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The single-particle spectral function and the density response of a two band Emery model for CuO chains is
calculated for large on-site Cu repulsidh and large on-site energy differende For U>U—A>t the
eigenfunctions are products of charge and spin parts, which allows analytical calculation of spectral functions
in that limit. For other parameters numerical diagonalization is used. The low-energy hole carriers are shown
to be the one-dimensional analogs of the Zhang-Rice singlets. The validity of the one-band model is discussed.
The results are relevant to the interpretation of photoemission and electron-energy-loss spectroscopy experi-
ments on SrCu@®and SpCuO;.

[. INTRODUCTION where the details of the model are not importdii}; for the
CuG, plane, thet-J model is derived to describe the dynam-
One of the most intriguing phenomena in one-ics of complex objects—the Zhang-Rice singf¥tdn the
dimensional electron systems is the so called spin-chargéuQ; chains the O ions are not all identical, and the original
separation: the low-energy excitations are decoupled collegicture of Zhang and Rice has to be refingii;) on the
tive modes of charge and spin character, which may havtheoretical side, apart from numerical calculations of the dy-
different velocities, and are referred to as holons and spinamical correlations which are difficult to interpret, exact
nons, respectively. As a consequence, the spin and charge @td/or analytical results are very rare concerning the spectral
an added electron will be spatially separated after some tim@inctior**~**and the optical conductivitge.g., for the Hub-
and there are no Fermi-liquid-like quasiparticles. While thebard model, see Ref. 16
decoupling exists also in the weak-coupling lirhit,is per- To answer these questions, we will consider the one-
haps best understood for the strong-coupling limit of thedimensional1D) model involving the Cu ions and the oxy-
Hubbard model, where the Bethe ansatz solution tells us th@ens between therisee Fig. 1, the so called two band Em-
the wave functions are factorized into a part describing fre@ry model;”*® as the simplest extension of the Hubbard
spinless fermions representing the charges and a part repri@odel. In this paper we show that the charge-spin factorized
senting the spind.This allowed the calculation of the dy- wave function is an exact eigenfunction of the Emery model
namical spectral functions of the Hubbard model and  in the strong-coupling limit, however, the spinless fermions
away' from half filling with excellent resolution. These cal- (“charges”) represent complex objects which are the one-
culations provided an explanation of the origin of the differ- dimensional analogs of the Zhang-Rice singlets. Further-
ent features in the spectral function. more, we demonstrate that the Emery model can naturally
The most direct test of the theory is to look at the photo-explain the reduction of spectral weight for small momenta
emission spectra of highly anisotropic materials. The nearlypeen experimentalfy’® and also describes some higher en-
ideally one-dimensional CuO chamim the charge-transfer ergy features of the photoemission spectra.
insulators SrCu@and SgCuQ; are perfect candidates, given ~ Since the formation of Zhang-Rice singlets is an essen-
that the typical energy scale for spin and charge excitations ially strong-coupling phenomenon, the approach we present
large compared to the experimental resolution, making thé the paper is the most suitable method to apply. Weak-
observation of the low-energy spectrum possible. The abcoupling approachédare inappropriate to capture the addi-
sence of bands would indicate that we are not dealing witfiional physics due to the presence of additional bands.
the usual quasiparticles of Fermi-liquid theory. On the other The outline of the paper is as follows: In Sec. Il we in-
hand, there are very clear theoretical predictions for the photroduce the Emery model and the canonical transformation
toemission spectrum of a system where spin-charge separgading to the strong-coupling effective model. The spectral
tion exists, and indeed, recent photoemission experiments on
SrCug (Refs. 6-3 and photoemissioht® and ® P 8
electron-energy-lod$ experiments on $€uUO; seem to in- 2 2 2
dicate that the dynamics at low energies can be understood - C83 " C8—_> . C8> -
within an effectivet-J or Hubbard model.
In comparing the measured spectra with the theoretical 2 4 ?
ones, we face the following difficultiesi) the actual mate-
rial is a charge-transfer insulator, while the Hubbgt/ FIG. 1. The CuQ chain with 3 orbitals of Cu and p orbitals
model is a Mott insulator. Therefore one is led to questionof O. The side oxygen&lashed lingsare omitted in the two band
how much of the spectra can be attributed to generic featuraaodel.
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functions within this effective model are calculated in Sec.subspace. A detailed and systematic explanation for the case
[, while in Sec. IV the density-density correlations relevant of the Hubbard model is given in Ref. 23. We denote by tilde
to the electron-energy-loss spectrosc@pELS) experiments  (e.g.,p) the operators acting in the subspacéaf;, and the

are discussed. physical operator€) are then obtained from

Il. EMERY MODEL 0=e50e"5=0+[S8,0]+ ..., (4)
A. Definition of the model Where@E O(p—>~p‘),d—>a, ...) and
The Emery model is given by the Hamiltonigt= 7+ U

+V. For the kinetic part we take the usual tight-binding 1. - 1 . ~
§= 3 (N-T)+g=z To-s=T5-0)+0()  (5)

form,
is the generator of the canonical transformation with
7=—t; (df pis st H.C), (1)
1,0,0
t t : Ta=—t> pl,.di (1-1)
whered; , andp;, 5, denote the hole creation operators on A e Pi+ 5,000 io/

copperd and oxygenp orbitals at sites andi+ &, respec-

tively. The Cu-Cu distance is taken to be unitgre integers

and 6= *+1/2. The phase factors in the hybridization coming Tyoa=—t> A Pisson— (6)
from the symmetry of the Cu and O orbitals are absorbed in oo ’

the definition of thed andp operators aslj=(—1)'dpnys; ,
and p; 4 1,= (—1)'Ppnysj+1/2: Where the subscript “phys”
denotes the operators respecting the phase factors in the
bridization. The inclusion of the phase factors causes a shi
of 7 in the momentum of th® hole and will be explicitly ~ _
mentioned when necessary. In the potential part we include [, Ony+mal=(NU+MA)Ony i ma @)

the on-site energy differencA=¢,—&4 and the on-site gng every operator can be decomposed &
Coulomb repulsior of the Cu 3 orbitals: =3, mOnusma With n integers andn integers or half-odd
integers. TherH is given by

The subscripnU+mA denotes that the state acted upon is
I_§Cromoted to a subspace at this energy difference. In other
ords

A
U=~ EI (P, 10— nid)+UZ ndnd 2 L L
Heg=U+V+ [ T2 T+ =+ [ 702,70 - 2]+ O(t?).

where n?,=a &, (a=d,p), and n?=3,n?_, further- A Uu-4
more, the nearest-neighbor Cu-O repulsion (8)
Separating the different processe@fes=U"+Ho+H;
V=V2 ndnP 3 +™H,, and introducing the effective hopping amplitudes
3 e =t?/(U—A) andt;=t%/A, furthermore U’ =U + 4t +4tg

. . . . andA’'=A+4t;, we get(see also Refs. 24 and 25
which may lead to exciton formatioff.We choosdJ>A in i get( 2

order to have a charge-transfer insulator with one hole per A’ B N o B
unit cell** U= 2 E (NP g~ nid)""U/E. nid,Tnid,L+V2 nfnf, s
Note that if one begins with a model which also includes : ! ho

oxygen orbitals on the side of the chain, as a preliminary step
one may build bonding, and anti- and nonbonding combina-
tions of these. Therefore, if one understands our single oxy-
gen orbital per cell to correspond to the bonding combina-
tion, our results may also be seen to represent a good ~ —t ~ ~
approximation to part of the spectrum of the more complete H;=(ts+ty) > (pi- 5,08, Sdi oPi+ s o
four band modef®?! 18,60

~d ~ ~ ~d
Ho= _tTi25 (1- ni+25;)diT+ 25,0%,0(171 5),

. . o R S P
B. Effective model in the strong-coupling limit Pi+s,0Ni oPi+os 0 T, Pi+5,6Pi- 5,00

As mentioned earlier, direct numerical methods, such as
exact diagonalization, work only for rather small system ~d ~t ~ ~d
sizes. However, in the strong-coupling limi (A>t,V) itis HZ:tSi;ls ni+25,?ji+25,adi,o”i;- 9
possible to do controlled calculations both analytically and o
numerically. As a first step, we derive an effective strong-H, and H, describe the motion of the empty and doubly
coupling Hamiltonian. In the extreme case whenV=0, occupied site, respectively, whilE; is responsible for the
the Hamiltonian is block-diagonal in the subspace of stateslynamics of the hole on oxygen. By using the Heisenberg
with a given eigenvalue d@f.. The hybridization inZ7 may be  model ground stat¢GS) for the insulating case, the main
treated perturbatively using a canonical transformatfon, effect of the (fourth ordey antiferromagnetic (AF)
leading to an effective Hamiltoniaf(.4 acting within one interactiorf® between Cu spins is accounted for.
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photoemission inverse Similarly, the weight in peaks a and d is #¥®(t?). For
Z photoemission simplicity, we do not include the corrections in E(L2)
é a . . when we calculate the spectral functions.
- | : 1 ; The dynamics in the peak a is governedMy: the extra
A o o Nz >(D hole on Cu, created by} ,, in Eq. (10), hops to neighboring

Cu sites with amplitudég, leaving the spin sequence un-
FIG. 2. Schematic distribution of the weights in the strong- changed:
coupling limit for a charge-transfer insulator.
H2|' . .gl.ilzgj. . '>:—ts|' . .za-jflgj. )

) ) _ts|"'0'j,10'1'2'-'>. (14)
Now let us turn to the spectral functions. The photoemis-

sion spectrum is proportional to the single particle spectraﬁere 2 in.the wave function denotes the pOSi“OT‘ of the
function, defined by extra hole(site occupied by two hol¢sando; the spins of

the singly occupied Cu sites with=1, ... L—1, as there
areL—1 spins remaining. The situation is identical to the

IIl. SPECTRAL FUNCTIONS

B(k,w)= >, |(f|p} ,|GS|?8(w+E;—Ege case ofU/t— + o Hubbard model, where we know that the
f.o ' wave function of a state with momentuknfactorizes into
charge and spin parts?
+ 2 [(fldi,|G9*a(w+E—Eas), (10 =

1 i(k-=Q)j
_ _ fo()y=—= 2 e* yp@lx _1(Qng), (15
assuming that the cross sections of the Cu and O electron VL =0
removal are equal. The sum is over final staBswith a  \\here ;) describes free spinless fermions anlattice
hole added, and a similar definition holds for the INVerses oints with an empty sitg which in our case is the site with

photoemission spectra, where a hole is removed. First, Wi o oyt hole.|x. -1(Q,no)) is the squeezed spin-wave
will present the analytical and numerical calculation of theg \tion of L—1 spins with momentumQ=2J/(L

spectral function for the effective model, and then we will ~1), Jinteger, and other quantum numbexs. The en-
compare our results to the spectral functiont-dfmodel and ergy'of the state,is '
the photoemission spectra of SrCuénd SpCuQ;.

eq(k)=U"—A"/2—2tscogdk—Q). (16)

A. Calculation of spectral functions Now that we have both the energy and the wave function of
Since the nearest-neighbor Coulomb repulsion leads onlthe final state, we are ready to calculate the spectral function
to a uniform shift of the final-state energies in the spectrahs presented by Sorella and Parola for the lageubbard
functions, it will be neglected in this section. The strong-model® As a first step, we write the ground state also in a
coupling behavior of the photoemission spectra is schematiproduct form
cally shown in Fig. 2: the hole can go either to the Cu site

(peak “a”) or to the O site(peaks “b” and “c”). The cre- IGS =|e9®lxa9), 17

- to_ ot f - : - :
ation operatocy ,=dy , Py , entering the calculation of the \yhere the| ysq) is the Heisenberg ground-state wave func-

spectral function Eq(10) can be decomposed in leading or- tion and| g is the fully filled Fermi see of spinless fermi-

der a'SCk,(T:Cl,U;—AIZJF CI,U;A/zJF CE,U;U—AIZ which represent  ons (charges It is convenient to choose systems with 2, 6,

a hybridized mixture of Cu and O atomic states. For ex-10, etc. sites, where the momentum of {&S) is zero. In

ample, includingO(t) corrections the matrix element of Eq10) it suffices to keep the momen-
tum dependence in the final wave function only,

t _RT 2
P; S,0,A127 P; 5,0—+ O(t )1 (ll) ~ ~
N N [(1qU0[ | BS)2=L|(To0[d]_,|GS)I2

:|<X(Q1nQ)|ZO,(r|XGS>|21 (18)

diT,O';A/ZZ_K 2 [(1_ni’;)pi-r-%—ﬁ,a_di11,0'pi+5';di,;]
o where we have substituted the factorized form 8dp) and

t ey~ o 5 used the fact that the overlap in the charge part is 1. Only the
Sy > Pt df pl. 5501 c1+O(t%).  spin part is nontrivial: the operatd; , removes a spiw at
o site j, reducing the spin sequence to lengith 1. Introduc-
(12 ing

The final states in peaks b and ¢ are obtained by applying
CI’U;M to the ground state, and the sum rule of the-tc

D(Q)=2 Kx(Qung)lZo,lxas)? (19
peaks in Fig. 2 is ©

for the spectral function we get
(GS pk,rr;A/ZpI,(r;A/2| G9+(GS dk,rr;A/Zdl,rr;A/2| GS

—1+0(t2). (13 B(k,w)=% D(Q) 8l w+eq(K)]. (20)
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O - - M-S =tg - o(5=9)- )
Cu + + + —2td---(S=9o-- ),

FIG. 3. The stat¢|S7|). The Cu and O spins in the shaded Haf--0S )= —tg- (S-S -)
region form a singlet, which we denoted By +2tg] - - ~o-(§— §). )

D(Q) is essentially the “occupation number” of the spi- T_he“co,!'n.binatiorjé)—|§) moves through the lattice like the
nons, and has a singularity at the spinon Fermi moménta Sit¢ “2" in Eq. (14)
==+q/2. It can be approximated ad ¢ 1)D(Q)~—0.5

+2.98072—4Q? for —mw/2<Q<m/2 and zero Ha| - 07-1(S=S)oj- )
otherwise>*?”We therefore find that the spectral function in —tlle o o (3. ..
L . ts(| 0'1710'1( ) >
the upper Hubbard bangeak a is identical to that of the
largelU Hubbard or smalU t-J model. Note also that the —4]-- .(,H(g_ §)0j. )
inverse photoemission spectrum will have a similar form o
with bandwidth 4 (peak d in Fig. 2 +]- - (S— S)oj_10j ), (23

Let us now proceed to peaks b and c in Fig. 2, which ca%

be associated with the hole on oxygens. The hole added to ﬁaving the spin séquence unchangeq. In.this bﬁs?in Eq.
_ o~ _ ) ) i 15) will denote this particular combination at sife The
O site withp, , can form a singlet or triplet with a neigh-

P energy of the state is
boring Cu spin. We will denote byS) (|S)) states where <
the O hole forms a singlet with the Cu spin on its rigleft), eg(K)=A/2—4tg+2tscogk—Q). (24)

as seen in Fig. 3. For example, These singlets leads to the formation of the ¢ peak in Fig. 2.

Next, we need to calculate the matrix elements. Using the
R 1. . o identity
[LST1)= EdL(d;Tp}m—d;lpgm)d%dmo),

K[k |G P=LK G Py, F(K))I, (25
where p;,,, removes the hole at site=1/2, thek depen-
_ 1. . _ o dence is now in the final state only. So, for the matrix ele-
|LST])= _dL(pg/zidZT_ pg/md&)d&dlﬁo% ment we get

V2
LKGS p1/2,¢|f(k)>|2

As we will see below, a suitable combination of these states
will give us the Zhang-Rice singlets;in terms of which the = |E ei(k_Q)j(<XGS|®<¢GS|)51/21
lowest energy excitations may be described by a one band i ’
model. In the present calculation we are also including the
triplets and high-energy singlets in order to describe higher
energy excitations. Note that this basis is not orthogonal:

X ([ @ |x(Qng)))I?

1 _
= Slxed (25, =921 )Ix(Qun)?

(+:Soo| S =1, = (1+ cosk)l(xad Zh | x(Quno)) P, (26
i . where we have used that (xedZ],|x(Q))
(++-So--+|---0S - )=1/2. (2) =-e%Uxgd Zg’T|X(Q)). Dividing the matrix element by the
norm of the final state
In general, the resulting spectrum is complicated and the A—263(K)
singlets and triplets mix with one other, except for the par- (fo(K)|fo(k))=2—cogk—Q)= Q . (27
ticular case of finite andt=0.2>22Due to the very special 4ts
form of M, for ty=0 and summing over final states with definife we can write
the spectral function as
5aa’~ Taa' =4\~ ~ 4t (1+COSk)
Hi=—2tg > ( nd— )p-’r WPit s ars SR s
D S|Pl saPiv s, Botko) =5 50— & D(Qolw+e3(K)].
(22 (28

Clearly, even introducing form factors in the one band model

where we can identify the projector onto spin singkétsre  [which is identical in form to Eq(20)], the w-dependent
§'=3, .0, 7,,0; /2 andis the vector of Pauli matri- prefactor of the spectral distribution above cannot be ob-
ce9, the matrix elements of{ leading to propagation of tained. The local K-averaged spectral function for the sin-

the singlets are

glets is
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(a) (b) (c) (d)

1']':13

—
N

FIG. 4. The analytical result for photoemis-
j_J A MAA/L J,}‘\“ JW SN sion spectra ofa) t-J model in thed/t—0 limit
Mw [Eqg. (28) without thek and w dependent prefac-
tors] and (b) ty=0 effective modelEq. (28)],
3 ‘—J * L » Panash jL aanl compared tdc) a Lanczos diagonalization of 18
g f J A A site effective model fot;=0 and(d) ty=tg. The
6 functions are plotted as Lorentzians of width
J T 0.1. Theg=k+ 7 is the momentum when the
L relative phases ofl and p orbitals are properly
L U T R included and it should be used when we compare
~ AL . GE R R with the experiments.
q=0 U T .90 A, 90 A .
2tg 4tg 6tg 0 2ty 4ty 6btg 0 2ty 45 Bty -4tg 2t O 2t 4tg 6t Btg
Wt+A/2 w+A/2 w+A/2 wt+A/2
1 4tg+(2In2—1)(—2w— A +8tg) features found in theé-J model, i.e., the holon and spinon
Bs(w bands dispersing with~0.5-0.6 eV and]~0.15-0.2 eV,

T (A+20)V(A-4ts+20)(- 20— A+ 138)29 respectively, which is consistent with the susceptibility,
(29 optical?® and electron-energy-loSsexperiments. However,

with weight 0.32. The rest of the weigk®.69 is at higher ~an additional interesting feature is the weight reduction as
energiesw=—A/2, where we find nondispersing solutions, the zone centerq=0) is approached. In Refs. 7 and 10 this
made of a particular combination of singlet§oo’) is attributed to the different cross sections of Cu and O or-

s, < = : bitals, while in our theory it arises quite naturally from the
—2|0So’)—=2|0Sa’) +|oc’S), as well as the triplets, cON- jnternal structure of the low-energy singlets. Concerning the
tributing Wlt.h a.delta peak to the spectral function to form higher energy features, the triplet feature is in reasonable
the peak b in Fig. 2. , agreement with the dispersing peak at 2 eV in Fig. 6 of Ref.

The only requirement for the procedure outlined above 1% if one disregards the flat nonbonding oxygen bands not
work is that during the motion of the hole the spin sequencencjyded in our model. These general trends do not depend
is unchanged. This immediately requirgs=0 in ;. strongly ont;/ts and the inclusion ot/A andt/(U—A)

‘The influence of finitety is shown in Fig. 4. The lower cqrrection in operators leads only to a small weight transfer
“singlet” band increases its width, while the overall shape g |ower energies.

of Bg(k,w) does not change significantly. On the other hand,

peak b now extends from/2 to A/2+ 4t and a sharp dis- IV. DENSITY-DENSITY CORRELATIONS
persion dominates the spectrum. Only a slight weight trans-
fer from the “singlet” to the “triplet” band can be ob- The density-density correlation function describes the dy-

served, e.g., &=0 (q=) the weight in the singlet band Nnamical dielectric response of the material and is accessible
is reduced from 0.65 to 0.43 as we incre&sérom O totg, DY measuring, e.g., the optical conductivity, electron-energy-
while the total weight, given by E¢(13) is unchanged in 0ss spectrdEELS), and inelastic x-ray scattering. Both op-
leading order. tical conductivity® and EELS(Ref. 11 have been measured
on S,LCuQ;. The EELS spectra can be reasonably well in-
terpreted within a one band Hubbard model extended with
nearest-neighbor repulsion, so it is interesting to see what
changes if we consider a two band model, like the Emery
Comparing with the-J model for smallJ [Fig. 4a)], we  model.
can see that althougtalso forty=tg) the singlet feature is Since the system is an insulator, we get finite density
similar to thet-J model resulf there are detailed differences response only above the charge transfer gapatA. In
in the distribution of weight, similar to those in E(®8), as  lowest order the density-density correlation function is given
well as in the dispersion of the upper edge of the singlepy
continuum. We therefore see that even in parameter regimes
where the one bantJ description accurately predicts low-
energy excitation energies, the two band model may have
significantly different properties as far as other physical ob- o b
servables is concerned, exemplified here by the momentur‘f\fh‘:“re ”kJA: n~k:A+”k:A can be calculated from
and frequency dependence of the spectral weights. The effebt;a= (1/A)[74 ,n;] and reads
of finite J is to give dispersion to the now dispersionless
lower “*spinon” edge in both Emery anttJ model. L. :l i eki(e*—1)(1-n pl, 5. d .
Finally, let us compare our results with the experiments. % A /| {5 LholFix o070
For both SrCu@ and SgCuQ; the low-energy region shows (32

B. Comparison with the t-J model and photoemission
experiments

Mk,m:Z|<f|nk;A|GS>|25<w—Ef+EGS>, (30)

o



12712 KARLO PENC AND WALTER STEPHAN PRB 62

This leads to the sum rule where the+ (—) sign is for the ever{fodd state, and~g

t2 k =(GY 37— S S)|GS —In2 for L— is the probability of
PSinzz- (32 finding two neighboring spins forming a singlet in the spin
sequence. The only nontrivial quantity $/(fg|fs), which

Now let us determine the dynamical density response iff@n be conveniently expressed using the energy of the state
the special casg=0. The operaton,., moves a hole from @S
Cu to O, and results in a two-body problem, which can be
solved using standard techniques. For the singlet part, the
final-state wave function can be represented as

J Nk, w)dw=8

X3 1 2sirfk _ 1 (2ts+E)(Btst+E)

(fl[f) L2-cosk L toE (38
L-1
Ifo)= 2 (x:|ecy - -o-_1§a-- ) In the thermodynamic limit we replace the sum over states
= : ) with an integral over energy:
_yj|egl...a-j_1§gj...>)' (33 .
with the norm > —>J’ dE, — a—K (39
L-1 L-2 ! ™ 9B
(ffs)= le (x2+yf)— J; YiXj+1- (39 where (1#)(dx/JE,) is the density of states
These states allefold degenerate, since€,;’” which repre-
sents the Cu with no hole, does not hop in this limit. The 1 dk B 1 1 40
Schralinger equation gives 7 JE, 7 (—2ts—E)(6tstE) '
EXi=Eyj=ts(Xj+1—2X;—2y;+Yj-1) (35

_ _ - the factor[ 1+ cosf/2)] in Eq. (37) averages to 1, and for
for j=2,...L—2 with boundary conditions the contribution of the Zhang-Rice singlets to the density
response we get

Ey,=ts(X;—2x1—2y,),

E(y,—X,)=VXq, Akow)= 8In2 t* \/(w—A+6tS)(A—2tS—w)‘_in25
’ A? ts(A— o) i
EyL-1=ts(X 2= 2X 1= 2y 1), (41)
E(yL-1=XL-1)=VX 1. The density response in this limit has a trivial momentum

) dependence, due to the nondispersing nature of #iesite.
The energyE is measured fromd. Due to symmetry; and ¢ gives 2(2— 3)F¢~37% of the total weight, the rest of

y; are real and there are even and odd parity solutions withy, o weight is in a single peak at=A, which comes from
Xi=*Yi-j- . B , , the nondispersing singlets and triplets. Thgk,w) we just

Let us first consider the cas¢=0. We immediately c4icylated is shown on the upper left plot in Fig. 5.
see that ;—y;)E=0, ie, x;=y; for E#0 and j Turning on the Cu-O repulsion, which acts as an effective
=1.--,(L=1). The solution isx;=y;=sinjx, with «  ayraction between the empty Cu site and the O hole, two

=lm/L, andl=1,2,..,L—1. These states have eveld  yyofold degeneratéfor L — o) excitons with energies
parity for | even(odd), energy

E.= —4ts+2tgcosk, (36) i_3tsV+V2iV\/m
and normy f ¢/ fs) =L (2—cosk)/2. ForL—c they will form Qs = tg—2V (42)
a continuum fronE= — 6tg to —2tg. Additionally there are
L—1 degenerate states with=0. The matrix elements in  appear, together with a twofold degenerate exciton involving
Eq. (30) for the singlet contribution read the triplets atly=—V. The Q¢ solution exists only fov
K K >2tg where it splits off from the lower edge of the con-
1+ cos=|sirP~, (37) tiguum. N'ot going into the details, the expression for
2] 4 xi/{fgfs) in Eq. (37) now reads

2 2
22 1
|<f8|nk;A|GS>| A2 FS<f|f>

xi —E(2tg+E)(6tg+E)
(F[f)  242V+2E(4tg— V)V +L[(2V—tg) E2+ 2(3tg+ V)VE+3V2tg]’

(43
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S w0 | T T || beo
~ V=0 Q% V=2t V=8t
2 (Qg) o s o s
=z 'Q-S
M I FIG. 5. M(k,w) of 18 site effective model for
. — . —— S V=0, 2tg, and &g from left to the right, and
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which is valid both for theQ)5 excitons and the continuum. all of our results here are valid in the strong-coupling limit,
The N(k, ) is complicated and we do not give the analytical SO one expects quantitative changes to the spectra for experi-
form, which is straightforward to derive from Eq87), (40), ~ mentally relevant coupling strengths. .

and (43), but we refer to Fig. 5 for a discussion of features. Recently, the density response was calculated using pro-
For smallV the energy of the exciton i@g%(s_z\@)v jection techniques in Ref. 32, with a result which disagrees

. . . a7 : with ours. Since the calculation presented in that paper is
Yxlct:rr]e;eslﬁmtglg\\//etr\:\; elv%ggh[tziﬁrar?sfezrg d :é @V&ﬂg nSL;uIr.r?”For rather involved, it is difficult to trace whether the difference
large repulsionts<V<U) the weight is concentrated in the :ivggﬁggetg_e method applied or to the parameter regime
excitons atQ) ¢ ~—V—2tg, while the continuum and the
exciton at()g ~ — 3tg/2 has a negligible weight of the order V. CONCLUSION

of F%/VZ. On the other hand, the triplet excitdily has We have demonstrated that spin-charge factorization may
weight 1—F¢~31%, independent of the size uf be applied to understand dynamical behavior of the two band
To study the effect of finitér, we used numerical Ir®-  model in a particular limit. The low-energy hole charge car-
zos diagonalization of small systerfis3 sitg to extract the riers have been identified as complex objects resembling
density-density correlations. As can be seen in Fig. 5, thghang-Rice singlets, and the low-energy part of the single-
effect of finite ty is substantial(i) Because €'’ acquires  particle spectral function of the two-band model has been
dispersion, the shape of the spectrum resembles more closedjiown to be related to that of the one band model with non-
that of the one band model, in that it narrowslkas 7.2t trivial frequency as well as momentum dependent correc-
Turning onV, excitonic features are formed at the zonetions. This provides a very simple and natural explanation
boundary.(ii) The contributions coming from singlets and for the momentum and frequency dependence of the spectral
triplets cannot be separated energetically, especially foweights observed experimentally.
small momentagiii) While for ty=0 the excitons are sharp
peaks, fort;#0 these sharp excitonic peaks broaden and ACKNOWLEDGMENTS
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