion along theaxis® Moreover, it should 0.005 —4_5 04 25 50 004555 0 25 50
be noted that for the 20-site cluster, for the=(0,7) state wit o/

with robust AFCAH, the second-order matrix elements non- 03] (c) ——2x16 020 (d)

zero but very small, i.e., the quasiparticle peak in the spectral e aae 0.15 \/
density of the insulator has an extremely small weight, 02 ] " 010

leading to a strongly renormalizedtaxis hopping for this ff:m \ 0.05

state, in qualitative agreement with the results for the 16-site A 00

system. The noncrossing approximation in larger systems 0 01 XM 03 B0 °~2X 03 04

also gives zero weigHt:

Let us now turn to the many-holes states. For the same FIG. 3. (8) Single-hole spectral functio(k,w) for a 4x4
parameters as above, the two-hole ground state of thé 4 cluster with one hol¢k=(—n/2,m/2)], for the extended-J model
cluster has total momentuk=(0,m) or (,0) and spin zero. and same parameters as Fig. 1. The arrow points to the final-state
In these states, the hole-hole correlation functiom;) with ~ €neray-(b) Same asa) for a system with two holefk=(0,0]. ()

e ke number at i ety shows e endency 1o SISCLShopa bt L0 i p b seconc oty
stripe formation. For the state witk=(0,7) [(m,0)], the ping ! Ite clu '

. : d) Drude weight averaged over both directions for thed4cluster
holes are mostly aligned in the same row along xhgy] @ g g

. . g ? as a function of the hole doping
direction as shown in Fig.(&). These results are in agree-

ment with previous results obtained in ladders and clustersyqyer a degenerad§.These shifts are unimportant when

In the 18-site cluster, stripes are observed in the three holeé;al ; : : 1 1
' . . culating the matrix elements which af C
ground staté? Based on the spin correlations across the 9 A3 | Carol V2.

hole, it has been argued that these stripes are made out 1 l//i»,;o|05k(r|'//§,yo> with the indices¢o, 7o and v corre-
one-hole building-blocks with AFCAH In other words, the sponding to the ground state of a plane with the indicated
two holes wave function has a large component of the oneaumber of holes. These matrix elements are precisely the
hole wave function of th&=(0,7) type. This could strongly ones calculated in the two previous cases and the product is
influence the charge mobility along the axis. We first  zero. For the case of 6 holes in twox4l planes we reach
analyze the case of two># planes with three holes similar conclusions.

corresponding to a doping=0.094. With a straightfor- Finally we have evaluated the effective hopping for large
ward extension of the previous treatment and notation, waumber of holes, 9 and 11 holes in the two planes which
calculate the effective matrix element mixing the tde-  correspond to dopings larger than the optimal doping. In
generatg states with wave functions},(//iv>®|¢/f§’§> and this region, the effective hopping calculated always in sec-
|,/,%’§>®|¢iy> which now afeMl(k,V,§)=(llf§,g|Clk(r| l//i,l) ond order int, and in the ground state, are nonzero.

andM3 (k,v,&) = (y2,|cly,| ¥3,). For these matrix elements  We have also studied the effective hopping along ¢he

to be nonzero, the operatars,,, andcgka have to be chosen @axis for _18-site and 20-site clusters, and small doping. For
to conserve total momentum and spin. the 18-site cluster, and the same parameters as before, the

If the two planes are in their ground state, the product of WO holes low-energy spectrum presents a quasidegeneracy
these matrix elements is smaller than for the one-hole cas@8tWeen the spin-zero and spin-one states. The effective hop-

This result, is consistent with the conjecture that the twoPiNg calculated in the lowest energy=0 state, which we
holes wave function is mainly made out of one-hole buildingbe“eve is the relevant in the thermodynamic limit, shows the

blocks with AFCAH since, as we showed above, this type ofS&Me behavior as in thexd cluster, indicating that our re-
excitation tends to be confined in one plane. This effect i$UltS are not dominated by the particular symmetry of these

largely enhanced when doping increases as in the case of fieUSters. _ _

holes in two 44 planes k=0.156). In this case, if the In Fig. 3(c) we summarize the re~sults for the matrix ele-
planes are in the ground state, with two and three holegnents, which give an estimate of ratip/t} as a function of
respectively, the effective matrix element to transfer a chargéhe dopingx, here Withtf is the bare hopping obtained from
from one plane to the other is exactly zero and to lowesband-structure calculations. Our results show that while a
order, charge is confined in the planes. In fact as shown isingle hole propagates along tbexis, for doping close and
Fig. 3(b), the PES of the system with two holes has no strucsmaller than the optimal doping,,=0.2 the lowest-order
ture at the energy of the three-hole ground state. The case bbpping evaluated in the ground state cari€elad increases
four holes &=0.125) deserves a special comment: thefor x>X,,. This behavior suggests that when stripes are sta-
ground state of the uncoupled planes has two holes in eadfilized, the c-axis hopping reduces to very small values.
one and the hopping mixes it with excited states. It has beefihese results are in agreement with previous calculdtions
proposed to artificially shift the energy levels of the which suggest that the weight of the quasiparticle peak de-
states with one hole in one plane and three in the other toreases in the presence of stripes. As we mentioned above,
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higher-order terms generate a nonzero hopping. However, atclose to and below the optimal doping,. Higher-order

least in the one-hole case in the t\{‘/éx V8 planes’? these  terms int, may generate a small coherent hopping=t,
contributions are very small reducing the bare hopping by a«10-3. Estimations of the bare hopping using LDA band-
factor smaller than 1C°. structure calculations givie =0.25 eV for the case of bilay-

_ For the sake of _completeness we have also calculated the and, =0.03 eV for the interplane matrix eleméhthat
in-plane Drude weighD for the same parameters as before. ~
means that down to very low temperaturdsT{t,), we

As shown in Fig. D increases with dopin¢as in thet-J
9. & ~ pinga expect a diffusivelike propagation along theaxis with an

o a1 coronen vanson o o glomalous temperature dependence. On h otrer hand
’ mall cluster calculations are remarkable in the sense that

estimation of matrix elements by exact diagonalization othey predict an anomalously large charge anisotropy pre-

small clusters is not appropriate to give a definite answer t%isely in the region where superconductivity is stable. This
what may .be the most releyant quegtlon related o the Charga(lagrees with the experimental d4tand strengthens the ideas
dynamics in hight, materials, that is whether under Somecfieveloped by Anderson and coworkérthat argued that the

C?;ndétsloizsoﬁglincggflﬂivmvg\%?focuhrarrgseuﬁéczlatsatlggzslinsttgr?tcv:vl:t ack of single particle interplane coherent hopping enhances
p : ' @uperconductivity.

and can explain, the available experimental data. The behav-
ior here obtained is robust under changes of the parameters We thank A.A. Aligia, A. Ceccatto, and B. Normand for
within the accepted range of values. On one hand, to lowedtelpful discussions. This work was partially supported by the
order int, , in the ground-state charge is confined for dopingCONICET, ANPCYT02151).
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