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Quasiparticles in the spin-fermion model for CuG, planes
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The low-lying electron states in Mott-Hubbard insulators are quite well described using a self-consistent
Born approximation in terms of spin-wave exchanges. This approach has been tested mainly in the context of
the simplest {-J) models. Here we present an extension to spin-fermion models, derived for realistic multi-
band models for the valence electrons in cuprate planes. The spectral functions show strong momentum
dependences also at large energies, mimicking bandlike oxygen holes. In addition, a low-energy quasiparticle
sector is found which can be interpreted in terms of propagating Zhang-Rice singlets. The quasiparticle
dispersion is close to the one obtained with angular resolved photoemission in an insulating cuprate.
[S0163-18296)03537-0

. INTRODUCTION from the powerful formalism of polaron theot{!® and
solves the problem in a self-consistent Born approximation
The discovery of the high-, superconductotsstimulated  (SCBA) introduced by Schmitt-Rink, Varma, and
a large theoretical and experimental effort, but a full under-Ruckensteirt**® Although originally devised as an asymp-
standing of the electronic structure of high-temperature sutotic theory becoming correct only at low energies, it turns
perconducting oxide€HTSO’s) has not been reached so far. out to yield a quantitative description of the whole spectral
These compounds do not resemble the conventional supeftinction, including its behavior at large energies.
conductors and it is a generally accepted view that the de- The t-J model is only capable of describing the low-
tailed exploration of their normal-state properties is essentiagnergy states. It is possible to catch a much larger fraction of
to the explanation of the high-temperature superconductivitythe valence electrons without loosing the simplifications
It is well known that band-structure calculations based on theoming from spin-only physics: the spin-fermion modet§.
local-spin-density approximatiofh SDA) do not explain the If the interest is in the oxygenlike valence band, the -
large gaps observed in the angle-resolyienversg photo-  grees of freedom can be integrated out perturbatively as long
emissionfAR(I)PES experiments in transition-metal oxides as the uppefUHB) and lower(LHB) Hubbard bands are at
(TMO’s).2 The large gaps in thedBoxides as found byin- high enough energy. What remains are @ [les, scatter-
verse photoemission experiments are at best underestimatddg against the 8 spin system. This condition is reasonably
by an order of magnitude, while in other cases LSDA evenwell satisfied in the cuprates, and this spin-fermion approach
predicts metals.Furthermore, the ground states of the parentshould therefore yield a realistic picture of the whole
compounds of HTSO's, Lg&CuO,, and YBaCuz;Og, are  2p-like valence-band region. In the single-hole case, the col-
characterized by antiferromagneti8F) long-range ordef, lective excitations originate entirely in the spin system and
which is not reproduced by the band-structure calculations.the SCBA approach can be directly applied. This allows for
This demonstrates that electron correlations dominate i theoretical study of the whole valence band at binding
these systems. energies less than-8 eV. We will show that in this AF
Thet-J model has been derived from the multiband Hub-background quantum effects dominate, determining the en-
bard model for HTSO'S;® and one might believe that it ergy scale for the coherent QP motion. Such QP states are
provides the simplest approximation to the low-energy elecwell known from thet-J model? where they were first rec-
tronic states of strongly correlated TMO’s and HTSO's.ognized theoretically’ and then confirmed in exact diago-
Compared to the ARPES experiments in HTS®% not  nalization studied>'*-2°We show below that the QP states
enough intensity is found in the single-hole spectral functionwith small dispersions, found near the Fermi level, can be
of thet-J model at high energies. Instead, this spectral funceven quantitatively compared with recent photoemission
tion is characterized by a single quasipartié@P) state at results>?! So far, these QP states have been studied in the
low energies, showing a small dispersion, while at highercharge-transfefCT) model only in theU —o limit.2?
energies one only finds a featureless incoherent background We explored the SCBA before in the well documented
according to exact diagonalization studiésRemarkably, context of NiO, where we obtained a quite appealing picture
this structure of the single-hole spectral function is accufor the valence-band electronic structéredere we will fo-
rately reproduced by an analytic approtch which starts  cus on the perovskite planes of the cuprate superconductors.
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Because the spin is smaller in the cuprat8s:(/2) than in  reason is that severald8 excited states are in the same en-

the nickelates $=1), the theory is, in principle, less well ergetic regime for realistic parameters of Cuflanes?®-28

controlled but this does not seem to be an issue in light of thand only *E; 3d® state has been included in the three-band

successes in thed context. In other regards, the cuprates aremodel?® This motivated us to derive a more complete and

a better testing groundi) the planes are two dimensional realistic spin-fermion model for the CufOplanes starting

and both the theory as the interpretation of the experimentfom a tight-binding model which includes all orbital degrees

become easier than for the three-dimensional Ni).Cu-  of freedom in the planar directions. This corresponds with

prates conform better to the charge-transfer limit than theseven orbitals per unit cell: three copper orbitals,

nickelates, where the lower Hubbard band and the oxygeBd,2_,2(d,), 3d,2_,(d,), and 3,,(d,,), and two orbitals at

band nearly overlap. The spin-fermion model is thereforeeach oxygen ion, g, and 2,.. The holes interact by local

more realistic for the cupratdiii) The microscopy of the Coulomb interactions at Cu sité$.In the strong-coupling

cuprates is better documented than that of the nickelates. limit we start from the localized ground state of the insula-
In Sec. Il we will formulate a realistic multiband Hubbard tors, characterized by Cud3(x?—y?) and O 2° configu-

model which takes into account altl3and 2o states playing rations, and described in terms o8& 1/2 Heisenberg quan-

a role in planar directions. Assuming that ¥ upper and  tum antiferromagnet.

d® lower band can be integrated out, we derive a spin- After doping by one hole we consider the multiband

fermion model for the planar oxygen states, which includesharge-transfer model in the limit of weak hybridization. The

the effects of the multiplet splittings of the LHB. Finally, the ground-state manifold consists of the singly occupied copper

SCBA equations are derived for the self-energies andons and the doped holes within the oxygen orbitals. The

Green’s functions, which are now in a matrix form becauseéransitions to the excited states, as caused by hybridization,

of the eight differently “flavored™” oxygen states in the prob- lead to effective interactions between either p,2or a

lem. A complete spin-fermion model contains two oxygen2p,_ doped hole, and thedz_,2 holes of the AF back-

bands ofa and two of = symmetry which split in addition ground. We shall use the same generic picture as in the case

due to the scattering against the staticeNerder. of the three-band model, where these excited states belong to
In order to keep the numerical efforts on the tractabletwo Hubbard subbands: LHB and UHB The excited states

level, we have solved three simplified cases. First, we newhich contribute to the LHB aré) high-spin A, and °T,

glect the AF splitting of the oxygen orbitals in Sec. I, and triplets,

consider there(i) the two-band model which contains only 1

O p,, orbitals, andii) a four-band model with O(2,) and O 3 +ot 3 Tt toat

(2p,,) orbitals. Second, we treat in Sec. (M) the two-band Ao(1)=diz i, “Az(0)~ ﬁ(dmd‘xﬁdizld‘”)’

model of Sec. Ill including the AF splittings of the oxygen

states. We will show that the quasiparticles with low disper- 3A,(— 1)~di’lediTXl , (2.2

sion are obtained in all cases, and will argue that the model

which treats only the @,, orbitals suffices to explain the QP A 3 1 . A

states at low energy observed in the ARPES experiments of 11(1)~diydi;,  *T1(0)~ ﬁ(dixwdixﬁdixyldim),

Wells et al. in the insulator SsCu0,Cl,.?

Il. THE SPIN-FERMION MODEL and(ii) three low-spin singletstA,, *E;, and 1T,

The simplest realistic model which describes the holes 1
within the CuQ, planes of HTSO's is the three-band model 1 o dqt 4 —gt 4t 1 _qf gt
including Cu(3l,2_y2) and O(2,,) orbitals?* Shortly after A2(0) \/E(d' 16 = Gy dip)o TEL(0)~ iy iy
the discovery of the HTSO it was established that the system
is strongly correlate@® and the electronic structure cannot 1 _ i gt df —gt gt
be described in terms of conventional band-structure theory. T1(0) \/5( ixy1 dix| ~ dixy dixp)s
These strong correlations result from the weak Cu-O hybrid-
ization as compared with the Coulomb repulsive energy awhere the fermion operators create holes in the diffedent
Cu sites,U, and the CT energyA. In this strong-coupling Orbitals. This set of excited states can be divided into two
limit one can formulate effective Hamiltonians of the spin- groups: (i) *A,, 'A,, and ‘E; configurations with double
fermion variety: at energies less thah or U—A, thed  occupiedeg-like (x,2) orbitals; and(ii) *T, and *T; con-
electrons act as spins, and the oxygen holes interact witfigurations with one hole in &g- and the second one in a
these Cu spins via Kondo interaction Neglecting in-  tag-like (xy) orbital. The UHB consists of thdocal) CT
teroxygen hoppings, one finds the oxygen states of Ibgal excitations to the @2 and 2p% 2p’ hole configurations ac-
symmetry to couple strongly to thed_,. orbitals, giving ~companied by a transition to @l configuration at the cop-
rise to the formation of Zhang-Rice singlets under doging, per site.
while the states ok; symmetry do not hybridize with the Treating the virtual transitions to the high-energy states of
holes on the Cu sites. the LHB and UHB perturbatively, one finds that the elec-

However, it is clear that a picture which results from thetronic states of the Cu@plane are described by the follow-
three-band model is seriously oversimplified. While it mighting spin-fermion model:
give a qualitatively correct description of low-lying states, it 0 113
cannot describe correctly the photoemission spectrum. The H=HstHp+H+Hp_s. 2.4

2.3
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It consists of the superexchange interaction between the Chole-spin wave coupling are easily obtained by expanding

spins,H, the oxygen hole hopping termlsl,ﬂ and Hf, and

around the Nel saddle point. To zeroth order, each site is

the Kondo interaction$i,,_s between the oxygen holes and occupied by a single Schwinger boson, and
copper spins. The latter are responsible for the quasiparticle
behavior of the oxygen holes because they cause the dressing bi;=b;; =0, b =b;;=1, (2.10

by the magnons of the AF lattice of copper spins.
The Kondo interactions are

Hp-s= % [(JK,xz—y2+JK,22)S : Smn,o_‘]K,xyS : Smr‘l,77']1
(2.9

wherei are the copper sites, antdandn are the neighboring
oxygen sites of the same Cu 08, () are the(nonloca)
spin operators, which refer top2 and 2, orbitals,

+

_ At
Smn,¢= @m,¢18n,¢) »

S?nn,gz%(alq,aan,ﬁ_a;,gian,gl)- (2.6
at

m¢1()) are hole creation operators iné= o, 7 orbital at
site m. Notice that thes holes only communicate with the
ey-like 3d states, and ther states only with they d orbital.
The Kondo interactions if2.5) are up to second order,

Jkaz—yz=2[I(A) + I (*ED)],

Ik 2= (A = I(PA), Ik xy= (3T = I(*Ty),

(2.7
with
t2 :
_x 3p)—
Ji(A) A, J(PA2) UCA)—A.tA,
2
J (A, = z
K 2 U(lAZ)_Aa-"_sz,
2 t2
X X
J('Ey)= UCE) =R’ J(3Ty)= m
t2
(1T = m (2.9

whereie A and j eB. Expanding to Gaussian order, one
finds one branch of acoustic magnons with an ena;gylS

The kinetic energy in the oxygen bands is given by the
direct oxygen-oxygen hopping, and by the effective second-
order processes similar to those included in the Kondo hole-
spin interactionsHy,_s. The direct oxygen-oxygen hybrid-
ization is of the form

0_ T T
H h™ r%s [t(r;‘rﬂam,osan,as_lp t%zam,wsan,ws

+toral @ nstH.Cl, (2.11

with t77, ton andty T standing for »,—2p,, 2p,—2p,.
and 2p,—2p, interoxygen hoppings, respectively, and
s=1,|. The siteam andn label the nearest-neighbor oxygen
sites, and the hopping elememﬁérf)”(”) contain the phases
of the respective orbitals.

In addition to the spin-fermion Kondo interaction Eg.
(2.5, one finds as well the effective three-site hopping of the
oxygen holes,

Hp= i%s [(Tx27y2+ Tzz)a:”n,osan,os"' TxyaTm,q-rsan,ws]v
(2.12

with the effective hopping terms determined by a two-step
hopping via the Cu sites

sz—yzz %[‘]k(A)_Jk(lEl)]l
T=— ;[33(A) + I (*A2)], (2.13
via 3d,2_,2 and 3,2 orbitals, and

Tey=— 5 [3NCT) + (1T, (2.14

The first Kondo interaction is due to fluctuations to the UHBVia 3d,, states. The sitesn and n in Eq. (2.12 are the

and the other five interactions involve the LHB. Hérg and
A are the CT gaps between the hole energiepgrand
p orbitals and thel,> 2 orbital, andA,, is the crystal-field
splitting between theds,2_,2 and d,2 orbitals. Notice the
ferromagneticsign of the Kondo interactions involving the
high spind?® states.

The AF interactions between tH&= 3 spins on the Cu
sites,S, are given by the superexchange Hamiltonian

He=J > S-S, (2.9
(ijye(A.B)
where A and B are the sublattices of and 1 spins in the
Neel state, respectively, and the AF superexchahg@ acts
between nearest-neighbor Cu ions in the Gyilanes. The

nearest-neighbor oxygen sites of the same Cu ion, and for
this reason the three-site hopping couples as well the two
oxygen orbitals along thg (y) direction, unIikeHﬂ

In the Neel state, as defined by E(.10), the Ising part
of the Kondo interaction reduces to additional hoppings,
which represent the scattering of the holes against the static
Neel order parameter. These terms will cause AF splittings
of the oxygen bands. Because the oxygen states living on the
A andB sublattices become inequivalent, the number of oxy-
gen bands doubles to eight and the calculations become
much more tedious. Although these splittings are certainly
not unimportant, they are not expected to change the picture
completely and we will proceed with neglecting these split-
tings in first instance. It will be found that the statesmoénd
o symmetry are relatively weakly coupled and in Sec. IV we

spin Hamiltonian H;, may be expressed in terms of will consider the important sector, including the effects of
Schwinger boson®;,.*® The spin waves, as well as the the hole scattering against the static order.
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The hopping part of the effective Hamiltoniap+H},  with
can be easily diagonalized in the reciprocal space by intro-
ducing new oxygen operatofs,, ., defined by the Fourier
transformation Tpp=4tppsink,sink, ,

1 .
=— a;, ", (2.15
Picus \/NE.: S T/ pp= — 4t ,COK,COK, , (2.18
where the indexu=1,. .. ,4describes four different oxygen

states in the unit celpy,,, P2, , P15, andpy,, respectively.  and the Cu-O distancéhalf of the unit cell lengtha=1.
With the help of these operators we write the explicit form oft , andt’,, are direct oxygen hoppings between the pairs of
the hole hopping part of the Hamiltonian E@.4) as fol- 2p (m and 2, orbitals, respectively. When we neglect

lows: the smaller hopping elementiy taking tF’)p: 0), which

0 1 o 5 ; mixes the D, and 2, states, we find the two subbands for
Hp+H ZKE, ([HRL e T THR ) Pic, P s+ p, andp,, orbitals, respectively,
S
" (2.16
where,H} is the free hole hopping, & o(m)(K) = & () £ 4t SNk, SINK, . (2.19
s Tpp 0 Tpp

0. | Top &0 Top O Because ther and o orbitals become independent in this
[Hp]l= 0 T e T.| (217 case[H;] is given by a block diagonal form which we write

, PP 7 TPP as a simple producfH;]=[H}].®[H}];, where the rel-

Top 0 Tpp en evant parts of the % 4 matrices are of the form,
|
) A(Tye_y2+T2)sinPk, —4(Ty2_y2—T2)sink,sink,
Hyl,= . . . , 2.2
[Hilo — 4(Ty2_y2— T 2)sink,sink, A(Tyz—y2+Tp2)sirPk, (2.29
|
and, with y,=1/zS #£'%° (with z=4 in the 2D casg and neglect-
. ) . ing an irrelevant constant one finds after somewhat lengthy
(HI] — AT, SirPky —4T,Sink,sink, (2.2 but straightforward calculations the following Hamiltonian
T - ATy sink,sink,  4T,ysirtk, ' in LSW order:

Thus, we find that the mixing betweenand = states within

CuO, planes is only due ta,’)p hoppings, quite different - Kal a. .+ i
from the similar spin-fermion model for NiO, where the -5 2. eulk) ki, sk 2 ©@aPaba
three-site terms also contribute to the hopping between the

oxygen orbitals of different symmetfy.

T T
In the linear spin-wavé€LSW) approximation one finds \/N qz,l‘ys M o(K, Q)8 qu,s8r,~s(Bg+ B-q);
the magnon dispersion to be given by the standard expres-
sion for a two-dimensiondPD) Heisenberg antiferromagnet, (2.29
wq=2J(1— 52 (222 with s=1 (1) for the spinf (1), respectivelys ,(k) with

Performing Fourier pu=1,...,4, stands for the four oxygen subbands

\/_ EA bmelq r.+T 2 b; Lelq I, (2.23 akM,s:2§ Vi’kpkgs, (2.26

and Bogoliubov transformations, . . .
obtained before from the dlagonallzau(mlth the help of a

1+ (1— 51312 matrlxvi ) of interoxygen hopping terms{2+H3 . Unlike
2(1_—72)1/2 , in thet-J model15 the spinless fermion descnblng the charge
4 of the Cu holes is absent in the final Hamiltonian Equation
12 (2.295 because the transition-metal spins are localized and
, (2.24 the oxygen holes can be described as normal fermions, inter-
acting with the magnons. The hole-magnon bare vertex

Bq=Ugbq— ub,q, Ug=

1-(1-yp*?

—sgnyg) 2(1_—7(2])1/2
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found in the LSW-SCBAM ,,,(k,q), depends on the coeffi-
cients of the Bogoliubov transformations for fermions, Ew(k*“’):%q M (K, Q)M g,(K, Q)G ap(k— 0,0 = wg).
{V4,.}, and for bosons{ug, v}, ' (2.30

Mw(k,q)z(ququ)z Wiz(ka)an(k’Q)’ (2.27  This approximation hlgs been shown to be surprisingly accu-
&7 rate for thet-J model;< and has been used by us as well for

- systems with larger spin§=1 (Ref. 23 andS=3/23!
with WiT(k, @) =V, V7. N y with larger spi ( 3 .
The functions Fy,(k,q), determining the vertex All the calculations were performed on a*@6 lattice
7] ’ ’

M (k.q), are obtained by evaluating the second-orderWith torroidal boundary conditions. We present below the
y7ax 1 1

terms which originate in the hybridization between thesmgle-hole spectr.al functiongu(=1, ... ,4),obtained from
2pq(m and 3 states ofey (dyz2-_y2, dg2_;) andtyy (dyy) such a procedure:

symmetry, respectively. Similarly tcﬁHﬂ], the functions
F¢,(k,q) have independent parts for and 7 orbitals with

1
the following nonzero elements: Auu(k,0)=—ImG (K, 0), (2.3

Fu(k,@)=Jie-y2+ I 2)[ 0~ cod 2k =G ], neglectings ,,(k,0) andG,,,(k,w) for u# v as they con-

FadK.0)=—2(Jp w2 y2— i ,2)Sinkssin(Ky— d), tribute only to higher-order diagrams.
2k.q) (Je-y2 = Juz2) sinkosintky = dly) The spin-fermion model Eq2.25 contains four oxygen
Fai(k,q)=Jy ] cogl,— cog 2k, — )], bands, and will be called below a four-band model. To avoid
3k D)= Iyl coy %2k ] some of the numerical complexity of SCBA, we have studied
Fau(K,0) = — 2Jy x,Sirk,sin(k, —ay). (2.28 as well a simplified model which includes only the oxygen

, p. orbitals. In this case one finds only the spectral functions
FaAk,9), Fai(k,q), Fas(k,q), and Fys(k,q) are obtained o (ko) of e lke symmetry. Although x2—y?
from Fyy(k,q), F1x(k,Q), Fss(k,q), and F3,(k,q), respec- and %21 are cogupled by the vertex functidvl ,,,(k,q),
tively, using the symme.try3>(,y)<:>(y,x). , the resulting spectral functions have mostly eittgr 2 or
As in the case of NiG; we have determined the hole § , character. Thus, we will use these labels below in dis-
self-energy self-consistently in SCBA by iterating the Greengssing the numerical results. Finally, we will consider this
functions “ o only” model including the antiferromagnetic splittings in
-1 . Sec. IV.
Cur(ko)=0=38,,8,(K) =2, (ko) (229 Knowing the Green function, it is instructive to obtain the
with the hole self-energy obtained from the bare vertex andvave function which in our model has the following
the self-consistently dressed Green function form:32:33

d1.11

|‘Pf<r,]i)>: VWSF[ al,i,rr+N7 1/22 Miil(kvql)Gil(kl1w1)al1,il,ﬂrﬂgl+ ce

N2 My (K Q)G (K, @1) - My i (K180 G (Knson)ay | qynBe -+ B |10),

O1.-.0n.iq...ip

(2.32
with the momentum,k;=k-q;—...—q;, and energyw;=gx—wq ~ ...~ g conservation satisfied by each term.
ei(k)==i(k,&;(k)) is the QP energy, and/} is the QP spectral weight given by

o 1
WRr= (2.33

1- (a/aw)zi(klw”w:si(k) .
In the present model there are several oxygen bands and this leads to a more complex form of tNhetrr (V| W (™)

than that known from thé-J model®3

<\If<k’,?|\1f<k??>=W8?[l+ngj ME (k0| Gk, ) +N72 X My (k,a)Myyi(k,dp)
1

quqZ,j,il,ii

XGil(klawl)Gi*i(kllwl)Milj(kl:QZ)Mjii(k1:QZ)|Gj(k2-w2)|2+ e

+N" > Mii, (K, d)Miri(k,01) Gy (kg @1)
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i1z

XGi*i(klawl)M (klrqz)Miéii(klqu)Giz(kZa‘UZ)Gi*é(kZ:wz)X e

XMi i (Kn2,0n-0Mir i1 (Kn2,Gn-1)Gi _ (Kn-1,0n-1)

XG;Z_l(kn—l’wn—l)Minflj(kn—qun)Mjir’]fl(kn—1:Qn)|Gj(knawn)|2 |0> (2.39
|
1. NUMERICAL RESULTS FOR THE TWO-BAND Nevertheless, we are still in the range of applicability of the
AND FOUR-BAND SPIN-FERMION MODEL perturbation theory.

Before we address the results obtained for the spectral

Before studying the complete hole-magnon Hamiltonianfunctions, let us analyze the behavior of the hole-magnon
Eq. (2.25 derived in Sec. II, we shall present the resultscoupling in momentum space. As in the case of Ki@his
obtained with the simplified spin-fermion model, which is coupling vanishes at thé" point, increases both in the
derived from the four-band modéffor the CuQ, plane, and I'—M and inT'—X directions, and is at maximum at the
deals only with the twar-type oxygen hole bands, dressed M point[see Eqs(2.28]. These symmetry-derived proper-
by hole-magnon couplings &, symmetry. Such a two-band ties are also reproduced by the band structure as follows
spin-fermion model is expected to reproduce already som0m the tight-binding model neglecting the hole-magnon

essential features seen in photoemission, because the cdiuPlings (see Fig. 1 The free oxygen bands are only
pling with the 7 sector is relatively weak, and has the ad_gllghtly changed byHj, corrections, with an additional split-

vantage of being more transparent than the full model Eqii"9 AE=0.3 €V, increasing froni" towards the M point.
The full spectral function®\,,(k,w) (w=1,2) are pre-

(2.25 which involves ther states as well. S .
Realistic parameters for Cuplanes have been obtained _sented n F'g.' 2. Because th? hole-magnon coupling van-
ishes, one finds at thd" point a (doubly degeneraje

-28 ;
by several author® 2% These have been either extracted s-function-like peak. Going away from theé point towards

from the LDA band-structure calculations mapped on thetheX point, the spectral functions become broader, while a

elnertgy s?rfatlce .O{ thet_ %%25%'_‘%”9 d rgode{lj fW'th Local bound state becomes visible at the threshold of the spectral
electron-electron interactiors, or deduced from Pno- - ¢, ctions, in both channels. This bound state carries, how-

. . . '38’39 .
ttzem;ssmnf (te;](p%rémenié. t_Here (\ijh uie th_e njutltlple} ever, only little weight, while most of the spectrum is con-
struc ureg Eek coSn |gutrak|on ar(; F %ﬁhppm% In egr?s centrated in the broad region at high energy, with #e
as given by ESKeS, sawalzky, and Ferretns choice o mmetry following more closely the one-particle dispersion
parameters is motivated by the complete characterization f the oxygen stateee Fig. 1. In the latter case the Kondo

the multiplet structure by the Racah parameters in Ref. 2% teraction is much weaker and therefore the corrections to
The latter parameter set was supplemented by the cryst Re one-particle picture are much less than in e y2

field sghtnGng t;etwgel\r/} T\r/]lerﬁa%_lyz ar:jd 333213—1.'??&5’ S channel. In the vicinity of thé point the bound states be-
given by Lorant an cViahdrl.In order fo faciitate com- = e more visible in the®—y? channel. Interestingly, an

tronic notation in all the numerical results. The hoppin a_%fntibound state at high energy is formed in (d&) direction
: PPING P&, the x2_y2 channel simultaneously. Such a state has also

7 _ .
rameters aré.tpp— O'§5 eV for the hopping betyveen Nearestpeen found in NiO for weaker Ni-O hybridizations than
2p, or 2p, orbitals,t;,=0.35 eV for the hopping between those assumed in Ref. 23

nearest P, and 2, orbitals, and,=1.5 eV,t,=0.5 eV for The total density of state& (w) of this two-band model
the hybridization elements betweenp2 and 3,2, "
3ds,2_ 1 orbitals, respectively. The CT energy betweqn,2
and I 2 is A,=e,—e,=35 eV, while
A,,=e,—e,=0.6 eV is the crystal-field splitting between
3dy2_y2 and 3,2 states. The value of the superexchange
interactionJ, has been found to b@~0.07—0.15 eV by
Raman scattering and neutron-scattering experinf@nis.
the present model we assurde=0.15 eV which is an ac-
cepted value in the literatufé&3"41#?The Coulomb energies
calculated with the parameters of Ref. 28 are:
U(®A,)=5.3, U(*E;)=7.3, andU(*A,)=8.3 eV. We note
that the one-particle elementsopping integrals and CT en- %0
ergy) are the same as in the sets determined from the local- r M X r

density approximation(LDA) calculations®?’ while the

Coulomb interactions are somewhat weaker. Thus, we over- F|G. 1. The oxygen electron bands fp, orbitals as obtained
estimate here the strength of the Kondo coupling both byrom the hole hopping terms given by Eq€.11) and (2.12: H?
taking only the second-order expressions for the exchang@ashed linesand HY+H; (solid line9 for realistic parameters of
interactions, and by accepting the lower limit for thiés. CuO, planes(see Sec. Il
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FIG. 2. Spectral functions,, ,(k,) (u=1,2), including only

p, orbitals for k=(nu/8,0)

in the (10) direction, and for

k=(n#/8,n7/8) in the (11) direction (h=0,1,2,3,4), as obtained
for the simplifiedo only model for an oxygen hole in the CyO
plane using the parameters of Refs. 27,28. Full and dashed lines It is interesting to compare the behaviorf, ,(k,w) for

correspond to the states df2_,2 andd,2 symmetry, respectively. different points in the Brillouin zonéBZ). At the M point

The inset shows the convention chosen for the BZ, with the Cu-Qwhere the QP peak is the strongelsbth the real and the
distance taken as the length umit=1. Doping by ~7% holes
results in the marked position of the Fermi levé. The param-
eters as defined in Sec. Ill.

is shown in Fig. 3. Both the QFat the threshold of the
spectra and the antibound stateéwith the maximum
~—6.5 eV) come from the upperd,2_,2) oxygen bandsee
Fig. 3, while the 7 states couple much weaker to magnonsnear theM point not far from the pure oxygen stateee the
and plays thus a minor role in the formation of the propagatupper band on Fig.)l whereas at th& point the energy of
ing states. The total spectral weight of the propagating statege upper oxygen band is —3.5 eV and the self-energy has

at low energies does not exceed 10%. One can also distile develop such strong oscillations in order to form the QP
guish a strong peak in both spectet ~ —3.5 eV)—this is

FIG.

3.
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electron

states,

A, (w)=(1IN)ZKA,,(Kk,w) for d2_,2 (solid ling) andd,2 (dashed
line) symmetry states, respectively. The parameters as defined iike the dispersion found in insulating samples, and the simi-

Sec. lll.
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Img(k, w)
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ReT(k, w)
m%(k, w)
®

_5 . . " . R
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FIG. 4. Real and imaginary parts of the self-enebyy, (k,w)
for the realistic parameters of CyOUpper panelga) and (b) cor-
respond to théVl point, and lower one&) and(d) to theX point in
the BZ. Solid and dashed lines represent the gycsymmetries,
respectively.

nothing else than the van Hove singularity of the indepen-
dent electron bands which survive the hole-magnon scatter-
ing because this interaction vanishes at fhpoint.

imaginary parts ok ,, (k,) (2.30 are rather smooth func-
tions of w with only a small discontinuity at the QP state
[Figs. 4a) and 4b)]. On the other hand, at th¢ point (with

the very weak QP peak ,,(k,») has many well visible
oscillations in a narrow energy rangeee Figs. &) and
4(d)]. Such a big difference in the behavior of the self-energy
is caused by the fact that the propagating states are build up

states at-4 eV above the free states.

Let us turn back to the low-energy bound states. Their
nature is similar to that found previously in Ni®ef. 23—
they are similar to the Zhang-Rice local singlet states which
can be derived in the limit o¥x>1t,, and this will be further
discussed towards the end of this section. They show a dis-
persion which is actually quite similar to the dispersion ob-
tained witht-t’-J models*® and to stress this point we show
our results together with the dispersions with ARPES as
measured in the highly doped, superconducting compound
Bi ,Sr,CaCu,0g. 5 by Dessatet al?® in Fig. 5. These com-
pare quite well, at least assuming that one can rigidly shift
the bands under doping. This is of course nonsenstbal
vacuum is of a completely different natyrand we will ac-
tually show in the next section that the scattering against the
Neel order(neglected hepegives rise to substantial changes
in the form of the dispersion. The real dispersions look more

larity suggested by Fig. 5 is just accidental.
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FIG. 5. The calculated ZR QP states in the spin-fermion model
with oxygenp,, orbitals (empty circle$ and the maxima measured 1.0
in ARPES experiments by Dessatial. (Ref. 9 (full circles). The (b)
Fermi energy(dashed lingis the same as in Fig. 2. Notice that this —10 t \
favorable comparison is merely accidental. /
£
Let us now present the numerical results obtained in the %_3 oOf
more complete four-band spin-fermion modgI25, as de- /\
rived in Sec. Il including also &,, and 2, states in the —5.0
basis set. The additional electronic structure parameters
which had to be included ard;,=0.7 eV—hybridization -0
between . and 3,, orbitals[obtained using the relation r M X r

between the hopping elements fbf and b, symmetries:

ty, =12 (see Ref. 4f] and in agreement with Ref. 36; FIG. 6. Free oxygen electron bands in the spin-fermion model
A, =g, —e,=1.3 eV—the CT energy betweend3 and  which includesp, andp, oxygen orbitals withouta) and with (b)
2p,. orbitals; U(*T;)=U(*E;) andU(®T;)=U(3A,)—the the three-site hopping terms given By, The parameters as in Sec.
Coulomb repulsions for the ned? configurations ¥T, and Il

3T,). In this case, the self-consistent calculations involve,[he = sector, as in the Z£—1 channel, while only in the

four oxygen bands which makes the numerical procedur(;(z._yz channel the Kondo coupling is antiferromagnetic.
more tedious. One expects that the QP states near the Ferfle “reason is that in the former two channels the Kondo

energy are still primarily determined by the holesoothar- oy change comes from virtual fluctuations ind® states in-
acter. In addition, it would be interesting to see Whethervolving two different orbitals ¥2—y2, andxy and 32— 1 in

similar QP structures are formed in thesector, as was the the 7 and 32— 1 channels, respectivélyThe high spin
case in NiO?® The free oxygen bands in the four-band spin-(triplet) d® states of this kind lie at a lower energy than the
fermion model (Fig. 6) are qualitatively similar to those singlet states because of Hund'’s rule, and this ferromagnetic
found before using onlyr states(see Fig. 1 The features sign is “transferred” to the low-energy sector. In the
are the dispersions along tfie- X direction even when the x?—y? channel, on the other hand, only one orbital is avail-
second-order corrections to the bands are neglected, and thele and the Kondo exchange carries therefore the usual “ki-
splitting at thel” point, which originates in th&; 7 hopping  netic” antiferromagnetic sign. The latter is more strongly
Eqg. (2.11). coupled and tends to produce the singletlike bound QP
In the first instance, one can consider thand 7 sectors  states. However, in the other channels there is also a ten-
(see Figs. 7 and)8as being independent. As expected, thedency to form hole-spin bound states, which are however
spectral functions in ther sector(Fig. 8 are basically those triplet (high spin like. Because the free states in the
of the free holes, slightly changeti'shifted and broad- 3z?—1 channel are at high energy, there is little left at low
ened”) by the interactions with the magnons. Only along theenergies in this channel. This is different in thechannel.
I'=M direction there are more drastic changes due to th&he free dispersion of the lower lying free band follows
relatively strong hole-magnon vertex in this part of the BZ.the x2—y2-like band closely(Fig. 6), and the renormalized
Surprisingly, however, we find a rather large effect in thes states already show up at quite low energiEsese low-
o sector(Fig. 7) coming from the presence of the states, energy, ferromagnetically correlated states act like “pair-
despite the nominally small coupling between the two secbreakers” on the singletlike, spin-hole bound states in the
tors. Although thes spectra look similar at high energies to x?—y? channel.The surprise is in the numbers. The coupling
the ones of ther only model, it is also seen that the pole between ther and o channel is quite weak, but this small
strength of the low-energy QP states reduces drastiffily  coupling is nevertheless able to change the outcomes quite
2): the QP states are barely recognizable alongItheX substantially. We notice that we also found these “high
directions in bothr and = symmetry sectors. This reduction spin” and “low spin” bound states in the context of NitS.
of pole strength might as well be interpreted as a decrease dihe main difference with the present case is thatt,, is
the binding energy of the Zhang-Rice-like states. The origirsubstantially larger in NiO than in cuprates, with the effect
of this effect is easy to understand. From E@s7) and(2.8)  that both in the low spin and in the high spin channel the
it follows that the Kondo couplings aferromagnetidoth in ~ bound states are well developed.
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TABLE |. Quasiparticle weight if=0) and the normN{"  but the two and three magnon contributions have already

(n=1,2,3)[given by Eq.(2.34] atk=(m/2,7/2) (M poiny and at  become insignificant: ~3% (~0.5%), and ~0.5%

k=(m/2,0) (X point) as a function ofJ (in eV), found for the  (~0.03%) forn=2 and 3 at theX (M) point, respectively

four-band model with normalizatioN{®)=1 atJ=0.25 eV. (see Table)l
These results should be taken as a warning against too
J n=0 n=1 n=2 n=3 literal interpretations of the results derived from the

k=(m/2,m/2) 0025 03951 05845 05955 0.5968 model. As long as bound states are formed, it makes sense to
0.05 05132 07470 07565 07574 use thet-J model for qualitative purposes. However, it
010 06160 08753 0.8816 0.8821 seems’mp_ossibl_eto arrive at any guantitative conclusion re-
015 06697 09368 09414 0.9417 gar_dlng dispersions, etc., starting from the strong-coupling
020 07046 09729 09764 0.9766 Ilmlt. Of course, one can augment the star]dal:ﬂ moc}el
025 07310 00970 0.9998 1.0000 with othe_r correctlons(sgch as_“on subla_ttlce hopplng”

K= (7/2.0) 0.025 0.0076 00204 00217 0.0221 _t’), but since the _reaslspm—fermmﬁ model is deep in the

' ' : : : : intermediate-coupling regime the number of these correc-

8'23 8'8222 8'85‘11‘21 8'8522 g'gégg tions is bound to proliferate. We notice that all existing ap-

proaches, mapping the full problem oritd like models?®>*®
0.15 0.0148 0.0400 0.0414 0.0417 are in a deep sense uncontrollable because they are not able
0.20  0.0174 0.0463 0.0478 0.0480 g recover the weak-couplinglg/W<1) limit.
0.25 0.0208 0.0556 0.0573 0.0575

IV. ANTIFERROMAGNETIC SPLITTING
IN THE OXYGEN BANDS

Let us now address the precise nature of the low-energy, _ ) ) o
bound QP states. For this purpose, it is revealing to consider N this section we include the AF splitting of the oxygen
the nature of the ground-state wave function at different mobands due to the scattering against thelNeder parameter,
menta, using Eq(2.34. Let us first discuss the general na- which was negIepted in the nlur'nerlclal analysis prgsented in
ture of the problem. It is characterized by two parametersS€C- lll. Neglecting these splittings is actually quite unrea-
J«/W and J/W (W is the bandwidth which can be well sonable since they amount to the zeroth order in the large
compared in this larg& context with the electron-phonon S €xpansion. The only reason to do so was to keep the cal-
coupling constant and the Debye frequency of the ana|ogod§natlon including therr bands tractable. In this sgctlon we
lattice polaron problem. The small-polaron limit of the lattice Will neglect thes bands and focus on the sector instead.
problem is in fact analogous to the Zhang-Rice construction©ne should keep in mind that thebands might give rise to
the Zhang-Rice singlet can be looked at as a bound state of@'rections which are not unimportant in quantitative re-
hole and a local, large amplitude spin wave which is realize®PECtS. . _ _
in the largeJy /W limit. In this limit, the bound object has  The two-band spin-fermion modgee Eq(2.4)] includ-
lost all its free kinetic energy and can only propagate throughd the scattering against the &leorder takes the following
the lattice assisted by the exchange of the collective excitaform in the S—oo limit:
tion. In the spin case, the latter part is described byttlie ~ AF
model which appears as “infinitely strongly coupled” in H=Hrs+Hy", (4.2)
large S (no free kinetic energy Although at the end propa- whereH+g is the o-only model we considered in Sec. Il
gating states are found, these are dressed up with large numnd
bers of magnons, using an analysis equivalent to Eg.
(2.34.334 This Zhang-Rice singla#J picture is however
only accurate in the largdy /W limit. If Jc/W<1, this
strong-coupling picture breaks down and one better thinks in .
terms of the free states which get shifted and broadened dugherex,==* for o=T,|, respectively. The new elements
to the hole-magnon scattering, as one sees happening in th# the spin degeneracy of the oxygen banH," gives the
a and %~ 1 channels in large parts of momentum space. Irusual coupling between the andk+Q states in the recip-
this limit, only a fraction of a magnon is attached to the hole.rocal space

In the x>—y? channel, the problem is obviously well in-

HAF=S 3, &212angg,[a;f&,aj,g,ﬁH.c.], (4.2
ijj "o =1,

side the intermediate coupling regimk and the free band- HAF=D D a0 (K)[af ay ;. —an a1

. ! ky ! , k, ! y
width ~t,, are of the same order. The normg; are a "R ! & KFQET T T Qe Tt
sensitive measure for the number of magnons involved in the 4.3

formation of the bound staf&;*® and these are summarized

- - - _1
in Table | forn=1,2,3 magnons along the high-symmetry WNeréQ=(m/2,m/2) is the 2D nesting vecto&= 3, and

directions in the zone for different values &f On the one @11(K) = = (Je 22ty 2)Sin(2K,)
hand, we find thalN, ; increases with increasing superex- w YR TRE “
changeJ in a similar way as in the¢-J model®3“* On the oK)= = (I oot I 2)SIN(2K,),
other hand, however, for a realistic value &-0.15 eV, ey ' Y
Ny i converges rapidly, much more rapidly than is the case in 1K) = 2(Jy yo—y2— Ji 72) COK,Sinky

the t—J model, taking “realistic” values fort and J. At
J=0.15 eV, the one magnon contribution is still substantial a21(K) = 2(Jy x2—y2— Ji z2) COKySINk, . (4.9



10170 JAN BALA, ANDRZEJ M. OLES AND JAN ZAANEN 54

The oxygen subbands are now found from the diagonaliza- - : :
tion of the free hole HamiltonianH2+H}+HA" which Hst=kE Eu(K)ay o uot 2 ©qBeBq
leads to the following & 4 matrix problem, with the usual e K
mixing between th& andk+ Q states for a given spim,

1 ~
+\/_— 2 Mﬂv(qu)alfq,o'ak,*o'(ﬂg—i_B*q)a

N kq,uo

([HR1+[HAD(K) ola(k)] s 4.6
ola(k)] ([HRI+[HRD(k+Q) " ™ whereE, (k) (v=1,2) are the eigenvalues ¢4.5) in the

unfolded BZ(see Fig. 9. The new vertexM ,,(k,q) has a
Using the initial unfolded BZ and expanding up to Gaussiarform, which is different in different regions of the B€ase
order(as in Sec. ll], A—-D),

[[A,.(k,00,000+A,,KkQ,q,0,.232]
+[A,.(k,Q,0,Q,0,2+A,,(k,00,-Q,2,0]?
[A..(k,—Q,0,0,2,2+A,,(k,00,0,0,0]
+[A.,(k,0,9,Q,20+A,,(k,~Q,q,-Q,0,2]* incaseB,
[A.(k,—Q,0,—Q,0,2+A,,(k,00,—Q,2,01
+[A,,(k,0,9,0,00+A,,(k,—Q,0,—2Q,2,2]?
[A,.(k,0,0,Q,20+A,,(kQ,q,Q,0,2] in case D,
\+[AL,(K,Q,0,2Q,2,2+A,,(k,0,0,0,0,0]

in case A,

M2 (k,q) =t 4.7)

in case C,

with case(A): |kt ky|<7/2,[(k—q)x+ (k—0),|<m/2; case the free bands we anticipate and enhancement of the binding
(B): |kyt+ky|>7/2, |(k—q)x+(k—q)y|>m/2; case (C): energy of the hole-magnon bound states.
[kyt+Ky|>7/2, |(k—0)y+(k—0),|<m/2, and case(D): _ The symmetry of the h_oIe-magnon vertex is the same as
ket ky|<7/2, |(k—a)x+(k—q),|>m/2. We have intro- discussed in Sec. Ill, and infers that the hole decouples from
duced in Eq.(4.7) the following function to describe hole- the spin system at thE point, becauseM ,,(k,q)—0 for
magnon coupling: k—TI'. The narrowness of the upper oxygen band in the AF
structure leads to very strong QP states in this ref#me
Figs. 10 and 11 fok=(n=/8,n7/8) with n=3,4] which are
A, (kk',q,q',i ,j)=(uq+q,+vq+q,)2 Feo(K+K',0+Q") in the present case more strongly bound and the threshold of
&g’ the spectrum moves from 0.5 to~ 1.0 eV (compare Figs. 2
and 10. Another effect of the AF splitting is a considerable
change in the shape of the incoherent part of the spectrum.
Along the I'=X direction, the spectral weight is concen-

We  emphasize that the leading contribution to thetrated around the free oxygen bands with maxima at

Mfzw(k'Q)_ comes from theA,,,(k,0,,0,0,0) elements, while ___ 3 5 ey Moreover, along thE€ —M direction the inco-
the remaining terms in Ed4.7) are the AF corrections. The perent states move towards lower enerde=e Fig. 10 for
SCBA equations are the same as before, but one has to 'R=(n=/8,nm/8) with n=1,2], and as a result one can see a
placee (k) by E,(K) in the Green functiorigiven by Ed.  very strong antibound state at tié point (dashed ling
(2.29], andM ,,(k,q) by M ,,(k,q) in the self-energyEq.  whereas for the upper oxygen band the antibonding states,
(2.30]. ; being so well pronounced at—6 eV in the simplified
The scattering against the dleorder affects strongly the model(Fig. 2), have disappeared in the present situation.
oxygen bands. To keep the overall bandwidth the same, we The AF splitting of the free hole states is also reflected in
have decreased the maip—d hopping element from the density of states for both bands, represented by solid and
t,=1.5 eV(Ref. 27 to t,=1.3 eV, and adopted the standard dashed lines in Fig. 12. The QP part of the spectfatrthe
Slater-Koster relation for the value ¢f=t,/\/3 (see Ref. threshold of the density of states in Fig.)1®gether with
28). The remaining parameters are the same as in Sec. lllow-energy incoherent part which results from the additional
Comparing the free bands including the scattering against thetructures accompanying the QP peaks in Fig. 10 in the en-
Neel order(4.1) with those determined previous(gee Figs. ergy range from~—1 to ~1 eV, is well seperated now
1), one finds a large splitting of 3.8 eV at thepoint and (compare Figs. 3 and 1Zrom the completely incoherent
along the edge of the Afolded BZ, as presented in Fig. 9. part of the spectra, starting at energies belew-1 eV.
As a result, the upper band fk, + ky|>7-r/2 is less disper- Moreover, the formation of a narrow antibound stéatear
sive than in the previous caggig. 1), and is well seperated the M poin) is also visible inA,, (w) for w=-5 eV
from the rest of the band structure. Already on the level of(dashed line in Fig. 12

XVE Vo (48
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FIG. 9. The oxygen electron bands ferorbitals obtained from
the Hamiltonian(2.11, 2.12 including the scattering against the
115 static Neel background, as given by E@4.3: Hp+H; (dashed
lines) and HY+H;+HAT (solid lines for realistic parameters of
CuO, planes.
1.0 ~
z- The scattering against the” dlebackground changes the
o los < shape of the QP dispersions substantially, compared to the
| flawed result shown in Fig. 5. Comparing the present result
L EF|T shown in Fig. 11, with both the results for the dispersions in
3o 300 the heavily doped sampféand the experimental results as
w found from theinsulating Sr,CuO,Cl,, as presented by

Wells et al.?* we find our calculated dispersion to be much
FIG. 7. Spectral functions ofe; symmetry, A, (K, o) closer to the latter case. Especially, we find the large flat
(x=1,2), in thec — 7= model fork=(n=/8,0) in the(10) direction ~ piece in thel'—X direction to be well reproduced. Admit-
and fork=(n=/8,n=/8) in the (11) direction (1=0,1,2,3,4) for  tedly, the QP states have here rather low intensity, but could
CuO; plane forp, orbitals. Solid and dashed lines stand for the be identified, as shown in Fig. 13. We note, however, that the
spectral functions of primarilyg,._,2 andd,> symmetry. Position of
the Fermi levelEr the same as in Figs. 2, 5; the parameters as in

Sec. IlI. \
n
115 (11) . 115
| \\\ﬂ'\",\ ’
1.0 3 \ T ] M“ 1.0 3
\ & \ e\ &
= 105 < 7 0.5 <
N EF\_|T SO LR
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W (]
FIG. 8. Spectral functionsp,,(k,0) (u=3,4), in theo—m FIG. 10. Spectral functiong,, ,(k,») (u=1,2) for o orbitals,

model for k=(nw/8,0) in the (10) direction and for including the scattering of the oxygen holes against the state Ne
k=(nw/8,n=w/8) in the (11) direction (©=0,1,2,3,4) for the background, fork=(n=/8,0) in the (10) direction and for
m-like states. Position of the Fermi levél: and the parameters as k= (n#«/8,n=/8) in the (11) direction ((=0,1,2,3,4) using the pa-
in Fig. 7. rameters as in Sec. IV and with tfig marked for 7% doping.
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) o FIG. 12. The total density of electron states,
FIG. 11. QP states near the Fermi enefigylicated by arrows A,(@)=(1N)SKA,,(k, ) obtained from the model with the AF

in the spectral function®\,,,(k,w) (#=1,2) for o orbitals, for  gpjitting in the oxygen bands. Solid and dashed lines stand for
k=(n#/8,0) in the(10) direction and fork=(n#/8,n/8) in the dy>_ 2 andd,» spectral functions £=1,2), respectively.
(12) direction (h=0,1,2,3,4). The parameters and the valuepf

are the same as in Fig. 10.
ey Sector viat',, hoppings are less visible than the ZR

intensity would increase if the copper component would besinglet with puree; symmetry, but the present approach is in
calculated as well. The overall agreement is not perfect; es2ny case not sufficient to reproduce the intensities of the QP
pecially, the calculation seems to indicate a rather flat maxiPeaks. Therefore, we claim that the two-band model is rep-
mum of the dispersion which lies a little way from thé resentative and gives already a realistic description of the
point in the'—M direction. More importantly, we notice €lectronic states in HTSO’s. We find it also very encourag-
that our calculations reproduce rather accuratelysfiectral  ing that our QP band agrees quite well with the dispersion of
weightof the QP features seen in the experiments by Wellghe singlet pole found in the sophisticated perturbative treat-
etal. as function of momenturf* the largest weights are ment of the three-band model by Unger and Féddehich
found around thévl point, and the weights of the QP peaks captures essentially the same corrections to the bound state
rapidly diminish approaching thE point (see Fig. 11 This  dispersion as the present spin-fermion model. On the con-
reflects the disappearance of the hole-spin couplinig. at trary, in the mean-field slave-boson approach one has to as-
sume an unrealistically large CT energy in order to repro-
duce a narrow band ne&- .%

Our main conclusions are:

We have presented an exhaustive study of the single-hole (i) We find reasons to criticize the use B models to
spectral function in the oxygen band region of insulatingconsiderquantitativeaspects of the quasiparticle properties.
cuprates. Compared to existing studies mainly based on tHespecially, favorable comparisons like the one in our Fig. 5
t—J model, our treatment has been more involved becauskut based on thé-J model, should be regarded as mere
we started with the spin-fermion model. This allowed us toaccidents. Our main criticism is straightforward and undeni-
address also the electronic states at higher energies, and able: in terms of the bargpin-fermior) the problem is in the
addition we were able to address in an unbiased way theiddle of the intermediate-coupling regime, and starting
effects of these higher lying states on the low-energy quasifrom the strong-coupling(Zhang-Rice,t-J) side one is
particle sector. In contrast to thel model, the oxygen hole bound to fail in quantitative regards, because of the prolif-
can move either by free and effective hopping processes beration of correction terms. This is best illustrated with our
tween the neighboring oxygen orbitals, or via its coupling tomain result of Fig. 13, which does not look like any disper-
the spin excitationgmagnong in the AF background of Cu sion derived from d-J-type model. In addition, we found a
spins. The numerical analysis performed within the SCBAsurprisingly large effect on the “singlet” quasiparticle sector
demonstrates that the latter processes dominate always at tbeming from the admixing of the higher lying states. As
low-energy scale and lead to the formation of QP states witlive explained, this can be rationalized in terms of the ferro-
low dispersion. As in thé-J model!! the dispersion is de- magneticlike correlations, characteristic for the low-lying
termined by the exchange interactidnand one may wonder states, which should be quite effective in disturbing the sin-
whether the oxygen hopping processes make similar modifigletlike coherence in the-like QP sector. Unfortunately, we
cation of the dispersion in the present case, as the effectivdid not manage to include the effects of thebands in a
next-neighbor hopping in thed model*® fully realistic manner, and here remains room for further

Furthermore, using both the second-order expansion anidhprovements.
the limited basis set of orbitals we have amplified the ten- (ii) Our calculations force us to conclude that bandlike
dency towards the Zhang-Ri¢ER) localization. But we find  features should exist at higher energies in the oxygen band
it very encouraging that these states have survived at almostgion. In fact, we do not find any reason for the cuprates to
unchanged positions within the extended four-band spinbe different in this regard than NiO, where these “oxygen
fermion model for CuQ plane. Of course, the QP states band” features are quite clearly seen experimentliur-
(disturbed by holes it,, configurations which mix with the thermore, oxygen band features should have a better chance

V. SUMMARY
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tum dependences in the oxygen band redigs. 7, 8, and
10) are based on symmetry: the hole-magnon vertex is
strongly momentum dependent. At thé point the bands
= ° A become free, and in the neighborhood of fiepoint the

\% 0.0 F--g-=~f—~oee0seg-—-— hole-magnon scattering is rather weak, translating in slightly
=

e

0.2 t o (a) -

. °oloo® “shifted and broadened” band states. Only in tké—y?
channel the coupling grows rather large, while in thend
. i 3z%—1 channels the coupling is weak enough that one would
o expect well defined, lifetime broadened band states of this
_04 character to persist in large parts of the BZ. No dispersing
features have been seen in the oxygen band region by
(b) ARPES. We believe that this relates to a mere experimental
1 problem: the broad humps seen in experiment are likely su-
perpositions of the different band states, obscuring the dis-
o ] persive nature of the individual bands. We hope that our
. work will be helpful in guiding future experiments aimed at
| disentangling the various contributions to the one-hole spec-
ol o tral function.
Altogether, we believe that a closer inspection of the re-
alistic 2D spin-fermion models will resolve several still open
r .M X r guestions on the QP nature of the low-energy peaks mea-
FIG. 13. Comparison between the QP dispersion, calculateured in the ARPES experiments in strongly correlated sys-
from the o only model including the scattering against théeNe tems. As the present model deals only witllype cuprates it
background and the experimental dgt:calculated QP dispersion would be of great interest to extend it tetype HTSO with
(empty circle$ and the maxima measured in ARPES experimentsholes removed by doping from Cu orbitals within the GuO
by Dessalet al. in a highly doped cupratéRef. 9 (solid circles; planes. We also hope that a future extension to finite
(b) The same dispersion, but now compared with the ARPES extemperaturé$ could give valuable information about the

periments by WellgRef. 23 (solid circles in an insulating com-  thermodynamic properties of the strongly correlated systems.
pound(Ref. 49. One sees that the calculated dispersion is in fact

much closer to the measured dispersion in the insulator.

-0.8 1

-1.0+r°

E-E,(eV)

-1.2
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