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Band structure calculations have been used to identify the different bands contributing to the polarization-
dependent photoemission spectra of the undoped model cupstaGLCl, at the high-symmetry points of
the CuQ planel’, (7/a,0) and (r/a,w/a) and along the high-symmetry directiohs- (7/a,7/a) and T’
—(m/a,0). Results from calculations within the local density approximaid»A ) have been compared with
calculations taking into account the strong electron correlations by £DAwith the result that the experi-
mental order of energy levels at the high-symmetry points is better described by the URAlculation than
by the simple LDA. All the main peaks in the photoemission spectra at the high symmetry points could be
assigned to different CuBand O 2 orbitals which we have classified according to their point symmetries.
The dispersions along the high-symmetry directions were compared with an 11-band tight-binding model
which was fitted both to the LDAU band structure calculation and the angle-resolved photoemission data.
The mean field treatment successfully describes the oxygen derived bands but shows discrepancies for the
copper ones.S0163-182609)01925-4

I. INTRODUCTION never been analyzed up to now and that is the aim of the
present work. Furthermore, we will show that one can obtain
One strategy to answer the many questions concerning thedditional information on the low binding-energy features by
electronic structure of cuprate superconductors is the studgnalyzing their dependence on the polarization of the photon.
of model substances. One of these compounds is Polarization dependent photoemission measurements are
Sr,CuO,Cl,. It is a two dimensiona(2D) antiferromagnetic an effective tool to analyze the electronic structure of the
(AFM) insulator with a Nel temperatureof 256 K whose valence band in detail. By measuring along high-symmetry
magnetic structure is well described by the 2D spin-1/2directions all bands can be classified according to their sym-
Heisenberg model. It was the first undoped cuprate whiclinetry properties. This allows a very precise comparison be-
allowed the angle resolved photoemissikRPES mea-  tween experiment and different theoretical predictions. It is
surement of its lowest excitatioRs? These excitations are well established that in all the cuprates electron correlations
well described by one hole in a 2D quantum have a strong influence on the electronic bands near the
antiferromagnet”’ Deviations from the one-hole dispersion Fermi level which is especially pronounced in undoped
of the puret-J model can be reduced by taking into accountsubstance But the influence of correlations on those parts
hopping terms to second and third neighb8rsin the same  of the valence band with larger binding energies is less clear.
substance the low binding energy edge of the main valenc#/e will show that the combination of polarization dependent
band has been interpreted in terms of nonbonding oxygeARPES measurements with theoretical investigations taking
orbitals which are completely decoupled from the coppelinto account the electron correlation to a differing extent
system'® (These features were known before as “1 eV (LDA, LDA +U) provides a unique possibility to answer this
peak.”™) These non-bonding states are especially proquestion.
nounced at 4r,7r) where they have minimal binding energy. = The model cuprate $CuG,Cl, is very well suited for
But the detailed structure of the complete valence band hasuch an investigation. It has a tetragonal structure with ideal

0163-1829/99/6(1)/64514)/$15.00 PRB 60 645 ©1999 The American Physical Society



646 R. HAYN et al. PRB 60

planar CuQ layers? and cleaves readily parallel to the CuO M,
planes. Furthermore, the presence of Cl instead of apex oxy-
gen allows a restriction of the states which contribute to the

ARPES spectra to those of the pure Gu@ane alone. This M 2

can be achieved by choosing a photon energy close to the ®Cu
Cooper minimum for Cl  photoemission, i.e., Cl 3 states

will then have a small photon cross section. In this manner Oo

we intend to study an ideal situation whose main character-
istics should be generic to all the cuprates.

Recently, a similar study was presented for the;Gu FIG. 1. The mirror planes of the CyQplane. Filled (open
plane of BaCu;O,Cl,.22 It turns out that SICUO,Cl, is con-  circles correspond to coppésxygen atoms.
siderably less complex than Bau,O,Cl,. Therefore, we are
now able to identifyall the peaks at the high symmetry distance betweeh and (7,0). A total energy resolutiofre-
points in contrast to B&Lu;0,Cl, where only the upper sulting from both the monochromator and electron analyzer
parts of the valence band were analyzed. This allows implifesolution$ of 150 meV was applied. The electron analyzer
cations about the influence of electron correlations on thés fixed in the horizontal plane at an angle of 60° with re-
valence bandVB) structure of SJCuO,Cl, to be made. Itis spect to the incoming photon beam, i.e., the emission plane
known that simple LDA fails to predict the insulating ground which is defined to be the plane spanned by the sample sur-
state of undoped cupratésThere are several improvements face normal and thé vectors of the measured photoelec-
of LDA such as the self-interaction correctiofSIC)  trons, is always a horizontal plane. The photoelectron mo-
method® or LDA+U?, which has already been applied to mentum vector could then be changed by variation of the
the case of lanthanum cupratéLa,CuQ,). Here, we apply angle between the axis of the input lens of the electron ana-
LDA +U plus a symmetry analysis at spediapoints to in-  lyzer and the sample surface normal by rotation of the ma-
terprete the polarization dependent photoemission data fdtipulator on which the sample holder was mounted. The
Sr,CuO,Cl,, where the actual value of U is chosen to de-ARPES spectra have been recorded in the electron distribu-
scribe the experimental situation. tion curve (EDC) mode from bothI’ to (7,7) andI" to

The paper is organized as follows. After describing the(7,0). In the latter case, the sample was oriented in such a
experimental method and the details of the LDA band strucway that the Cu-O bonds of the Cy®lane were aligned
ture calculation we analyze the symmetry properties of theparallel to the fixed, horizontal emission plane, while in the
wave function along high-symmetry directions. The symme{former case, the Cu-O bonds were aligned at an angle of 45°
try properties of the relevant bands are most clearly seen inwith respect to the emission plane. The spectra are normal-
tight-binding model presented in Sec. IV. Discussing the corized with respect to the incoming photon flux which was
relation effects in a mean-field manner leads us to arsimultaneously measured using the drain current of a gold
LDA +U calculation whose results are presented in Sec. Vimesh. The absolute binding energy scale was determined ac-
In Sec. VI we compare the experimental spectra with thecording to Eg=hv—Eyj,— ¢anaiyzer Using the photon en-
theoretical predictions. The spectralat («,0) and @r,7r)  ergy, the measured kinetic energy of the photoelectrons and
(the lattice constant has been set to unity in all the notationghe known analyzer work function. There were no indica-
can be understood from the LB#U but not from the LDA  tions of charging-induced energy shifts. All spectra were re-
calculation. The experimental dispersion relations are diseorded at 300 K within 8 hours of a cleave, during which
cussed in terms of a tight-bindind@B) model. time the samples showed no indications of surface degrada-
tion.

The electronic structure of the VB is derived from @,2
Cu 3d, and Cl 3 orbitals, but for 35 eV photon energy, the

The SkCuO,Cl, single crystals were grown from the photoionization cross section of the Cp Drbitals is much
melt, their typical dimensions being>33x0.5 mm. The smaller than that of the O2and Cu 2 orbitals;® which
crystals were mounted on the sample holders using conductherefore dominate the ARPES VB spectra. The measure-
ing, or in some cases, insulating epoxy. If insulating epoxyments had been performed at room temperature which is
was used, electrical contact between sample holder arglightly above the Ndeemperature of SCuQ,Cl, (256 K).
sample was achieved by means of a graphite layer at th&lthough we are aware that AFM fluctuations are important,
sides of the crystal. The orientation of the single crystals wage nevertheless analyzed the spectra in terms of the first
determinedex situby x-ray diffraction. The surface normal Brillouin zone (BZ) of the paramagnetic CuOplane of
of the crystals is perpendicular to the Cuflanes. Prior to  SpCuQ,Cl,. We will see that this is especially justified for
the ARPES measurements, a clean crystal surface was prie bands with dominant oxygen character, whereas one ob-
pared in ultra high vacuurfUHV) by stripping off an adhe- serves some deviations for those bands which couple
sive tape which was attached on the sample surface. strongly with the copper spins. The geometrical structure of

The ARPES measurements were performed using linearla CuQ plane has two mirror plangslenotedvi; andM, in
polarized 35 eV photons from the crossed undulator bearnFig. 1).2° All the bands with a wave vector betwe¢hand
line U2 of the BESSY | facility and BESSY’s HIRES pho- (7,7), parallel to the mirror plan®, can be classified to
toelectron spectrometé?. The angular resolution was set to be either symmetric or antisymmetric with respectMq,
+1° which gives a momentum resolution0f0.05 A ' for  and analogously also for wave vectors aldhg (r,0) with
states of 1 eV binding energy, this corresponds to 12% of theespect to reflections &fl,. Experimental information about

Il. EXPERIMENTAL
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the parity of the valence band states with respect to a mirrot LDA (both spin directions)
plane can be obtained by recording the ARPES spectra witt e T
either perpendicular or parallel polarization of the electric L I

field vector of the incoming radiation with respect to an
emission plane which is parallel to a mirror plane of the
system. It can then be sho@rthat for parallel polarization
only initial valence band states which are even with respects
to the emission/mirror plane contribute to an ARPES spec-&
trum while for perpendicular polarization, only states which &
are odd with respect to the emission/mirror plane are seen ir
a spectrum. In this work, the polarization of the electric field
vector was chosen by using either the vertical or horizontal
undulator, which corresponds to perpendicular and parallel
polarization with respect to the emission plane. The emissior 4|
plane is parallel to mirror plan®,, if the ARPES spectra
are recorded along ther( ) direction, while it is parallel to
the mirror planeM, for spectra along the,0) direction.
For perpendicular polarization, the electric field vector is al- FIG. 2. The LDA-LCAO band structure of SEuO,Cl,. The
ways parallel to the CuPplanes, i.e., only in-plane orbitals wave vector is given in units of#/a,n/a,m/c).

as O &, or Cu 3d,2_,2 contribute to the spectra. For par-

allel polarization, the electric field vector is completely in- has peen performed for SuO,Cl, (Fig. 3; compare also
plane only at normal-incidence,_ at any other incidence anglgef, 23. This method involves no shape approximations and
of the photon beam, the electric field vector has an out-ofy,ses a flexible basis in all regions of spatds such it is

plane component and there are also contributions from ouye|| suited to open structures with low site symmetries as in

(0,0,1X0,0,0) (1,1,0) (1,0,0) (0,0,0)

wave vector

of-plane orbitals such as Opz to the ARPES spectra. the present cuprate. We note a sufficiently good agreement
between both band structures, although the LCAO band-
IIl. BAND STRUCTURE CALCULATIONS width of the valence band is found to be somewhat larger.

However, there are no significant differences in the order of

Sr,CuO,Cl, has a body centered tetragonal crystal strucenergy levels between LCAO-LDA and FLAPW-LDA. We
ture with the lattice constanta=3.973 A andc=15.618 stick to the LCAO because we want to exploit the minimum
A.*2 Band structure calculations have been performed treabasis orbital analysis.
ing the exchange and correlation potential within the local To obtain more information about the structure of the va-
density approximationLDA). The Bloch wave functions lence band in our LCAO-LDA we have calculated the orbital
were constructed from atomiclike wave functions accordingweight (defined in Ref. 2bof each band at the high symme-
to the linear combination of atomic orbitalsCAO) method.  try points. Due to the low cross section of the @ 8rbitals
The calculation was scalar relativistic and due to the opeffor 35 eV photon energy we concentrate on the @ua8d O
crystal structure two empty spheres per elementary cell wergp orbitals (i.e., on 11 bands The eigenfunctions with a
introduced in between two oxygen atoms of neighboringdominant contribution from Cu @ and O 2 orbitals are
CuG, planes. A minimal basis was chosen consisting ofcollected in Table I. The in-plane oxygen orbitals are divided
Sr(5s,5p,4d), Cu(4s,4p,3d), O(2s,2p), Cl(3s,3p) orbitals  into p, orbitals which are directed to the Cu site apg
and the 5 and 2p orbitals for the empty spheres. To opti- orbitals perpendicular to theffi.There are two combinations
mize the local basis a contraction potentialrg)* was
introduced? The Coulomb potential is constructed as a sum ¢

of overlapping contributions of spherical symmetry and for W kg

the exchange and correlation potential the atomic sphere ap 4 ﬁ ]

proximation(ASA) is used. >
In the resulting band structur@ig. 2) one observes an 2|

antibonding band built up of Cud3z_,2 and O 2, , orbit-

als crossing the Fermi level. This contradicts the experimen-
tally observed nonmetallic behavior which already indicates3
that one has to treat the electron correlations in a more ex"

plicit way. One could conjecture that the only effect of cor- ’%

relations is to split the half-filled antibonding band leaving 4| ]

the structure of the other valence bands roughly unchangec I

That is not the case, however, as will become clear from our 4| / i

following analysis. One can also observe in Fig. 2 that there

is nearly no dispersion of the relevant band in trdirection 8

and all discussions in the present paper will be restricted to " z X r z

the CuQ plane only. FIG. 3. The LDA-FLAPW band structure of SEuG,Cl,. The

To check the minimal basis LCAO method, a full poten- points in k space are denoted agZ=(0,0;7/c) and X
tial linearized augmented plane wadeLAPW) calculation  =(=/a,n/a,0).



648 R. HAYN et al. PRB 60

TABLE I. LDA data at high symmetry points showing the weights of the different orbital groups contributing to each band. Also given
are the different reflection symmetries with respeditpandM,, respectivelyfantisymmetric A), symmetric §), and out-of-plane bands

(0)].

r

No. E/eV P, P Pr O3z 2 diyy, Oy deeyz O Cu >Cl Not. M M,
1 —1.64 0 0 0 0 0 0 0.903 0.097 0 0 dy2_y2 A S
2 —-2.28 0 0 0 0.817 0 0 0 0.015 0.005 0.163 dszz_,2 S S
3,4 —-2.34 0 0.456 0.530 0 0 0 0 0 0 0.014 p.p,) A S

(PP,) S A
5 —-2.72 0 0 0 0 0 1.00 0 0 0 0 dyy S A
6,7 —2.96 0 0 0 0 0984 O 0 0 0 0.016 dxy), o} o}
8,9 —3.46 1.00 0 0 0 0 0 0 0 0 0 P, o o}

(—3.19) (0.526 (0.474

10,11 -5.14 0 0.495 0.495 0 0 0 0 0 0 0.010 p,fp.) A S

(PsP-) S A

(7,m)
No. E/eV o P Pr dg2z_r2 diy), Oy Oy Cu O, >Cl Not. M
1 2.32 0 0554 O 0 0 0 0.446 0 0 0 d_y2p,) A
2 -1.33 0 0 0.196 0.006 0 0.792 0 0 0 0.006 d,p,) S
3,4 —-158 0.563 0 0 0 0437 O 0 0 0 0 d&y)P) o
5 -1.87 0 0.038 0 0.637 0 0.009 0 0.055 0 0.261d3,2_,2p,) S
6 -2.12 0 0 1.00 0 0 0 0 0 0 0 P A
7,8 —-456 0.641 0 0 0 0268 0 0 0 0 0.091 p,Qxy)2) o
9 -5.21 0 0424 O 0 0 0 0.576 0 0 0 pfdya_y2) A
10 -6.15 0 0.003 0.702 0.001 0 0.291 0 0 0 0.003 (B ,dy) S
11 -7.23 0 0495 O 0.018 0 0 0 0.294 0 0.193p,d3,2_2) S
(m,0)

No. E/eV P, P Pr d3g2_2  dy, dy, dyy dey2 Cug Os >Cl Not. M,
1 —0.40 0 0.128 0 0.015 0 0 0 0.599 0.105 0.105 0.049  dy2(y2p,) S
2 —-1.42 0 0 0.335 0 0 0 0.665 0 0 0 0 (dyyP ) A
3 —-1.63 0.395 0 0 0 0 0.601 0 0 0 0 0.004 d,p,) o}
4 -2.12 0 0.002 0.001 0.655 0 0 0 0.096 0.007 0.019 0.220 dgp2(r20dye_y2) S
5 —-2.87 0 0 0 0 0880 O 0 0 0 0 0.120 dy, o}
6 —-3.29 0.59%4 0 0 0 0 0.019 0 0 0 0 0.387 P, o}
7 —3.58 0 0532 0 0 0 0 0 0 0 0 0.468 Po A
8 —3.96 0 0 0.935 0 0 0 0 0 0 0.046 0.019 P S
9 —-4.13 0.403 0 0 0 0 0.270 0 0 0 0.327 pAy,) o]
10 —-4.62 0 0.057 0.475 0 0 0 0.348 0 0 0 0.120 (Bdyy) A
11 -5.74 0 0.268 0.004 0.079 0 0 0 0.149 0.032 0.009 0.459 p,dfe_y2) S

for each:p, andp,,, (p, andp,), which are antisymmetric Fermi energy due to Coulomb correlations and the resulting
and symmetric with respect to reflectionfy, respectively. reduction in Cu-O hybridization is expected to be largely
The precise definition of these orbitals will be given in themissing in such calculations. However, what, if any, changes
next section. there are from the LDA bands away froEx is unclear,

Thus we are able to predict the symmetry of each band gtarticularly well aboveTy, where the magnetic scattering
the high symmetry points in the Brillouin zoriBZ). How-  due to antiferromagnetic spin fluctuations should be more or
ever, as will be seen later, the order of energy levels of théess incoherent. Addressing this question is one of the main
LDA calculation is incompatible with the experimental spec-goals of the present paper. In the following we develop a
tra. Moreover, as it was mentioned already, LDA calcula-more sophisticated LDAU calculation taking into account
tions are unable to describe the Mott insulating ground statesxplicitly the effects of strong correlations. As a preliminary
of the undoped cuprates and do not produce the Cu locatep we formulate an effective tight-binding model which
moments that are present in these systems. The splitting ofill be fitted both to the LDA-U band structure calculations
the spectral density due to thel3d_,» states away from the and the ARPES VB spectra.
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g % account the point group symmetry of the Gu@lane. In
particular, forq alongI” — (7, ), the p,. orbital is antisym-

NG O) . GO metric with respect to reflections in the mirror plaie;,
Do Po while the p_-orbital is symmetric(see Fig. 4 Along I’
o0 &0 —(m,0), we findp,, to be symmetric angh,, to be antisym-

metric with respect to reflection iN.,.
. g . g Turning now to the oxygerr orbitals we carry out the
same procedure as above with the correspongtiyy,, op-

erators Ez:)?,)?). In this case, introducing the plaquette rep-
F|G. 4. S_}ketch of the different pxygen orbitals within one unit resentation instead of defining the origirpi[l) operators in
cell (fl”ed circles: copper; open circles: OXygefDr momentaq momentum space, we define a new pair of canonical Fermi

—0 alongI' = (7, ). operators,, andBU:

Pr Dr

IV. SYMMETRY ANALYSIS -1 W(q)—s. O
AND TIGHT-BINDING MODEL Po(a)=Nq "1(SqxPg"(A) ~Sq,yPs (),

The polarization dependent ARPES measurements of VB Bg(q)=A;li(Sq,ypg)(q)+sq,xpf}’)(q)).
states along the two high-symmetry directiohis- (7, )
and I'— (#,0) discriminate the parity of these states with The notation is chosen in such a way that the

respect to reflections in the 'corresponding. mirror plaes  p_(q)[p,(q)] orbitals have the same symmetry properties
andM,. To make the analysis of the experimental data moreyith respect to reflections a1, and M, as thep_(q) or
straightforward it is helpful to incorporate the symmetryb (q) orbitals, respectively.

properties of the VB states in our approach from the begin- "1hg gefinition of the corresponding copper annihilation

ning. This becomes especially clear by constructing an eﬁec()perators is quite standard and thus we may write down the
tive tight-binding(TB) model taking into account the point- 15 Hamiltonian

group symmetry of the VB states. The TB model will be

restricted to the 11 bands of CWa&and O 2. Of course, as

can be seen in Table I, there occurs in some cases quite a H.= > CLS(q)HM(q)Cys(q). 2
strong mixing with the Cl subsystem, but in the following we arvs

will assume that this mixing is taken into account by theHere,c#S is an annihilation operator of either an oxygen

particular values of the TB parameters. _ orbital or a copperd orbital, where the indiceg. and v

We start with the description of in-plane oxygen orbitals genote the 11 different orbitals asddenotes the spin. All
whose analysis is more involved than that for the copper ophitals can be classified as to whether they hybridize in-
out-of-plane orbitals. We introduce the annihilation operatorp|ane or out-of-plane and there is no coupling between the
of an electron in the two oxygem orbitals belonging t0 an o subsystems. The orbitals involved in the hybridization
elementary cell at position(i is a site of the square lattice in-plane arep,, p., Py, P de_y2, dyy, da2_2. The
as pi(ﬁ)/;,z, where @,8)=(x,y) or (y,x) with x andy to be  explicit form of the TB Hamiltonian for in-plane orbitals is
the two orthogonal unit vectors of the lattice. Ttig, orbit-  given in the Appendix. The in-plane part of the TB model
als hybridize with a particular combination of oxygen orbit- has 11 parameters: the on-site energiggfor d,2_2), ep
als arranged over the plaguette at site p;=3(p®,, (fordy,) andeg (for d3,2_2) as well as, (corresponding to
— Pt P = P, 10). This plaquette’sr orbitals are not  Po) ande - ; the hopping matrix elementgy, tpp, tya, top.
orthogonal to each other. The orthogonalization can be made- andty. Besides the orbitals hybridizing in-plane we

by introducing first the Fourier transformation for the origi- have to consider those involved in hybridization out-of-
nal p,, orbitals plane: O 3,, Cu 3d,,, and Cu 3l ,. Restricting ourselves

to nearest neighbor hopping leads to twg 2 matrices with
(@ _ i E @ i) on-site energies,, ande 4, and the hopping matrix element
P (q) N4 Pi+r€ : tpdz-
' In order to analyze the experiment it is important to know
At the second step we define two kinds of canonical Fermthe parity of the orbitals with respect to reflections at the

operators corresponding mirror plangs!,; and M,. This can also be
expressed in terms of group theory since Korectors along
(@) =g 1i(SqyPY () = 5P (@), the line ' —(m,) all wave functions can be classified in
terms of irreducible representations of the small group
Do) =N g i (5P () +54,0P(a), (1) Cz,.*"*The bands built up from the in-plane orbitalg,,

ds2_ 2, p,, andp,, belong to the representatidxn, and are
wheres, ,= sin(@,/2) (a=xy) andAq=ysyy+5y,. Itis s%wrrr]etrri)c with rgspect togreflectionEMtl, Whe:}iijz_yz,
easy to see thap, and p,. are orthogonal with respect to p, and p, belong toA, and are antisymmetric. The same
each other. The definitiofil) provides an equivalent repre- small groupC,, also acts alond’—(,0) and the subdivi-
sentation forr orbitals in terms op,(q) andp,.(q), instead ~ sion of the in-plane orbitals is as follows#; (symmetrig:
of the originalp{¥(q) andp%’(q) operators and takes into d,2_y2, daz2_2, P, P, andA, (antisymmetrig: d,, P,
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TABLE II. Assignment of the orbitals to irreducible representa- electron parameters entering into Eg) one has to keep in
tions of the corresponding small groups at high symmetry pointsmind that these parameters are “bare” ones while the results
@ T (groupDyp), (b) (m,7) (Dan), and(c) (m,0) (Dzn). The  of the band structure calculations should be interpreted in
notations in parentheses are according to LuehrniRef 28 (see  terms of a mean-field solution of qu)_30 To arrive at the
also Ref. 26. Also given are the characters with respect to reflec-pgre parameters, one would have to take into account the
tions atM 4 or M,, respectively, whereby- and — correspond to ground-state(G.S) properties of the Cu@plane and ap-
the SandA given in Table I. The orbitap{) meansp, orbitals at proximate the Coulomb interaction terms.
positionsi = x/2, andp(?) at positionsi = /2. In an undoped cuprate compound asCRIO,Cl,, the
G.S. of a particular Cu9plane contains one hole per cell

Orbitals @ ;epr M M whi_ch is shargd _betwemh(z_yz ar_1d pg_orbitals. Thus a con-

) 1 2 venient description of the G.S. is to introduce the deviations
0, Po E® (57) 0 0 (nd,=1—(n% and(nf),=1—(n?) from the full band(Cu
o E@ (57) 0 0 3d° O 2p®) electron occupancy. A rough estimate(ig),,
(pD+p@)/ {2 Ag ) n " ~0.7 and(ng)p~0.3. Here(ng) means the electron number
(P p@y/\2 B,, (47) _ n in t_he p, orbital with spins (or_1e s_hould note that the occu-
deo_y2 By, (3% _ n pation of a local oxygen orbital is only half that nu@ber
dyy Bag (4%) + _ Now the mean-field“screened’) one-electron energies,
diyyz E, (5%) 0 0 read as follows:
di2_,2 Agg (1) + + o

egs= &gt Ug— Ud<n%>h_2Upd< > n2,> :
(o) (m,m) s' h
Orbitals Repr. M1
— 1
dazz2, Po Asg (19 + 8ps:8p+up_zupd<2 ng> _EUP<”§>h-
P Agg (2%) — s h
dy2_y2, Py Big (31) -
Ay Pr By W) ep=ep+Ug—U nd,> ~2u < np,>
dixy)z» pit? Eq (57 0 o @ T g ® h op § ® h
(©) (=0 _ 1
Orbitals Repr. M, Sw:8p+uw_§Upw<Z n§,> _2wa<2 ng,> ,
S S

dxz—ij ds2_r2, Py Aq (11) + h h (4)
dxy, Pr Blg (27) - — o . —
B, B,y (3) _ Where s=—s. There are also similar expressions fey,
p. B, (47) + €4z, €pz Which we dol not specify here.
dy,r p Bag (3% 4 _In the paramagnetic LDA baqd structure where the corre-
p@ By, 27) n lation gffects are treated only in an averaged manner, the
d,, By, (4% n screening effect is nearly the same fordlevels. So, in the

LDA approach the effects of strong correlations dudJtp
are missed. An obvious way to adopt these effects is to treat

~ I I 1 I d
p. . The subdivision along high-symmetry lines is also easilythe ferromagnetic solution by puiting, for instande,)n

seen in the TB matrix given in the Appendix. The corre-=0, and (nf)p=n. Then eqr=egtUqg—2Upgn® (nP
sponding small groups at the high-symmetry poifits =3(nb),), is shifted upwards Wh”@dl:&‘d'f‘ Ug(1—n9
(m,m) and (7,0) areDyy, and Dy, respectively, and the —2y nP is shifted equally downwards with respect to the
assignment of the different orbitals to the corresponding irparamagnetic solution. Regarding the otdelevels, let us
reducible representations is given in Table Il. Of course, theassume for the moment the rough estimate for the intrasite
group theoretical analysis is not only valid for the TB model Coulomb parametertl jo=U,4. Then one can see thgb

but also for the LDA band¢Table ). _ d p
L . =ep+Ugy(1—n%)—2U,4nP, and thed,, level as well as all
The TB Hamiltonian(2) should be completed by an inter- Ee other remaining Cd levels are shifted as was the lower

action term — .
g4, - The spin dependence @af,s in Eqg. (4) is much less

H=H,+Hy, (3)  pronounced than fogys and is neglected in the following.

Thus, although being somewhat awkward, the ferromag-
which will not be written out explicitly. This is just a direct netic solution provides a better description of the strong elec-
extension of the three-band Emery model to the case of thigon correlations, giving a more reasonable energy position
complete set of 11 bands for the Cuflane. The interaction and occupancy of the different orbitals. Just this approach is
term Hy involves intrasite Hubbard repulsion for different taken by us to carry out the LDAU calculation. The details
kinds of copper and oxygen orbitals and appropriate intersitef the procedure and some results of these calculation are
copper-oxygen repulsions. In order to establish the onepresented in the next section.
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FIG. 5. LDA+U band structurea) minority spin (1); (b) ma-
jority spin (|).

V. LDA +U CALCULATION

The main effect of a mean-field treatment of the multi-
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The results of our LDA-U calculation are presented in
Fig. 5 and Table IIl. The mainly unoccupied, minority band
of d,2_y2 andp,, character can be roughly interpreted as the
upper Hubbard band. The corresponding band for majority
spin lies just below the Fermi level and has dominantly oxy-
gen character. Since its spin is opposite to the spin of the
copper hole, there is some justification to interprete that band
as the mean field representation of the Zhang-Rice singlet.
But due to our ferromagnetic spin structure it has completely
the wrong dispersion relatio. The bandwidth of both
bands is expected to be strongly reduced by correlation ef-
fects in comparison with Fig. 5 such that a gap opens.

Next in binding energy we find bands with dominantly
oxygen character. The nonbonding oxygen band with lowest
binding energy at £, ) is identified to be of pure,. char-
acter. The oxygen bands occur at nearly the same energy for
both spin directions. In fact, only the bands with a consider-
able weight of the Cu 8,2_2 orbital show a strong splitting
between spin up and spin down. Therefore we present in
Table 11l only the position of minority spin bands and both
spin directions for bands with a contribution from the
3d,2_2 orbital** The actual value of the energy shifts of the
copper bands in our LDAU calculation has little influence
on the upper oxygen bands, only their copper character is
changed. We have chosen such a shift that the copper bands
are at the lower edge of the valence band, but are not yet split
off the valence band. This is important in order to achieve
good agreement with the experimental results.

Let us now compare the LDA and LDAU results start-
ing at (w, 7). In both case$Figs. 2 and B we find a group
of 5 bands at around 3 eV hinding energy, but the order of
energy levels is completely different in the two cases. For
example, the antisymmetrgg,. band has lowest binding en-
ergy of ~2.5 eV in the LDA+U calculation. In Fig. 2
(LCAO-LDA), however, all the other 4 bands of that group
have lower binding energy than tipe level. And also in the
FLAPW calculation(Fig. 3) the p,, band has 0.3 eV larger
binding energy than the valence band edge. A similar rear-
rangement of energy levels can be observed af'thpmint.

band Hubbard model is a shift of the on-site copper energieSU€ 10 Symmetry reasons there is no hybridization between

against the oxygen ones. Furthermore, the on-site energy

the Cu 3l,2_2 orbital is split into one for spin up_c” (mi-

nority spin and e4; (majority spin. This can also be
achieved by an LDA-U calculatiort® including all valence

orbitals.
We performed LDA-U calculations for SfCuO,Cl, us-

ing a ferromagnetic splitting. The on-site energy of the un-

occupied, spin up Cu (:I:;T(Lyz orbital (minority spin is

gppper and oxygen bands there. The energy position of the

oxygen bands is nearly the same for LDA and LB#, but
the copper bands are shifted. The in-plane oxygen bands are
twofold degenerate and occur twice in the LBA result
with binding energies of 2.69 and 5.57 eV, respectively.

VI. COMPARISON WITH EXPERIMENT

A. High-symmetry points

shifted by 2 eV upwards and the occupied, spin down Cu The experimental ARPES spectra at the high symmetry
3di27y2 orbital (majority spin, as well as both spin direc- points for both polarization directions are presented in Fig. 6.
tions for all the remaining Cu@orbitals are shifted by 2 eV At the I point, there are two possible orientations of the
downwards. The energy shifts were added at each step of tleample such that one can probe the symmetry of states with
self-consistency cycle until the charge distribution wasrespect to reflections in eithéft; [sample directed such that
stable. We did not try to connect the chosen energy shiftthe photoelectron momentum is alohg- (7, 7), Fig. 6a)],

with the model parameters such as, for instanceor M, [sample directed such that the photoelectron momen-
Ug,Upa,U,. According to Eq.(4), the actual shift depends tum is alongl’—(#,0), Fig. 6b)]. The first peak at 2.9 eV
also on the occupation numbe(nsﬁ)h and({nf),. Since we binding energy in the experimental spectra at fhepoint

did not shift the oxygen levels, our choice corresponds irwith the sample oriented such that thesector is alongl’

fact to the difference betweddy andU, weighted with the ~—(w,m) [Fig. 6(@)] is equally strong for both polarization
corresponding occupation numbers. directions. This leads us to interprete it as the two pure oxy-
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TABLE Ill. The LDA +U data at the high symmetry points. The bands noted by a star correspond to majority)spiféreas all the

other data are given for minority spirf Y. The column “Not.” gives the notation used to describe the bands.

r
No. E/lev o P Pr  d32_2  dy, dy, dyy dey2 O Cu >Cl Not. M, M,
1 —0.30 0 0 0 0 0 0 0 0.909 0.091 0 0 dlLyZ A S
2,3 —-2.69 0 0439 0543 0 0 0 0 0 0 0 0.018 (p,P,) S A
(P~P,) A S
4,5 -3.83 1.00 0 0 0 0 0 0 0 0 0 0 P, o o
(—3.69) (0.567) (0.433)
6 —4.58 0 0 0 0.640 0 0 0 0 0.031 O 329 dzpz_ 2 S S
7* -4.92 0 0 0 0 0 0 0 0.893 0.107 O 0 diz_yz A S
8 -5.40 0 0 0 0 0 0 1.00 0 0 0 0 dyy S A
9,10 -5.57 0 0.499 0.463 0 0 0 0 0 0 0 0.038 (P,P.) S A
(pﬂ'po') A S
11,12 -—-5.88 0 0 0 0 0.803 (0.803 0 0 0 0 0.197 dyz 0 o]
(m,7)
No E/eV o Ps Pr d3g2_2 dy, dy, dyy dyey2 O Cu >Cl Not. M,
1 3.12 0 0467 0 0 0 0 0 0533 0 0 0 (dlzfyng) A
2* 0.65 0 0.704 O 0 0 0 0 0.296 0 0 0 (padizfyz) A
3 -2.43 0 0 1.00 0 0 0 0 0 0 0 0 P A
4,5 -298 0.711 0 0 0 0.143 0.143 0 0 0 0 0.002 p,dyy, ©
(—2.97) (.006
6 -3.35 0 0.009 0.345 0.030 0 0 0.564 0 0 0.004 0.048 p,d,) S
7 —3.66 0 0.096 0.020 0.356 0 0 0053 0 0 0051 0.424;,.(,2p,) S
8 —4.94 0 0561 O 0 0 0 0 0439 O 0 0 (pdb ) A
9,10 -—6.62 0.155 0 0 0 0341 0341 O 0 0 0 0.123 dy(),p,) ©
(—6.06) (0.093 (0.2795 (0.275H (0.357
11 —7.20 0 0.003 0.392 0.010 0 0 0.591 0 0 0 0.004 (dxy"f),,) S
12* -7.28 0 0207 O 0 0 0 0 0.793 0 0 0 dizfyzpa A
13 —7.86 0 0.478 0.001 0.073 0 0 0 0 0 0.280 0.168p,ds,2_,2) S
(7,0
No E/eV o P P, d32_,2 dy, dy, dyy dy_y2 O Cu >Cl Not. M,
1 0.47 0 0.053 O 0 0 0 0 0.696 0.124 0.106 0.021dl2_y2p‘,) S
2* —2.40 0 0273 0 0.039 0 0 0 0.323 0.083 0.119 0.163pgdi2_y2) S
3 —-2.94 0 0 0.659 0 0 0 0.341 0 0 0 0  (B.dyy) A
4 —2.96 0.704 0 0 0 0.245 0 0 0 0 0 0.051 p,d,» o}
5 —-3.76 0 0.086 0.003 0.344 0 0 0 0.057 0.006 0.017 0.4803,2(,2p,) S
6 —-3.79 0.705 0 0 0 0.013 0 0 0 0 0 0.282 P, 0
7 —-4.11 0 0.635 0 0 0 0 0 0 0 0 0.365 Po A
8 -4.32 0 0 0.933 0.001 0 0 0 0 0.049 O 0.017 p, S
9 -5.93 0 0 0 0 0 0.859 0 0 0 0 0.141 dy, o}
10 -6.17 0 0 0.199 0 0 0 0.801 0 0 0 0 (dyh.) A
11 -6.37 0.128 0 0 0 0.384 0 0 0 0 0 0.488 d,p,) o}
12 —6.44 0 039 0 0.409 0 0 0 0.104 0.035 0.062 0 p,dsz_2) S
13" —7.49 0 0.298 0 0.060 0 0 0 0.520 0.004 0.076 0.042di27y2p0) S

gen bands.p,) and {,p,) which are antisymmetric and —(7,0) [Fig. 6(b)]. As one can see, Fig(l6)] deviates only
symmetric with respect to reflections t;, respective|y”_3 slightly from that expectation. In the LDA result, however,
These bands occur in the LD#U calculation as the twofold there are three copper levels between 2.3 and 3 eV binding
degenerate in-plane oxygen bands at 2.69 eV binding energgnergy. Since every copper level has different symmetry
According to this interpretation we would expect the sameproperties with respect td1; and M, that would lead to
identical peak for both spin directions also at thepoint  strong differences between both polarization directions
with the sample oriented such that thevector is alongl’  which is not observed. Therefore, we assign each experimen-
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FIG. 6. Experimental photoemission data at high-symmetry points, with the relevant mirror plane given in bfacketthel” point
(M3), (b) at theT" point (M), (c) at (7, 7) (M4), and(d) (7,0) (M,). The assignment of peaks is according to the LBAresults. The
filled circles and full lines correspond to vertical polarization, whereas the open circles and broken lines give the results for horizontal
polarization.

tal peak with the help of the LDAU results. Each pure which mixes strongly with the Cl orbitals and should have
band is denoted by one orbital only. For the mixed bands weeduced intensity. The remaining in-plane copper orbitals
choose a notation using two orbitals, where the first one ighange their polarization dependence between Figs.afid
the dominant one. The experimental peak positions are con®(b). Thediz_yz is antisymmetric with respect td ; and the
pared with the LDA-U positions in Table IV. dy, is symmetric, but with the sample oriented such that the
Let us continue our interpretation of the spectra atlthe k-vector is alongl’—(#,0) this situation is reversed. The
point with the peak at 3.9 eV. It is seen with horizontal intensity ratio between horizontal and vertical polarization of
polarization in Figs. @) and &b). Therefore, we interpret it the peak at 5.8 eV is indeed exchanged if we compare Figs.
as the out-of-plane oxygep, orbital. We observe also a 6(a) and b). The last peak at 6.5 eV occurs for both sample
small contribution of this peak with the “wrong” polariza- orientations only with horizontal polarization and is inter-
tion in Fig. €& which is even larger in Fig.(6). However,  preted as the out-of-plarg, or d, orbital.
there is no band with the corresponding symmetry in that Turning now to the spectra atr(7) we can only probe
energy region in our LDA-U calculation. The large peaks at the parity with respect td, [Fig. 6(c)]. The small prepeak
around 6 eV binding energy in Figs(e and @b) with big  at 1.2 eV in the curve with vertical polarization is ususally
differences between both polarization directions indicate thainterpreted as the Zhang-Rice singléthe dominant peak at
there are additional contributions besides the oxygen orbital8.4 eV binding energy in the spectra with perpendicular po-
there. Due to the low cross section of Qb 8rbitals, we are larization can be identified as the pyse orbital which has
only left with the pure copped orbitals. To simplify the already been discussed in Ref. 10. Theband is the only
analysis we did not try to assign the Cul32 .2 orbital  one among the group of 5 bands at around 3 eV binding
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TABLE IV. Comparison of experimental peak positiofis eV)
with the LDA+U results at the high-symmetry pointERS and
ZRT mean the Zhang-Rice singlet or triplet, respectively
r
Orbital LDA+U Expt.
(p.P.) —2.69 —-29 2
(5+.) 3
o -3.83 -39 5
de e -4.92 -5.8 =
dyy -5.40 @
(PoPx) 3
d —-5.87 —-6.5 N
(xy)z Tés
(m,7) g
Orbital LDA+U Expt.
(Podi2_,2) (ZRS) 0.65 -1.2
[ —2.43 -2.4
(pzd(x,y)z) —2.98 —-2.7
(p-rrdxy) —3.35
(Pydj2_2) (ZRT) ~4.94 -3.8 s
(d(x,y);zp);) —6.62 _58 Binding energy (eV)
(dxyi’w) —7.20 FIG. 7. Angle resolved photoemission curves aldhg (7, )
x2— 2P., - I - 0. or vertical po arization. Also shown is the antlsymmetrlc TB ban
(dye_2P,) 7.28 6.0 for vertical polarization. Also shown is the anti ic TB band
with dominant oxygenf..) contribution(full line) and the disper-
(,0) sion of the Zhang-Rice singlet according to Refiddtted ling.
Orbital LDA+U Expt. o
The peaks at around 6 eV binding energy should be as-
(pudiz,yz) (ZRY —2.40 -11 signed to bands with a dominant copper character. But one
(p,dy,) —2.96 -25 may note in Table IV a systematic deviation between experi-
(Pdyy) —2.94 -27 mental and theoretical peak positions at, {): the theoret-
P, ~-3.79 -38 ical binding energies are too large. That is plausible since it
p. —4732 is expected that the copper bands feel the antiferromagnetic
3 —411 ~38 correlations much more than the oxygen bands which are
g ~ 617 56 decoupled from the copper spins. As a result the copper
(dyyP) ' ' bands are expected to follow more the AFM BZ whErand
dy, —5.93 —66 (7r,7r) are identical. However, such AFM correlations were
(dezP2) —6.37 not considered in our calculation.

At (7r,0) [Fig. 6(d)] one may observe a prepeak with low
intensity which may be prescribed to the Zhang-Rice singlet
state comprised in our calculation by the hybridization be-
tween thep,, orbital anddizfyz. The strong peak with hori-
zontal polarization at 2.5 eV is assigned to the out-of-plane
in predicting the correct order of energy levels at high sym-(pzdxz) orbital. The peak at 3.8 eV consists of two orbitals

metry points than the pure LDA calculation. At slightly Pz @nd p, which are separated by only 0.5 eV in the
higher binding energy at 2.7 eV we observe a smallerLDA +U calculation. Therefore it is difficult to use that peak

broader peak with horizontal polarization. According to ourto extract the parameter, from the experimental spectra as

calculation it should be comprised of three bands, the out—ofil-; was dogifi” Ref. 10. Fur:thermore, one SlhOUId distinguish
plane (.dy),) bands and the in-plane?a(,dxy) band. The etween different oxygen hopping matrix elemens, ( tp,

26 H

small structure at 3.8 eV binding energ@yertical polariza- andt,,)** which was also not done thete.
tion) can be related to the oxygen orbital hybridizing with
dy2_y2 but having the same spirf) as that of the copper
hole. The corresponding band occurs in the LBi4 at 4.94 The experimental spectra along both high symmetry di-
eV binding energy and can be interpreted as the Zhang-Ricections show clear differences between both polarization di-
triplet. A similar structure was also observed in our previousrections(Figs. 7—10. The first electron removal peak along
analysis of the polarization dependent photoemission spectia— (7, 77) has minimal binding energy at(2,7/2) and oc-

of another undoped model cuprate,Ba,O,Cl,.* curs exclusively with vertical polarizatiaffrig. 7). That is in

energy in both calculationd. DA or LDA +U, Figs. 2 and b
which has odd symmetry with respect tb,. It has lowest
binding energy in the experiment and in the LBA calcu-
lation. That indicates that the LDAU calculation is better

B. Dispersion relations
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FIG. 8. Angle resolved photoemission curves aldhg (7, )
for horizontal polarization together with the calculated oxygen out-
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of-plane TB bands and the in-plane bands having even symmetrr horizontal polarization with the calculated oxygen out-of-plane
(calculated bands are shown as solid lines

FIG. 9. Angle resolved photoemission curves aldhg (7r,0)
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complete agreement with the usual interpretation of that peak
as the Zhang-Rice singlet. In our mean-field treatment it is
built up of thediz_yz and p, orbitals having odd symmetry
with respect toM ;. The dispersion is well described within
the extended-J modeP and we have included the corre-
sponding theoretical curve in Fig. 7 for completeness. Along
I'—(#,0) (Figs. 9 and 1Dthe Zhang-Rice singlet feature is
less pronounced and according to our symmetry analysis
based on a simple mean-field treatment we would expect it
only with horizontal polarization. However, it is more clearly
seen in Fig. 9vertical polarizationthan in Fig. 10(horizon-

tal polarization. The explanation of that effect deserves ob-
viously a more refined treatment and will be studied both
theoretically and experimentally in the future.

The peak next in binding energy in Fig. 7 was already
analyzed as thp, orbital and it has a clear dispersion going
from I" to (7, 7). The valence band edge at around 2.5 eV
binding energy is different for both polarizations alohg
—(,0) as well: it has no dispersion for vertical polarization

(Fig. 9 and is built up of only onef{,) orbital. In contrast to
that, we see for horizontal polarizatidRig. 10 one disper-
sionless out-of-plane band at 3.9 eV and two crossing bands
from the out-of-plane orbitals and the in-plapg band.

To analyze this dispersion quantitatively it is more con-
venient to use the TB model than the LBAJ calculation
due to the restricted number of bands in the former. The
parameters of the TB model were found as follows. The
LDA +U results at high symmetry point§able Ill) were

for vertical polarization with the calculated antisymmetric oxygenused to obtain a first parameter set. For the fit we have only
TB band(shown as a solid line

chosen such energy levels which have no or very small con-
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TABLE V. TB parameters(in eV) obtained by fitting the energies(here, especially,q, was increased The resulting
LDA+U band structure and the VB photoemission spectra. ThEparameter set is shown in Table V.
off-site energies in parentheses are the values from a fit only to the |n Fig. 11 we have collected all the peak positions from
theoretical band structure in the cases where experimental corregsgs. 7—10 together with the dispersion of the TB bands. We

tions were appropriate. have distinguished between the results for vertical polariza-
o~ - — — — — — — tion [Fig. 11(a)] and horizontal polarizatiofFig. 11(b)]. Ac-
€d €d &d ¢o &d, En €p, €p cording to our previous analysis, the peaks in Figalbe-

200 —490 —478 —522 —640 —3.88 —3.86 —4.59 tween (,0) andI’ should~onl}/~ be compared with the 3 TB
bands stemming from thp,, p,, andd,, orbitals. Analo-
gously, betweerd” and (m, ) [Fig. 11(@] we present only
the antisymmetric bands from thp,, p,, di27y2 and
diLyZ orbitals. In Fig. 11, we have collected the bands aris-

ing from both thEdi27y2 or dl27y2 orbitals, and have ne-
glected the band corresponding to the Zhang-Rice singlet
tribution from other orbital$Cu 4s, O 3s, Cl). In such a way S:;Crﬁew;gzwjf?;gxgzg:ﬁ e?]?ta}:_r;] étsnionr]rbeecrt ?)Ifs %Zr::g] \;:hiocl;]r
our effective TB parameters also contain the influence 0Eontribute to the spectra for horizontal polarizatifffig.
hybridization to Cl ors orbitals. Fitting to the pure LDA  11(h)]is considerably larger: these include all of the out-of-
results(Table ) gave nearly the same hopping integrals butpjane orbitals and additionally the corresponding symmetric
different on-site energies. The parameters are very similar tBands(representatior\; of C,,) of the in-plane orbitals.
those known for LgCuQ,.** After fitting to the LDA+U In Fig. 11 we have distinguished between bands with
results there remained small differences to the experimentglominant oxygen character for &llvalues(solid lines and
dispersions even for the peaks with lowest binding energythose bands which have a considerable coupling to the cop-
These small discrepancies to the experimental peak positionser spins(dashed lines As one may note, there is a consid-
were corrected by small changes of the on-site and off-siterable agreement between experimental and theoretical dis-
persions for the oxygen bands with small binding energy.
2 Furthermore, there is some similarity at thepoint besides
+ T the peak with vertical polarization at 3.9 eV binding energy
3%W for which we have no explanation. But the copper bands at

around 6 eV disperse strongly in the TB calculation whereas

tpd tpa tpp tpfr t7T7T t'er tpdz
133 0.77 0.71 0.34 0.37 0.84 1.15
(0.32 (0.79 (0.79

$4l . E}E E they are nearly dispersionless in the experiment. We think
5 A that this failure of the theoretical description arises due to the
:f», [T | neglect of antiferromagnetic correlations. To avoid misun-
§5_ - derstanding we should stress that also the oxygen bands of
B g i EEEEE our mean-field calculation have a copper contribut{er-

6] It cept some cases at the high-symmetry poirttsit that the

§ copper contribution is not dominant. We have also shown the
7 calculated dispersion relations of the oxygen bands in Figs.
() =0 r =m 7-10 as solid lines in order to guide the eye.

VII. CONCLUSIONS

It can be summarized that polarization dependent ARPES
atI', (a,7) and (7,0) and along the two high-symmetry
directions gives detailed information about the bands with
different parity with respect to reflections at the mirror

] planesM; and M,. The assignment of the peaks can be
. { } %{l-i %% % % % % % } performed by means of a symmetry analysis of band struc-
ji ture results. Here we pick out the three major results.
Rearrangement of energy levelS8omparing LDA with
7 0 r ) LDA +U results at high-symmetry points we found that the
by ™ ’ i
strong electron correlation leads to a changed order of energy

FIG. 11. Position of the main experimental peaks together with€VElS, whereby the experimental peak positions could be
the TB bands of the corresponding symmetry alomg0j— (0,0)  More accurately as_S|gned'W|th the help of th(_a bW cal-
—(,7): (a) antisymmetric bands and experimental data for verti-culation. In comparison with an LDA calculation we found
cal polarization;(b) out-of-plane and symmetric bands together the copper bands shifted to higher binding energy. So, we
with experimental data for horizontal polarization. Full lines denoteconclude that the correlation influences not only the band
the TB bands with dominantly oxygen character, whereas théear the Fermi level but leads to a rearrangement of energy
dashed lines correspond to bands with a considerable mixing to tHevels throughout the whole VB.
copper system. Check of the nonbonding,band.Polarization dependent

Binding energy (eV)
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ARPES measurements provide a sensitive test of the symmeially at (-, 7). Thek-integrated copper density of states can
tries of the excitations with low binding energy which were 350 be measured by x-ray photoemission with large photon
already analyzed before. The, orbital is seen at4,m)  energy such that the copper cross section dominates that of
with vertical polarization as a single peak. Atr0) it is  oxygen® It was found that the x-ray photoemission spec-
visible with horizontal polarization but overlaps with out-of- trum of the valence band of S2uQ,Cl, showed the exis-
plane orbitals which makes a parameter assignment difficultence of Cu 8l electron removal states over an energy range
This means that in polarization independent measurementf some 5—-6 eV. To comg)are our LDAU calculation with
such as those in Ref. 10, the spectral weight assigned to thearlier ones for LgCuQ,,*’ one should also keep in mind
p.. peak at ¢r,7) will have additional contributions besides that we had to choose a rather small shift of the copper levels
the purep,, orbital [of roughly one third of the total intensity to find agreement with the experimental situation, and we did
as seen in Fig. ®)]. As a consequence, the experimentalnot c_hoose correla_tion parameters from a constrained density
estimate of the spectral weight of the Zhang-Rice sing|e{unctlonql calc_ulatlon as in Ref. 17. It can be expected that
part, which was performed there using the intensity ofpthe the consideration of self-energy corrections as was done re-
feature as a calibration, should be increased by 50%. cently by  calculating the three-body —scattering
Dispersion relations Analyzing the dispersion relations contributions®*" improves the situation and allows one to
we observe a difference beween the copper bands Whic‘Hork W|Fh real correlation param_eters instead of fitted ones.
couple strongly to the antiferromagnetic spin structure and®Y" main goal here was the assignment of peaks and not the
thus feel the antiferromagnetic BZ and the nonbonding OXy_def[ermmann of parameters. To extract parameters from po-
gen bands which are decoupled from the spin system an!f'jlrlzatlon dependent ARPES measurements t_here are several
follow the paramagneti¢or ferromagneticBZ. To take that MProvements necessary both from the experimental and the
effect into account for SCUO,Cl, we should extend our theoretical side of view.
theory twice. First we should incorporate the antiferromag-
netic order. Then all the bands are defined within the AFM
BZ. To obtain in such a scheme the observed difference be- We are grateful to D. Scher, V. Theresiak, and H.
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APPENDIX
The TB matrix for the in-plane orbitals can be found in the form
dy2_y2 ds,2_,2 dyy P, P Py P.
dez_y2 &4 0 0 —2tpy g 0 0 0
ds,2_ 2 0 £g 0 toanq 0 todBq 0
dyy 0 0 €D 0 0 0 t.p A\
P —2tpalg tpd 7q 0 ep~lpp Mg tor g top?q 0
P 0 0 0 tor g Tl 0 S
Po 0 tpa By 0 top?q 0 eptlpp g “lpr g
P. 0 0 t.o\q 0 —trr Vg —tprag L o sy

wheresg ., Sqy, and\ are defined in the main text and the other expressions are given by

2 2 2 2
M _8s5xSqy _ 45q,xSq,y(Sg x—Sq.y)
q— 2 ! q— 2 !
Ag Ag
2 2
e ax Sy g ZSaxSay
q v Pq ,
Aq Aq

aq=4 cos( %) cos( q?) .
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