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We explore the success of various versions of the one-tahdnodel in explaining the full spectral
functions found in angle-resolved photoemission spectra for the prototypical, quasi-two-dimensional, tetrago-
nal, antiferromagnetic insulator £uG,Cl,. After presenting arguments justifying our extractionAdk, )
from the experimental data, we rely on exact-diagonalization results from studies of a square 32-site lattice, the
largest cluster for which such information is presently available, to perform this comparison. Our work leads
us to believe thati) a one-band model that includes hopping out to third-nearest neighbors, as well three-site,
spin-dependent hopping, can indeed explain not only the dispersion relation, but also the quasiparticle
lifetimes—only in the neighborhood &f=(7/2,0) do we find disagreemerii) an energy-dependent broad-
ening function,I'(E) =T",+ AE, is important in accounting for the incoherent contributions to the spectral
functions.[S0163-182607)07034-3

I. INTRODUCTION complete. Its structure has been determined by x-ray and
neutron diffractioA* to be body-centered-tetragonal {F,

The study of strongly correlated electronic systems in twatype), and no transition to the orthorhombic phase is ob-
dimensiong2D) has been very active, particularly since the served down to at least 10 K. This compound has a three-
discovery of the highF. superconductors. However, while dimensional AFM structure and a "Ble temperature
there have been great improvements in the reliability anq-N:251i5 K. In fact, this compound is considered to be
scope of experimental measurements, this has not led i@e best available experimental realization of @} 2D
agreement as to the correct description of either highggyare lattice Heisenberg antiferromagn@DSLHA) 34

temperature  superconductivity, in particular, Or tWO-yih nearest-neighbor exchange 125+=6 meV. Lastly, re-
dimensional correlated systems, in general. Quite the oppPQggyiyity measurements show that it is strongly insulafing.
site s, In fa_ct, apparent—certain experimental resu!ts are Tpe (essentially undopable character of this compound
consistent with one phenomenology, but not all expenmentﬁ1

. akes it an ideal candidate for angle-resolved photoemission
seem to support the same physlgal concepts, and as of yet nRRPES experiments. Such studies allow for the measure-
one theory is capable of explaining all the data. One avenu(% ’

. (_) . .
that may alleviate this confusion and allow for a consensugnentkOf th? spectral func?oA_ (Ik"F]’) I[s:mfflg ?}pbéeg'atﬁd
to develop follows from the study ofieal experimental sys- 25A(K,@) from now on of asingle hole(left behind by the

tems By this we imply certain compounds are amenable, forcréation of a photoelectrorpropagating m_g CuPplane,
various physical as well as circumstantial reasons, to a co and suph data. has recently b_ecomg avall b[ee reslts
plete characterization. Further, these compounds are sudiP™ this experiment thus provide an ideal testing ground for

that a relatively simple theoretical model, believed to be ap:[ eories that purport to mimic the low-energy physics of

propriate for that material, can be defined, and with suitabl&UCz Planes;e.g, the most common model, the so-called
ingenuity we can expect to carry out a fully quantitative? Model, describes spinless vacancies hopping between

comparison of this model and the experimental data. neighboring sites in 8= ; 2DSLHA. If this model is indeed
A potential paradigm of 2D antiferromagnetidFM) in- & good representation of a single carrier moving in this plane,
sulators, a category which includes the parent compounds & Should reproduce théull spectral functionsmeasured in

high-T. superconductors, is the SuO,Cl, compound: The Ref. 5. The point of this paper is to demonstrate how well
features that make this compound ideal éijeit remains such models of carrier motion in strongly correlated systems

tetragonal down to 10 Ki) it has an extremely weak cou- represent the spectral prope_rties via a comparison with the
pling between Cu@planes, and is thus a more exaggerated!l: méasured spectral functions of Ref. S.

quasi-2D system than most high- systems; andiii) this
material seems to be extremely difficult to dope away from
half filling using normal preparation techniqués summary

of this behavior may be found in Ref).JFurther, at present Not surprisingly, the ARPES results of Ref. 5 have been
our experimental understanding of this material is nearljthe subject of many theoretical studies. For example, it has

A. Theoretical comparisons
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been noted that the single-hdlel model cannot reproduce sis of the ARPES results depends on the emission process
the experimental band structure everywhere in the Brillouirbeing primarily direct transitions so that the spectra reflect
zone, particularly along the (0,0) tar(0), and the ,0) to  the spectral functiom(k,w). This has allowed for the ex-
(0,m) directions® Instead, at the very least hoppings beyondtensive use of ARPES to determine energy vekstsations
near neighbor must be added to thé model®~*® The rec-  for the highest energy band in the cuprates, and particularly
ognition of the importance of further hoppings has also beefior determining the Fermi surfaces of the metals. Most com-
obtained in a spin-density-wave treatment of the one-ban@arisons between calculations and experiment have been per-
Hubbard modet" Work on the more physically plausible formed by extracting a quasiparticle energy at eldom
thl’ee-band mOde| haS ShOWn that th|5 model iS Superior I%Oth the experimenta| Spectra and the Ca'cu'@ted‘ a)) and
reproducing the experimental band structure in all regions ogomparing the dispersions thus derived. However, since both
the first Brillouin zone:**** However, three-band models experiment and theoretical calculations represent the spectral
may be unnecessarily complicated, and thus efforts to find nction, it should be more instructive to compare the two
useful and quantitatively accurate one-band model are Wagjrectly rather than just comparing the derived dispersions. A
ranted. _ _ direct comparison of spectral functions has its own difficul-
_The above comparisons were based on theoretically detefes, as are outlined below, but hopefully will allow a more
mined and experimentally inferred dispersion relations. Ofcomplete evaluation of the spectral function derived from the
course, experimentally much more information is available Green’s function and thus avoid the possible errors involved
namely, the entire spectral function is known at many waven determining the experimental quasiparticle dispersion.
vectors. Further, it would be best if the Comparison of theory For two-dimensional materials such as the CuprateS, the
and experiment was based on exact theoretical results. Thigherent line shape of the ARPES spectrum may reveal in-
is not possible unless one treats the strong-coupling Hamikormation about the nature of the elementary excitations.
tonians numerically. Recently we completed an exactiiany previous ARPES studies have examined the line shape
diagonalization study on a 32-site square lattice forttde  of the spectral functions(For a review of this subject, see
model;” a formidable taskcomputationally speakingThis  Ref. 16; for particularly relevant experimental work, see Ref.
achievement is significant because exact-diagonalization rer7) In these studies the assumption is made that direct tran-
sults obtained with the smaller-d4 fU”y square cluster are sitions dominate the Spectra| intensity, and thus one may
subject to the oddity that this lattice is equivalent to themodel the spectral response with a single peak, and it has
four-dimensional hypercubén the absence of interactions peen proposed that the nature of this peak should be charac-
longer than nearest neighboOther exact results have been teristic of a Fermi liquid, a marginal-Fermi liquid, or some
obtained on smaller, nonsquare clusters, or on clusters thgther microscopic model. Since these fits have all been to a
lack important wave vectoréamely, those along the AFM  single peak they represent only the coherent part of the spec-
Brillouin-zone boundary a summary of many of these re- trym. Most numerical calculations o&(k,w) for the cu-
sults is contained in a recent revieWAnd lastly and per- prates indicate that there is a great deal of spectral weight in
haps most importantly, while analytical work based on thethe incoherent parts of the excitations. Therefore, attempting
self-consistent Born approximation for tfte] model has to fit the cuprate ARPES spectra with a single peak of any
been shown to be very reliable, at least as far as the dispeshape is inherently flawed. In this work we make no attempt
sion relations are concernetiso far no analogous demon- to deduce a specific line shape, or broadening function, but
stration of the accuracy of this approach to include fUrthermere|y use a few Simp|e f|tt|ng procedures as discussed be-
than-nearest-neighbor hoppings of thd model has been |ow. The essential point is that for the purposes of fitting the
published. Thus, we consider our numerical, unbiased, 3Zexperimental data, a correct form fatk, ) is more impor-
site exact-diagonalization approach as a precise manner {nt than the detailed line shape of a single peak.
which these models can be compared to experiment. The planar copper oxides are well suited for analysis
In the present paper we continue our numerical studies OBince in most of these materials there is a single highest
the 32-site square lattice, and present a comparison of theéhergy occupied statdand which is well separated in en-
full SpeCtraI functions for the so-callegt’-t"-J mOdel, a ergy from any other bands. Experimenta||y2&uOZC|2 has
generalization of the simplerJ model that includes further some particular advantages for the present study in addition
hopping processes, as well as three-site, spin-dependent hag-those mentioned above. It is easy to prepare good surfaces
ping. Various groups have claimed that this model accuratelyor photoemission since the material cleaves in a manner
fits the dispersion relations found in the AFM insulator similar to mica. In addition, the fact that the oxygen content
Sr,CuO,Cl,, and such claims are something that we can criqs fixed to the stoichiometric value gives us confidence that
tiqgue with our numerical results. Here, besides continuinghe actual surface under study truly represents a Cpi@ne
these comparisons with our numerical work, we propose aiith a single hole per copper site. Thus, while the line shape
energy dependence of the self-energy for the propagatingnd broadening appropriate for a particular peal(k, »)
spin polarons. may be more difficult to determine than for the conducting
cuprates, it should be more straightforward to determine the
correct Greens function for comparison.
Our paper is organized as follows. Firstly, in Sec. Il we
Angle-resolved photoelectron spectroscg®RPES has  discuss the extraction of the line shapes of the spin-polaron
proven to be an invaluable experimental tool for the underband from the ARPES data. Then, in Sec. lll we discuss the
standing of the electronic structure of the cuprate superconvarious madifications to theJ model necessary to improve
ductors and related correlated-electron materials. The analyhe success of this model in explaining the ARPES results. In

B. Experimental analysis
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Sec. IV we present our numerical results and the comparison gy
of our work to the experimental spectral functions; conclu-
sions are provided in Sec. V.

600 |
II. EXTRACTION OF A(k,w) FROM ARPES DATA

Intensity

The collection of the relevant data has already been dis-
cussed in Ref. 5, and in that paper the manner in which the
guasiparticle dispersion relation was obtained from the 00T
ARPES data was presented. Here we focus on the quasipar-
ticle line shapes.

We propose that the experimental data corresponds to a
direct-transition dominateéd\(k,w) plus a background. We iy "y “lo 00
need to subtract this background for comparison to the cal- o relative to E, (eV)
culated spectral functions, and while there is no definitive
E;%ﬁ;lﬁgogr;%glengnugsé?lljsl SSS(eqn')rLrjgd dfg;?;lggt’ SQSrL::geZ I(i}he insulator(solid line) superimposed on the ARPES data, repre-

background should be intensity from lower energy bandsSS"ed By open circles), for k= (m/2,m/2). The remaining spec-

high der liaht itati d inelasticall t dtral weight is associated with the intrinsic spectral response, coher-
Igher-order 1ig excitations, and Inelasucally sca erg ent as well as incoherent, of a single hole in a 2D AFM.

electrons. The first two terms are easily handled: a Gaussian
represents the other bands and has little effect above approxi-
mately —1.9 eV. Higher-order light excitations give a con-
stant background that is seen in the presence of some counts To study the theoretical spectru(k,w) of the planar
at energies greater than the Fermi energy, and are thus a zatopper oxides, we start with the simpteJ model with
offset for the intensity axis. The crucial question is the influ-Hamiltonian,

ence of inelastic scattering at energies arourd5 eV. A

large step function or linear background would account for o 1

much of the intensity in this region and make the data appearH;=—t >, (¢} ,C; ,+H.c)+J>, (S g - —ninj) ,

as a single, broad peak. This sort of approach has been used NN, NN 4

in many previous attempts deducing ARPES line shapes in @

high-T, materials. However, as pointed out by Claessethere NN means nearest neighbbtst is well known that
etal,'” the standard procedure for finding this inelastictthis simple, one-band model cannot reproduce all the fea-

background gives a small contribution for the energies o . . : :
) . . . . ) ures of the single hole dispersion relatioB(k) of
g]rtﬁﬁzsg g;?asllS:S:étgght:\rgsﬁgg:zsfég? tri]r?élgvsr;ﬁ:nbv;ikﬁtréﬁiﬁrzcuozuz as measured by ARPES! While the E(k)

P y 9 om thet-J model agrees with experiment along the (0,0) to

term is indeed very small. However, this inelastic term is directi di . it al h
stronglyk dependent, which is completely unphysical; there-(.w’w) Irection, two discrepancies remaii) along the an-
' ’ iferromagnetic Brillouin zon€ABZ) edge[ (,0) to (0;7)],

fore, we have simply set this term to zero. The backgroun he t-J model is less dispersive; ard) along the (0,0) to

terms we are left with are a simple constant and a Gaussia?, 0) direction, the model is much more dispersive than the
the latter accounting for the lower energy band structurey ">’ ' P
perimental result.

Since this band structure is dispersive, we determine the ag_XVarious modifications to the-J model have been sug-

propriate Gaussian contribution to the background at each . o
Kk by a least-squares fit, and subtract it andktiedependent gested to make the theoretical prediction in better agreement

constant term from the experimental data. with experiment. One suggestion follows from the finding
The corrected spectra have the following characteristicst.hat a Ehlgee.'ba”d moadel w_or!<s much better than the one-band

(i) the peaks broaden and weakerkasoves away from the model, Viz. one canh mimic many fe_ature_s of the three-

valence-band maximuVBM) at (/2,7/2), (ii) the peaks at band mode_l in the one-.band model by mcludlng.farther-than-

their sharpest are broad and asymmetrical, @ndalthough nearest-nelghpor hO%pplng terms. For example, it has become

the quasiparticle dispersion is flat along tt@®&0) to (,0) customary to inclu

direction, the spectral weight is a maximum(ai2,0).

FIG. 1. The background function for the main valence band of

Ill. THEORETICAL MODELS

As an example of the application of this procedure, in Fig..,, _ ., =t = " =t =
. o =— . Ci ,+H.c)— . C; ,TH.c.
1 we show the ARPES intensities and the background func- 2 t 2%0 (CiaCio c)-t 3%0 (CiCio c),
tion that we have employed to obtain the quasiparticle (2

A(k,w) for k=(m/2,77/2). Clearly, the peak arising from the

main valence band is very well represented, even without thevhere 2NN and 3NN are the second- and third-nearest
inclusion of the inelastic linear term — similar satisfactory neighbors, respectively. Inclusion &f, significantly lowers
agreement is found at other wave vectors. Thus, we hope théhe anisotropy of the effective-mass tensor found in the the-
by following this prescription we are comparing our theoret-oretical E(k) around ¢r/2,7/2) B but discrepancyii) above

ical work to the intrinsic spectral response of a single holestill remains. However, recently it has been suggested that
propagating in a Cu@plane in SsCuO,Cl,. so-called three-site, spin-dependent hopping t&tnsill
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TABLE I. Quasiparticle weighZ, and energye(k) of thet-t’-

—0.80 — ; ‘
t”-J model with (H,+ H,+Hs3) and without ¢£{,+ H,) the three- 5* @
site, spin-dependent hopping terms, calculated on a 32-site square @
lattice. The parameters that we used #Hre — 0.3, t"=0.2, and —0.90 ¢ 9 °
J=0.3. E(k) is in units oft and is measured relative to the half- . % . ¢
filled ground-state energi,=—11.3291. -1.00 ¢ % % . j o
Hi+H, Hi+Hy+Hs S -Log % % ¢ H % % o]
k 2, E(K) 2, E(K) 2 % %
& 120 ¢ 1
(0,0 0.0916 1.8390 0.0195 2.0668 Lg
(Z Z) 01820 20832 00462  2.3120 130 o
4'4 Z [ ]
2 ® o
T 0.3527 2.3868  0.3721 2.6880 g 0 °
22 = % ;
& * %
37 37 ST EUUN h .
(TT) 0.0749 2.0554 0.0379 2.3314 %% } . %
(mm,m) 0.0021 1.7661 0.0000 2.0280 110y % . % H% % .% % |
(7,7_27) 0.1086 1.9741 0.0736 2.2418 “120 © ]r} %H ]
(m,0) 0.0287 1.7126 0.0276 1.9733 130 Lo ‘ ‘ .
00 @2m2) mE) w0) 0,00 (10) (W2,x12) (0,
(;0) 02117 19897 01150  2.2202 A @0 Q0 @0 e 0
(3_77 77) 0.0721 1.9588 0.0340 2.2556 FIG. 2. Dispersion relations for single hole propagating in a 2D
44 square lattice AFM described by thet’-t”-J model (a) without

(Hi+H,) and (b) with (Hi+H,+H3) the three-site, spin-
dependent hopping processes. We have used the following param-
etersit’=—0.3, t"=0.2, andJ=0.3. The open circles®) with

error bars are the ARPES results from Ref. 5.

make the theoreticaE(k) from (0,0) to (#,0) almost
dispersionles$!? thus eliminating this problem. These pro-
cesses are given by

perimental Fermi energy. This can be done by using the en-
ergy scaleJ=0.125 eV and the location of the ARPES peak
atk=(m/2,7/2). In Fig. 2 we plot the dispersion relation of
—'Ef+5,onj,—azj+5',a)a 3) the H,+H,+Hs with _and without the three-site .hopping
terms, and our numerical results are compared with ARPES
where s and 8’ are the unit vectors=X and = . data® Consistent with previous studiésye find that adding

We have investigated the effects of these terfts and  the farther-than-nearest-neighbor hopping terms tottie
H3) on E(k) of thet-J model using the same method as in model leads to aressentially isotropic effective-mass ten-
Ref. 14. In particular, we calculate the quasiparticle dispersor near the VBM. However, there is still some dispersion
sion relationE(k) and quasiparticle weiglt, of these mod- along the (0,0) to 4,0) direction, in contrast to the feature-
els for a 32-site square lattice. The parameters we employddss ARPES results. Previous studitshave suggested that
aret’=0.3, t"=-0.2, and J=0.3, and our results are including the three-site hopping tertd; can reduce the dis-
tabulated in Table [[Note thatE(k) as defined in Ref. 14 is persion along this direction, hence making the theoretical
relative to the undoped ground-state enefdys pointed out  prediction closer to the experimental result. However, from
beforel* the behavior oz, of thet-J model along the ABZ Fig. 2(b) we see that{; only lowers the energy of#/2,0)
edge[from (w,0) to (Oa7)] does not agree with experiment. py a small amountand thus our exact, unbiased, numerical
ARPES data shows that the peak intensity is the largest gbsults are in disagreement with earlier analytical work, as
(m/2,m12), whereas, for this wave vector for the-J is the  \ye|| as with work on smaller clustersDespite the lack of
smallest along this direction. From Table | it is clear thatperfect agreement along this direction, this is the best com-
inclusion of farther-than-nearest-neighbor hopping termgyarison to the dispersion relation inferred from the ARPES

eliminates this discrepancy. We also note that the three-sitgata for thet, + #,+ #; Hamiltonian that we have found.
hopping termsH; suppres¥, at all k except at the VBM

(7/2,7/2). Although we cannot produce a quantitative com-
parison ofZ, with ARPES results, we will seén Sec. IV)
that this suppression &, makesA(k,w) agree better with
the ARPES results.

To make a comparison & (k) with experimental results, The principal quantity of interest in this paper is the elec-
we should express it in units of eV and relative to the ex-tron spectral functioA(k,w), and is defined by

J ~ ~ _ o~
— T T
H3_ZZ 2 (C j+5,ac j,—a'Cj,O'Cj+5’,—0'
1o 5+5'

IV. CALCULATION OF A(k,w) AND COMPARISON
WITH ARPES
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500 . , . In Fig. 3 we plotA(k,w) on top of the corrected ARPES
. data at the availablk from (0,0) to (). (These experi-
450 | mental data are probably the most reliable because in the
experiment the angle between the electric-field vector, the
400 [ sample axes, and the ejected electrons remains constant.
. Since the theoretical model is supposed to describe only the
350 [ low-energy physics of the Cufplane, we truncate the spec-
trum atw=—1.8 eV. It is obvious that the model can repro-
300 F duce the experimental finding that the spectral weight is
= } maximum at the VBM and that the peak broadens and weak-
S0t ens ask moves away from this point in the Brillouin zone.
< Further, we find that the incoherent part of the theoretical
200 [ spectra make the peaks asymmetric, also in qualitative agree-
i ment with experiment. However, they are not as asymmetric
150 b as the experimental results, and the comparison is not en-
tirely encouraging. Of course, the question is: is this the best
100 L this theoretical model can do?
Looking at the VBM peak, which is the sharpest and the
50 b most prominent, it is clear that we cannot completely fit the
ARPES result with simple Lorentzians, since the high-
energy part of the peak falls off much faster than a Lorent-

0—2.0 -5 -10 ) 0.0 zian. Contrary to the ARPES of metals, this faster fall off
o relative to E, (eV) cannot be accounted for by including a Fermi function. To
improve the comparison of our numerics and experiment,
FIG. 3. Comparison of the theoretica(k,») for H,+H,+H,  Without microscopic justification we use an energy-
to the ARPES data at available wave vectérsrom (0,0) to  dependent broadening functidi{ ). Analogous to Eq(5),
(7, ). Solid lines areA(k,w) calculated using a constant broad- we write
ening I'=0.& [refer to Eq.(5)] at thek indicated in the graph.
Open circles Q) are corrected ARPES data at the saméSince
the experiments were not performed at exactly the same wave vec- Ak, w)= E |(1,0,’;'71|'5k ol 1,08')|2W
tors that we can treat numerically, for the theoretical(#/4,7/4) n ' M Eo—En )
we show the ARPES data at (6:®.37), and for the theoretical

k= (3m/4,3m/4) we show the ARPES data at (6:®.87).] I'(w) ®
(0—EN+EN"H24 T w) ]|’
g~ _ where NV(E) is the normalization factor,
Ak, @)= 2 [(9n [Cu lvo)|?a(0—Eg+EY T, @)
where EY and ¢\ are the ground-state energy and wave /\/(E)=JOo $dw 7
0 lﬂo g aqy 7x(w_E)2+I‘2(w) '

function at half filling, respectively, anBY~* and 4\ are

the energy and wave function of thegh eigenstate of the From the spectrum awf/2,77/2) in Fig. 3, the low-energy tail

single-hole problem, respectively. To fit the line shape of th%ncoherent pajtof the spectrum seems to need larger broad-
ARPES results we need to broaden thepeaks from the  ening. For simplicity we choosE(w) to be linear inw:

theoretical calculation. The continued-fraction expansion
used in Ref. 14 is equivalent to broadening the peaks by I'(w)=max0,—0.176 eV-0.550). @)
Lorentzians,
Note that at the first peakus(~ —0.85 eV}, I'(w) ~290 meV
A(k,w)zz |<l//rr:171|'5k‘0|¢g>|2 which is similar to the constadt mentioned above.
n In Fig. 4 we plotA(k,w) calculated from Eq96) and(8)
on top of the corrected ARPES data for thésteom (0,0) to
i r 5 (7r,7). This shows that our energy-dependent broadening
T (0—EN+EN"Y)24 12| ® function is able to produce a much improved fit atlallin
0 n . .
Figs. 5 and 6 we plot the comparison along the (0,0) to
The broadening factdr is a constant, independentbfand  (,0), and the ¢,0) to (Og) directions, respectively. Fig-
w. To determinel’ we fit A(k,w) to the ARPES at ures 4, 5, and 6 show that our model fits the ARPES line
k=(=/2,7/2) where the peak is most well defined. For theshape at mank very well. The least satisfactory fit is at
best agreement, we have to uBe=0.6.~250 meV. Note k=(#/2,0), which is also the least satisfactdrpoint in the
that this is as large as the coherent bandwidth, which iglispersion relation comparison, as seen in Fig. 2. Despite
280+ 60 meV. Now, since all energy scales aindare fixed this, our model does produce the largest spectral wéight
by the spectrum gt = (=7/2,7/2), no fitting is needed for the Table |) along the (0,0) to 4,0) direction at this wave vec-
otherk. tor, similar to experiment.
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450 |
400 |
350
300
250 |
200 |
150 |

100 |

K=(/4,m/4)

0
-2.0

 relative to E, (eV)

15 -10  -05

k=(3m/4,1/4)

0 | -
-2.0 -1.5 -1.0 .
w relative to E (eV)

FIG. 6. Same as Fig. 4 but along the,0) to (Oz) direction.
[Similar to the circumstances discussed in Fig. 3, for the theoretical
k= (3w/4,7/4) we show the ARPES results fér=(0.37,0.77),
the latter found from an average of the data for (A@3w) and
(0.3m,0.7m).]

V. CONCLUSIONS

FIG. 4. This figure shows the comparison of our spectral func-

tions to wave vectors along(k), the same as in Fig. 3, except that
A(k,w) is calculated usind'(w)=max0,—0.176 e\V*-0.55v0). We

To summarize, to compare the theoretical and experimen-
tal line shapes we have argued that the ARPES data of

have also included solid arrows to indicate the positions of the firsngC:uOZQ2 is dominated by direct transitions, and thus with

peaks of the ARPES data as shown in Fig. 2, and hollow arrows tgng yalence-band contribution appropriately subtracted off,
indicate the numerically determindg{k).

one can obtain the spectral function for a single hole propa-
gating in a CuQ plane. From these experimental spectral
functions it is obvious that the spectrum at e&cbannot be

In principle, we can allow the broadening function to befit by a single, narrow peak; instead, the incoherent part is
dependent ok, T'(k,w).}” For example, instead of determin- important.

ing the two coefficients in Eq(8) using the spectrum at
(w/2,712), we can determine them at edchWe have com-

We have studied the effects of including farther-than-
nearest-neighbor and three-site, spin-dependent hopping

pleted such fittings, but we do not find much better resultsterms to thet-J model. Consistent with previous studies, we
and in particular, the discrepancy between theoretical anfind that these terms increase the dispersion along the anti-

experimental spectra atr(2,0) remains.

Alk,m)

FIG. 5. Same as Fig. 4 but along the (0,0) te,@) direction.

350 [
300
250
200
150 a

100

0
-2.0

-1.5 -1.0
o relative to E, (eV)

ferromagnetic Brillouin-zone eddé,0) to (0,7)], and sup-
press that along ther,0) to (0,0) direction. In addition, these
terms suppress the quasiparticle weight except at the
valence-band maximurtin/2,7/2). This is shown to be es-
sential in fitting the theoretical line shape to the experimental
results.

We also find that if we use an energy-dependent broaden-
ing functionI’(w), we can obtain a reasonably good fit in an
energy range of up to 1.8 eV below the Fermi level. The fact
that we find a damping linear in energy should not be seen as
direct support for the marginal Fermi-liquid hypothesis,
since we are studying an insulator and thus we cannot predict
that this linear term survives in th@nomalous metallic
state.

The least satisfactory fit is found along the,0) to (0,0)
direction, and at £/2,0) our calculated spectrum is signifi-
cantly lower than the ARPES result. To date, only three-band
models have provided a reasonable agreement with the dis-
persion near this point.

An interesting question that follows from our results is:
What is the origin of the incoherent processes that contribute
so strongly to spectral functions of a single hole propagating
in a strongly correlated, half-filled state? Two possibilities
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