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Chapter V

Single Hole Dispersion in the

CuO2-plane at Half Filling

Abstract:

The lowest energy electron removal states as observed in angular
resolved photoemission spectra on CuO2 based systems, exhibit
the strongly correlated nature of these materials. In this Chapter
a k-dependent study of the single hole states in the CuO2 plane at
half �lling (Sr2CuO2Cl2) is presented. It is shown that oxygen re-
lated spectator states exhibiting free-electron-like behaviour can
appear within the same spectra at somewhat higher energy, re-
stricted to regions in the Brillouin zone near certain high sym-
metry points. The controversial \1eV-peaks" in the high-Tc's
are proposed to correspond to these quasiparticles derived from
the same O2p-states as the Zhang-Rice singlets, but of di�er-
ent symmetry, and intense in those regions of the Brillouin zone
where the hybridization with the correlated Cu3d-states vanishes
by symmetry. The proposal that the features persist under vari-
ation of doping level and Coulomb interaction is discussed using
the results of theoretical studies. The appearance of the corre-
lated singlet itself, it's width, shape, dispersion and intensity are
studied as a function of momentum and temperature.
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110 V. Single Hole Dispersion in the CuO2-plane at Half Filling

V.A Introduction

The spectral properties and propagation of a single hole in a strongly correlated
antiferromagnetically ordered quasi two-dimensional lattice have been the topic of
much debate, mainly because this problem is believed by many to be at the heart
of a basic understanding of high-Tc superconductors. One of the most direct ways
of obtaining information on this topic is photoelectron spectroscopy(PES), since
PES does exactly that, namely creating one hole. In angular resolved ultraviolet
photoelectron spectroscopy (ARUPS) the kinetic energy of the detected electrons
combined with the angle of detection, can be related to the parallel component
of the electron wavevector(kk) relative to, in this case, the Brillouin zone(BZ)
of the CuO2-plane. The momentum dependent dispersion of the photon excited
electrons is a powerful source of information on the electronic structure of cuprate
based materials, like the high-Tc superconductors[1].

Within ARUPS results the momentum dependent spectral weight near the
Fermi energy has obtained most of the attention. In this region a momentum
dependence of the lowest energy structure is observed, which changes strongly
as a function of doping. The nature of this \quasiparticle" has been reported
by Eskes[2] to originate from a strongly hybridized Cu-O state. A hole on a
copper site is coupled to a hole divided over the nearest-neighbour oxygen ions,
this results in what is called a Zhang-Rice(ZR) singlet[3] derived state. The �rst
experimental proof that the feature indeed has singlet character has recently been
provided by Tjeng et al.[4]. This ZR singlet derived feature has not only been
observed in ARUPS experiments on optimally doped superconducting cuprate
systems, but also spectra taken on overdoped, underdoped and insulating cuprate
materials show similar low intensity quasiparticle peaks.

Wells et al.[5] have recently performed a pioneering study on the lowest energy
electron removal states in insulating Sr2CuO2Cl2, in which the CuO2 planes are
very similar[6] to those in the high-Tc superconductors. The results of this study
have raised as many questions as they have answered. The Zhang-Rice(ZR) sin-
glet state exhibits a wide energy distribution, which is quite strongly momentum
dependent, as far as the intensity, the shape, and the energy are concerned. Qual-
itatively the behaviour resembles that predicted by the t-J model[7], but there are
also strong di�erences. For example the very strong momentum(k) dependence
of the spectral weight of the ZR singlet on going from (0; 0) to (1; 1), mapped
in the CuO2 Brillouin zone(BZ) in units of �=a. The asymmetry of the inten-
sity around the highest intensity point (1=2; 1=2), is not consistent with the t-J

model, although the more general Hubbard model gives results closer to experi-
mental �ndings[8]. Also the dispersion along (0; 0) to (1; 0) is a problem since in
the experiments of Wells little, if any, dispersion is found in contradiction to the
results of the simple t-J model[5]. Recent theoretical studies[9] show that this can
be improved by including longer range hopping integrals. In the optimally doped
high-Tc's however, the dispersion along (0; 0) to (1; 0) is very strong except for a
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region around (1; 0), exhibiting the much discussed extended van Hove singular-
ity at energies close to the Fermi energy[10]. To explain all this within the same
model, one would have to invoke very strongly doping dependent parameters or
invent a model with very strong doping- and k-dependent quasiparticle shapes.

Viewed in this light the observation and explanation of intense oxygen 2p re-
lated features, which are not sensitive to doping, at slightly higher binding energy
in the same photoemission spectra, are useful as a reference for the low intensity
ZR singlet derived feature. We show that their mixing is strongly reduced by the
symmetry and phase of the involved electron orbitals. These features originate
from the same oxygen 2p orbitals as those contributing to the ZR singlet, but are
not inuenced by hybridization induced e�ects with the Cu3d states. They are
proposed not only to exist in insulating CuO2-planes, but to form an elementary
feature in the electronic structure of cuprate compounds. The origin of these fea-
tures and their relation to the ZR singlet will be discussed and theoretical proof
will be given for the insensitivity to electron correlation and degree of doping. We
will use them to estimate the quasiparticle weight of the ZR singlets, to suggest
a strong k-dependence of the self-energy, and to imply the importance of other
degrees of freedom than spin uctuations on the quasiparticle lineshape.

V.B \1eV-peaks" in ARUPS Spectra on Cuprates

Soon after the publication of the �rst angle resolved photoemission studies on
high-Tc cuprates, one of the main questions stressed was the nature of very strong
and sharp features in certain parts of the Brillouin zone[11, 12]. The resulting
discussions divided the �eld in two camps supporting the next two explanations.
The main view was related to a surface state e�ect. The di�erence in the chemical
environment and broken bonds between electron orbitals existing at the surface
compared to the bulk, would result in a special condition resulting in these sharp
features generally referred to as \1eV-peaks". This name was derived from the
binding energy position at which the peak was found in ARUPS experiments
on optimally doped YBa2Cu3O7��. In contrast with this explanation, it were
especially C. Olson and his co-workers who believed that the \1eV-peaks" were an
intrinsic feature of the CuO2-plane electronic structure[12, 13]. As is reproduced
in Fig. V.1, Olson and co-workers[13] have observed similar features at the high
symmetry points in a wide range of high-Tc's and related compounds, which
limits the origin to an intrinsic property of the electronic structure of the CuO2-
plane. One of the main characteristic properties of these \1eV-peaks" was widely
accepted to be their selective appearance at high symmetry points of the Brillouin
zone. The intense features even formed a very important tool to in-situ align the
sample geometry along a high symmetry direction of the Brillouin zone.
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Figure V.1: The observation of intense \1eV-peaks" in a variety of cuprate compounds

at the indicated photon energies as reproduced from Olson (1995).

V.C Inuence of Correlation E�ects on the

Spectral Function

It is widely accepted that low energy excitations in CuO-based materials are ba-
sically determined by the strongly correlated character of their electron bands.
The hybridization of Cu3d-bands and O2p-bands is large because of the large
overlap of the electron orbitals. This has a strong inuence on the intensity and
lineshape of the electron bands as observed in (angular resolved) photoemission
experiments. The photoemission spectral weight at any given k-vector is given
by the one electron removal Green's function. In the case of strongly correlated
systems, this function can be split into two contributions. A very wide energy
range and rather structure less incoherent part and a peaky part called the co-
herent or quasiparticle part. Both are graphically shown in the bottom panel
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Figure V.2: Inuence of correlation e�ects on the spectral function of a strongly
correlated system varying from the single-electron coherent to the many-body incoherent

situation. The intensity is redistributed from the narrow coherent peak to the wide

incoherent contribution, while the total intensity remains constant.

in Fig. V.2. The sum over the contributions is �xed. Changing the degree of
electron correlation will result in a redistribution of the intensity between the
two parts. In the single particle limit the spectral weight completely resides in
the quasiparticle peak, the quasiparticle weight Z equals 1. This situation can
be described within a single-electron picture.

Upon increasing the correlation e�ects, the quasiparticle intensity(Z � 1) will
reduce in favour of the incoherent part. Simple single-electron like models will fail
and many-body models are necessary to explain the total spectrum. As a result
the relative intensity of the peaky quasiparticle part can be used as a measure
of the amount of one-electron character of the electron band in the solid and is
directly related to the quasiparticle mass. Note that the quasiparticle intensity of
the ZR singlet is much smaller than 1, and it is exactly the incoherent part of the
one-electron Green's function that causes the intensity at the high binding energy
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side[5]. This sometimes referred to \background" is the subject of discussion[14]
and is still often naively subtracted as if it were of little importance.

The correlation strength is however not the same at every k-point in the
Brillouin zone. The momentum dependence of the e�ective overlap of the one-
electron wavefunctions can have drastic inuence on the character of the electron
bands for certain \special" k-points. The �rst electron removal states, the al-
ready mentioned ZR singlets, are states in which the hybridization is very strong.
These primarily oxygen 2p related removal states are intimately connected to the
strongly correlated Cu 3d states. Contrary to conditions with a maximum hy-
bridization, as in the case of the ZR singlet, it should also be possible to make
electron orbital combinations which do not at all hybridize.

As ARUPS experiments are momentum resolved, conditions can be selected,
where because of the momentum dependence of the wavefunction and its sym-
metry, certain electron bands become separated from the other electron bands.
The shape of the electron bands remain unchanged, but purely because of the
changes mentioned above, the net overlap between oxygen and copper electron
orbitals becomes zero for certain k-points. As the hybridization reduces, intensity
is being transferred from the incoherent to the coherent part and a PES feature
very weak in a large part of the BZ can become very intense and narrow at the
special high symmetry points.

It was this knowledge and the experimental fact that the \1 eV-peaks" are so
intense at certain high symmetry points that led us to think in the direction of
states which are not or only weakly coupled to the strongly correlated Cu3d states.
If these exist then their intensity should be concentrated in well de�ned peaks
and the incoherent part should contain little if any intensity. Since this coupling
is expected to be strongly symmetry dependent we were led to the conclusion
that the peaks would be visible at these high symmetry points as observed. We
will refer to the zero-copper-character oxygen-derived bands as spectator states.

The strong momentum dependence of the mixing and thus the character of
electron bands observed in ARUPS experiments is not commonly considered in
studies on strongly correlated systems. The idea of oxygen related spectator
bands existing in photoemission spectra in strongly correlated systems is however
not completely new. Bala, Ole�s, and Zaanen[15], reported in 1994 strong coupling
theory results that semiquantitatively explained ARUPS data of NiO. They found
that the bare O2p hole derived states did not appear as sharp quasiparticle peaks
as was expected, but complicated lineshapes were found along the high symmetry
directions of the BZ. This was however not the case at certain high symmetry
points. At � and X they did �nd simple poles. The behaviour as found in their
calculations �ts very well with the intensity behaviour discussed above. This
supports our opinion that we are dealing with an e�ect that in principle can play
a role in all angular resolved photoemission experiments on single crystalline
strongly correlated materials.
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V.D Experimental Details

To study the origin of the \1eV-peaks" in the CuO2-plane at half �lling, we
performed ARUPS experiments on Sr2CuO2Cl2. This insulating material, with a
charge transfer gap of about 2 eV, consists of a stacking of SrCl and CuO2 layers.
The weak Van der Waals bonds between the SrCl planes result in a very easy
cleavable sample, with a highly two-dimensional character. The CuO2-plane is
at and the apex oxygen sites in the high-Tc's are in this compound occupied by
chlorine ions at a distance (2.86 �A) much larger than the in-plane copper-oxygen
distance (1.99 �A)[6]. The in-plane distance is slightly larger than the nearest
neighbour distance generally found for the high-Tc's. The crystals were grown by
means of the oating zone technique, using an elliptical furnace. Crystal growth
and analysis are discussed by N.T. Hien et al.[16].

The ARUPS experiments on Sr2CuO2Cl2 as presented in this thesis are per-
formed on two facilities. Photon energy and photon polarization(linear) depen-
dent ARUPS experiments have been performed at the HIRES analysis chamber
attached to the crossed undulator U-2/F-SGM beamline at BESSY I in Berlin.
A spherical electron energy analyser with a mean radius of 152.4 mm is used
under a �xed angle of 60� relative to the incoming beam. The electron detection
is performed with �ve parallel operating channeltrons and the ultimate energy
resolution of the analyser is near 10 meV. The angular resolution can be varied
from �1� up to �12�. After cleavage in a preparation chamber the sample is
installed on a 5-axis manipulator. The measurements have been performed at a
base pressure of 5�10�11 mbar. During the experiments the ux of the photon
beam was continuously monitored by the use of a Au mesh situated behind the
exit slit.

The other results are obtained with an electron spectroscopy system consist-
ing of a mu-metal analysis chamber equipped with a VG hemispherical electron
analyser installed on a two-axis goniometer and a He discharge lamp, as discussed
in Chapter I. The analyser acceptance angle was 2� and the energy resolution
30 meV. The samples were cleaved and measured at a base pressure of 1�10�10

mbar. After the ARUPS measurements the surfaces were checked by using low
energy electron di�raction (LEED).

V.E ARUPS on Sr2CuO2Cl2

A selection of the spectra taken along the symmetry directions in the BZ are
given in Fig. V.3. The spectra have been taken with the in-plane component of the
photon beam direction within a few degrees parallel to the [1; 1] direction. The left
panel displays the spectra taken from (0; 0) to (1; 0), the middle panel the spectra
along (1; 0) to (1; 1), the right panel contains the spectra from (0; 0) to (1; 1). The
features observed can be divided into two parts. The low intensity \quasiparticle"
structure with a maximum intensity near (1=2; 1=2) as reported by B.O. Wells
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Figure V.3: ARUPS spectra taken on Sr2CuO2Cl2 with He I. Panel (a) shows from

bottom to top the spectra from (0; 0) to (1; 0) in equidistantial parallel momentum steps.

Panel (b) shows from bottom to top the spectra from (1; 0) to (1; 1) and panel (c) shows

from bottom to top the spectra from (0; 0) to (1; 1). The arrow in the right top part

of each panel represents the trajectory in the square CuO2 plane Brillouin zone. Near

(1=2; 1=2) the position of the low intensity ZR-singlet is indicated by bars.

and co-workers[5] will be discussed in detail in the enclosed Appendix. In the low
energy regions of the spectra the ZR singlet state is observed with an appreciable
intensity in those regions of the BZ where the higher energy features are weak.
The low energy ZR singlet state derived \quasiparticle" as observed halfway the
[1; 1] direction does not develop to a peak along the other two directions.

The features we want to concentrate on for the moment are the intense peaks
observed above 2 eV binding energy, with strongly k-dependent intensities and
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Figure V.4: Incoming-angle dependent photoemission spectra at the indicated high

symmetry points of the CuO2 Brillouin zone, from left to right respectively (0,0), (1,0)

& (1,1). The incoming angles � are indicated for each spectrum.

energies. If we look along the [1; 0] direction, we can recognize two energy regions
were peaks are observed. Restricted to a region near (0; 0) a peak is found at
2.6 eV. Another peak is present around 4 eV and shows a dispersion of 250 meV
going along (0; 0) to (1; 0). Along the [1; 1] direction intense peaks with binding
energy minima are observed at both the high symmetry points (0; 0) and (1; 1).
The detection of the peak at around 4 eV is limited to the region near (0; 0).
From the data it is clear that the higher energy peaks are intense and sharp
only at the high symmetry points and their quasiparticle weight strongly reduces
when moving away from these points. Because of the insulating character of the
material measured kinetic energies can only be related within an o�set energy
equal to the conduction gap of, in this case, 2 eV. Comparison of the spectra
shown in Fig. V.3 to the spectra included in Fig. V.1 on conducting samples
requires a binding energy shift. The Zhang-Rice singlet derived state observed in
Fig. V.3 near 1 eV should be related to the structure near zero binding energy in
Fig. V.1. As a result it will be such that if \1eV-peaks" appear in the Sr2CuO2Cl2
spectra, the binding energy will be larger than 1 + 1 = 2 eV. The intense peaks
observed in Fig. V.3 at binding energies of 2.45 eV and above, are proposed
to correspond to the \1eV-peaks" in the high-Tc's, not the Zhang-Rice singlet
derived state that in the Sr2CuO2Cl2 ARUPS results appears near 1 eV binding
energy.
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Figure V.4 shows the incident-angle dependence, the smallest angle spanned
by the direction of the light and the surface normal, of the high energy peaks
at the high symmetry points (0; 0), (1; 0) and (1; 1). The spectra are normalized
at 5.5, 3.3 and 5.5 eV binding energies respectively. The features at binding
energies larger than 5 eV form the main part of the valence band, with large
contributions from the Cl 3p electrons as discussed by Fujimori et al.[17] and
B�oske et al.[18]. This part of the spectra will not be considered here. For that
reason normalisation to the intensity at 5.5 eV is performed in the outer panels.
The intensity in this Cl 3p region is however also dependent on the incoming angle,
as is clear in the center panel considering the (1,0)-point. In that situation we
have normalised at an energy in between the two lowest features. Selecting a point
of normalisation is always subject of discussion. The trends in the incoming-angle
dependent relative intensities of the features below 5 eV are comparable under
several options of normalisation.

From the incoming angle dependence an indication can be obtained concerning
the in- or out-of-plane origin of the features studied. For example at 0� incoming
angle only in-plane excitations can be probed, in theory at 90� incoming angle the
deviation will be half/half. Probing excitations related to out-of-plane oriented
orbitals with unpolarized light can not be more e�ective than 50%. The outgoing
angles are de�ned by the k-point studied, this is also the reason why the probable
incoming angle range is not the same for the three k-points. It is found at (0; 0)
that the intensity of the feature at 4 eV increases relative to the feature at 2.6
eV, when considering grazing incidence angles. From this dependence an origin
derived from out-of-plane orbitals for the peak at 4 eV is most probable. Only
minor relative changes in the region up to 5 eV are observed at (1; 0). The
incoming angle dependence taken at (1; 1) points towards an in-plane origin for
the peak at 2.45 eV.

V.E.1 Polarization Dependence

In �gure V.5 the polarization dependence is shown for the high symmetry points
(0; 0), (1; 0) and (1; 1). These results are obtained at the U-2/F-SGM beamline,
with the analyser of the HIRES chamber operated at an acceptance angle of 2�.
Strong dependence is observed at all high symmetry points. Note that these
spectra are obtained with the analyser �xed to the chamber, this means that the
incoming angle is depending on the k-point that is measured. The incoming an-
gle dependence as shown in Fig. V.4 is automatically involved in the results here,
when di�erent k-points are compared. In the case of (0; 0) the incoming angle is
per de�nition 60�, at 28 eV the incoming angle for (1; 1) is of the order 60 - 33 =
27�. The directions of the Brillouin zone that were horizontal during the measure-
ments are indicated by the arrows in the Brillouin zone representing square. In
the upper panel the polarization vector in the vertical alignment is perpendicular
to both the surface normal and the [1; 1] direction of the reciprocal lattice. At
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Figure V.5: Polarization dependence of the intense peaks at the high symmetry points

of the CuO2 related Brillouin zone. The spectra taken at 28 eV and 35 eV are normal-

ized to the beam intensity and obtained with vertical(�) and horizontal(�) polarization.

The k-points studied are indicated by a bullet, in the same BZ square the arrow in-

dicates the horizontal direction during the individual experiments, forming the mirror
plane in combination with the surface normal.

horizontal polarization the polarization vector lies in the plane spanned by the
surface normal and the [1; 1] direction. The angle in this plane and relative to the
surface normal is di�erent for the two k-points, because of the inuence of the
�xed analyser orientation, and is equal to the mentioned incoming angles. When
the polarization vector is perpendicular to the mirror plane under consideration,
odd states relative to that mirror plane are probed. When the polarization lies
in the mirror plane even states are probed. In our case, with the sample orien-
tation as mentioned, the polarization vector is perpendicular to the mirror plane
spanned by the [1; 1] (or [1; 0]) direction and the surface normal at vertical po-
larization. At horizontal polarization the even contribution is expected. As at
(1; 1) the feature near 2.45 eV is very intense at vertical polarization and weaker
at horizontal polarization an odd symmetry relative to the indicated mirror plane
is proposed. The same holds, although less dramatic, for the feature at 2.8 eV
at normal emission. The peak near 4 eV shows the opposite behaviour, pointing
to even symmetry relative to the [1; 1] direction. At (1; 0) it is found that the
intense peak near 2.9 eV is even with respect to the mirror plane spanned by the
[1; 0] direction and the surface normal.
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V.F LCAO Bandstructure Calculation

The data in the previous section leads us to propose that the intense features
seen above 2 eV binding energy originate from the same O2p-orbitals as those
contributing to the ZR singlets. Whereas the O2p-orbitals in the ZR singlet
are combined to hybridize maximally with the Cu3d-orbitals, it is also possible to
form linear combinations of O2p-orbitals which do not mix with the Cu3d-orbitals
at all. A photoelectron-hole created in such a speci�c O2p related state therefore
does not communicate with the Cu spin system and will have all its spectral
weight concentrated in the quasiparticle peak. An important justi�cation of this
interpretation is the intensity variation with k, namely a very high intensity at
high symmetry points of the BZ where the mixing with dx2�y2 is zero and a
strong decrease in intensity in the quasiparticle peaks as one moves away from
these regions.

The experimental fact that the \1eV-peaks" are so intense at certain high
symmetry points, points to states which are not or only weakly coupled to the
strongly correlated Cu3d states. To identify such non-mixing oxygen states, we
performed tight binding band calculations for the CuO2-plane, (Cu

2+O2�), us-
ing a basis of 5 Cu3d- and 3 O2p-orbitals. Although the one-electron-like tight
binding framework is not suitable for quantitatively describing this correlated
system, it is suitable to identify those O2p derived states which have little or no
communication with the strongly correlated Cu3d-states due to symmetry.

The results of the tight binding band calculation are given in the lower part
of Fig. V.6. We show only those portions of the calculated bands which have less
than 5% Cu3d-character. The bands with an in-plane character are marked with
solid lines, while the out-of-plane character bands are indicated with dashed lines.
Also shown are the experimentally observed peak positions of well de�ned peaks.
We have found that the strong dispersive peak at 2.45 eV near (1; 1) is very well
described by one of the portions of the 5% electron bands. This in-plane O2p�
derived band at the (1; 1) point of the BZ has zero Cu3d-character by symmetry
and its Cu3d-character only increases as j�kj2 on moving away from this point.
The strongly peaked intensity of this state at (1; 1) is indicated in the upper
part of the �gure. The large reduction in intensity with only a small increase of
mixing, stresses the importance of correlation e�ects.

The symmetry of this band at (1; 1), the other lowest energy non-mixed in-
plane bands and the Zhang-Rice singlet are shown in Fig. V.7. From the resulting
orientation and phases of the oxygen orbitals it is obvious why these oxygen bands
do not mix with Cu3d-states, as will be discussed in the next paragraph. The
characters of the bands as extracted from the LCAO calculations are consistent
with the incoming angle dependence found at (0; 0), (1; 0) and (1; 1) in Fig. V.4
and the polarization dependence at (1; 0) and (1; 1) as presented in Fig. V.5.
From the complete data set from which some of the spectra have been shown in
Fig. V.5, we selected the regions in the BZ in which each of the features has its
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Figure V.6: Comparison of tight binding calculation with experiment. Thick solid and

dashed lines show the O2p derived band dispersion limited to those regions of the BZ

where they have less than 5% Cu3d character. Open circles represent the experimental

data in regions with appreciable intensity for the higher energy features, solid points for

the lower energy ZR singlet feature. A theoretical estimate for the binding energy of the

ZR singlet relative to the oxygen bands is indicated by a thin dashed line. The peaked

intensity of the oxygen band at (1; 1) is indicated in the top part of the �gure.

highest intensity, as is shown in the center of Fig. V.7. Region ZR of the Zhang-
Rice singlet derived feature demonstrates that this is a part of the BZ where
all other features are weak. Note its asymmetry around (1=2; 1=2). A theoretical
�rst order estimate[19] of the binding energy of the strongly hybridized ZR singlet
feature relative to the oxygen bands is indicated by a horizontal dashed line in
Fig. V.6.

If we concentrate on the oxygen 2p� orbital lattice as found at (1; 1), it becomes
clear why there is no direct mixing with any of the copper 3d orbitals. The phases
of the oxygen orbitals are such that there is no net overlap with any of the 3dx2�y2,
3dz2, 3dxz, 3dyz or 3dxy orbitals. As the direct mixing with the copper orbitals
vanishes, also the inuence of the spin uctuations is strongly reduced. The
holes created in the oxygen orbitals as given above can only move in the oxygen
lattice determined by the oxygen 2p orbitals, as the mixing with the copper is
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Figure V.7: Symmetry of the lowest energy in-plane O2p-derived electron bands at

the indicated high symmetry points and the symmetry of the Zhang-Rice singlet. The

center part is a gray scale plot indicating the regions of the BZ in which the various

features have appreciable intensity. Region B shows where we have found a feature near

4 eV, region A and C the strong dispersive peaks near 2.45 and 2.85 eV respectively.

Region ZR shows that the ZR singlet is observed in a region hardly covered by the higher

energy quasiparticles.

zero. Holes which are created in these speci�c combinations of oxygen orbitals
can only indirectly communicate with the copper spins. Considering the oxygen
related spectator state at (1; 1), which is composed exclusively of 2p� orbitals, the
most important coupling is via the Hund's rule exchange on oxygen: a hole may
hop from the Cu 3dx2�y2 orbital to an oxygen 2p� orbital by a charge transfer
process, the holes in the 2p� and 2p� orbitals exchange their spin via intra-
oxygen exchange, and the hole from the 2p� orbital returns to the Cu 3dx2�y2
orbital. The \e�ective" exchange integral for this process should be of the order
Jhund(tpd=�)

2, with Jhund the Hund's rule superexchange, tpd the copper-oxygen
hopping parameter, and � the charge transfer energy. One has to realize that
the charge transfer process has a relatively low probability((tpd=�) < 1), so no
strong inuence of this second order coupling is expected.

By �tting the tight binding calculation to the experimentally determined dis-
persion relations close to the high symmetry points, we could obtain an accurate
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value for the O2p hopping integral(tpp), an important microscopic parameter in
various theories. According to the tight binding model the energy di�erence be-
tween the in-plane bands at (1; 0) and (1; 1) is equal to 4tpp. The dispersion near
(1; 1), and the energy di�erence between the minima at (0; 0) and (1; 1) are also
determined by tpp only. The fact that these relations are ful�lled by a single tpp-
value, strongly supports the credibility of our interpretation. The value obtained
here, tpp = �0:37 eV, is close to those found previously[19, 20, 21, 22].

We note that since these states have almost pure O2p character, their energies
are determined by no more than two \oxygen related" tight-binding parameters:
the direct hopping integral between O2p� orbitals, tpp, and the di�erence in on-site
energy between in-plane and out-of-plane O2p orbitals. Taking this into account,
the agreement between the \oxygen like" bands and the experimental positions
of the \1eV-peaks" in Sr2CuO2Cl2 is quite remarkable. It is reasonable to expect
that these single electron states with vanishing or small probability to be on the
Cu3d orbitals, persist in the strong correlation limit. We therefore believe that
our interpretation of the \1eV-peaks" as nearly free electron states which do not
communicate with the strongly correlated Cu3d electrons via hybridization due
to orbital symmetry is quite plausible.

V.G Charge Transfer Model

Making strong statements on the dispersion of electronic bands in a strongly corre-
lated system, obtained with the tight binding method which completely neglects
electron correlation might be considered unreliable in general. The restriction
to the nearly pure oxygen band sections enables us to extract important infor-
mation, disregarding the limitations of the model. To support the assumption
that the oxygen bands will hardly be altered by electron correlation, we have
performed an exact diagonalization charge transfer model calculation. Here we
restrict ourselves to the Cu 3dx2�y2 and O 2p� orbitals only, but include explicitly
the most important on-site electron correlation e�ects. The size of this calculation
restricted us to study the 1-dimensional equivalent; a CuO chain. The largest
system we could study was a six unit cell chain on which we applied periodic
boundary conditions. The Hamiltonian used reads

H = Hkin +HU

Hkin =
X

i;j

X

�

(ti;jd
y
i;�pj;� +H:c:)��

X

i

dyi;�di;�

HU = U
X

i

dyi;"di;"d
y
i;#di;# (V.1)

with U as the on-site Coulomb repulsion and cyi;�(ci;�) as the operator that creates
(annihilates) a d or p electron at site i or j with spin �. We have assumed a
hybridization integral between nearest neighbor copper and oxygen orbitals of
tpd = 1 eV and a Charge Transfer energy of � = 3 eV. In the representation
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Figure V.8: Coulomb repulsion U dependent exact diagonalisation 1-dimensional

Charge Transfer model study, obtained with � = 3tpd. The upper panel displays the

single particle spectral function results for the interacting case, while the lower panel

displays the non interacting case. The solid(dashed) line corresponds to creation and

annihilation on copper(oxygen) sites.

used here the condition k = � equals the condition previously referred to by k

= 1. Using this model we discuss the inuence of electron-electron correlation
and doping on the non-mixed electron bands mentioned. Both inuences will be
discussed separately.

V.G.1 Inuence of Electron Correlation

As mentioned, the assignment of the intense features in the photoemission spec-
tra to the oxygen restricted parts in the LCAO bandstructure, is based on the
hypothesis that these spectator states are hardly inuenced by electron correla-
tion. This assumption is examined in a 1-dimensional charge transfer model. The
Coulomb repulsion U is varied to study its inuence on the electronic structure.
Figure V.8 compares the k-dependent single particle spectral function for the true
strong correlation case, U = 8 eV, and the non-interacting limit, U = 0. In the
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latter case there are two bands, one of them with predominant oxygen character,
the other one with mainly Cu character. The copper related contributions are
indicated with a solid line, while the oxygen part is indicated with a dashed line.
If we compare the non-interacting result with the spectral weight in the interact-
ing case, we see that the e�ect of switching on the Coulomb repulsion U di�ers
strongly between these two bands: the Cu-like band disappears completely, its
spectral weight being distributed between the d10 like \upper Hubbard band"
in the inverse photoemission(IPES) spectrum part, some weak intensity charge
transfer states which form the �rst ionization states, and a d8-type satellite at
a binding energy of � U . On the other hand, the oxygen-like band is a�ected
hardly at all, especially near k = 0.

This can readily be understood as follows: in the bandcalculation the annihi-
lation operators for eigenstates are linear combinations of operators annihilating
electrons on Cu and O orbitals, k;� = ukdk;� + vkpk;�. Thereby the coe�cients
are determined from the requirement

[Hkin; k;�] = ��(k)k;�: (V.2)

Since the interaction term HU contains only d-like operators(eq V.1), we therefore
have

[H; k;�] = ��(k)k;� +O(U � uk): (V.3)

It follows, that if the copper character, uk, is small, k;� \nearly commutes" with
the Hamiltonian, i.e. the state k;�j	0i, with j	0i as the exact many-body ground
state, is an approximate eigenstate. In particular, when uk = 0, this state is an
exact eigenstate of the strongly correlated electron system.

In relation to the 1-dimensional chain, as also discussed in Chapter II, this
situation occurs for k = 0. If one considers a 3d-electron at site Rj, after switching
on O2p-Cu3d mixing described by the matrix element tpd, 2p-electrons can arrive
at the Cu (Rj)-site from the two neighbouring 2p-orbitals. As tpd has opposite
sign for the two neighbouring 2p-orbitals the requested prefactor is:

tpd(e
ik:(Rd+1=2) � eik:(Rd�1=2)) (V.4)

This can be rewritten to

eik:Rd(tpd2i sin(
k

2
)) (V.5)

so with our choice of relative phases we have [Hkin; pk;�] = 2tpdi sin(
k
2
)dk;�. For

this particular momentum Bloch states constructed from Cu 3dx2�y2 orbitals and
O 2p� orbitals have opposite parity and so do not mix when k goes to zero.
For small but �nite k we obviously have uk � (tpdk)

2=�, so near k = 0 one
can construct approximate eigenstates of oxygen orbitals. Had we chosen s-
like rather than p-like ligands, the same would have happened for momentum
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k = 1. A single hole state which resides exclusively on the oxygen sites will
not feel the Hubbard repulsion at the Cu sites at all, and thus persists without
any change also in the strong correlation case. In reality there should also be
an appreciable Coulomb repulsion on the oxygen sites, which strictly speaking
invalidates these considerations; due to the relatively small hole concentration on
the oxygen orbitals, however, the e�ect of this extra repulsion may be expected
to be small. Inspection of both panels in Figure V.8 shows that the spectral
feature associated with this particular eigenstate, the strong peak at -2.2 eV
binding energy, indeed remains completely una�ected by changing the Coulomb
interaction U . The quasiparticle weight Z of this peak is unity and independently
of U , as expected for a free-electron state.

Generalizing, we see that whenever the hybridization between the strongly
correlated transition metal ions and the ligand atoms vanishes due to destructive
interference of di�erent hopping processes, we can construct exact free-electron-
like eigenstates, which reside exclusively on the ligand orbitals and therefore
never feel the strong correlations on the transition metal sites. These states
are essentially single-electron like, i.e. completely unrenormalized by the strong
correlations, so that they should have a wave function renormalization constant Z
= 1, and consequently a large weight in the photoemission spectra. This suggests
naturally to associate the intense \1eV-peaks" with these (nearly) free-electron
states. Next, the complete cancellation between the various hopping integrals
which is required to produce these free-electron eigenstates, will in general occur
only in a situation with high symmetry, i.e. at high symmetry points of the
BZ. We therefore have a very natural explanation why the \1eV-peaks" are seen
predominantly at and near high symmetry points.

If we apply this independence to strong correlation at the high symmetry
points for the unrenormalized oxygen quasiparticles in the one-dimensional case
to the two-dimensional bands found in the LCAO calculation discussed above,
it becomes clear that the non-mixed oxygen bands found at the high symmetry
points of the CuO2 Brillouin zone, correspond to the intense \1eV-peaks" as found
in our ARUPS results on Sr2CuO2Cl2 and in other studies[13] on superconducting
cuprates.

V.G.2 Doping Dependence

The Charge Transfer model discussed above supports the insensitivity of the
oxygen bands to electron-electron correlation at certain high symmetry points. As
a result the assignment of the intense peaks observed in the ARUPS results at half
�lling as being oxygen related bands seems plausible. As mentioned before similar
features have also been observed in the ARUPS results on cuprates at several
doping levels[13]. The fact that the appearance of the \1eV-peaks" is not limited
to a certain degree of doping, but is observed in cuprates at all levels of �lling,
is extremely interesting. As the dispersion of the lowest energy quasiparticle is
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Figure V.9: Doping dependent exact diagonalisation 1-dimensional Charge Transfer

model study. The top panel repeats the single particle spectral function from the inter-

acting case at half �lling. The middle panel the same situation after hole doping, the

lowest panel after electron doping. Straight lines indicate copper related spectral weight,

dashed line oxygen related spectral weight. The vertical line corresponds to the Fermi

energy and separates the photoemission and the inverse photoemission spectra.

changing dramatically as a function of doping, a universal reference point within
the same spectra would result in a wealth of information giving rise to a better
theoretical understanding of the electronic structure of these strongly correlated
systems. The 1-dimensional model introduced in equation V.1 will now be used
to study the doping dependence of the spectral function. If our ideas are correct
a minor dependence is expected as doping predominantly changes the carrier
concentration in the ZR singlet states, the strongly hybridized states.
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The results are shown in Fig. V.9 for electron and hole doping, compared to
the half �lled result in the top panel as was shown in Fig. V.8. The copper related
weight is again indicated with a solid line, the oxygen contribution with a dashed
line. The vertical straight line indicates the position of the Fermi energy. In the
half �lled case the line is drawn in the middle of the conduction gap, although it
is in principle not well de�ned. In the electron/hole doped case 2 electrons/holes
are added to the 6 unit cell chain. Adding 1 electron/hole causes a high degree of
asymmetry, because one then has an odd number of electrons. The groundstate
in that case can not be a singlet, but in general is a doublet, and even has non
vanishing momentum. Based on these facts a groundstate with an even number
of electrons has been considered.

In Fig. V.9 it can be seen that a change in the electron concentration leaves the
\oxygen band" practically una�ected, whereas there is quite a dramatic change in
the two bands which limit the Charge Transfer gap. To begin with, these bands
now seem to develop a Fermi surface. While the Fermi energy obviously jumps
across the Charge Transfer gap in going from hole doping to electron doping, the
\Fermi momentum" still seems to change with the electron number in the same
way as expected for non-interacting electrons, i.e. with the exception of half �lling
the \Fermi momentum" is nominally consistent with the Luttinger theorem[23].
This behaviour is precisely what one expects if the physics of conduction and
valence band is that of an e�ective single band Hubbard model: it follows from the
particle-hole symmetry that changing the electron density of this model from (1�
x) to (1+x), the single particle spectral function A, in this model is transformed
as:

APES(k; !) ! AIPES(� � k; U � !);

AIPES(k; !) ! APES(� � k; U � !): (V.6)

Quite obviously, this immediately explains the doping dependence of the chemical
potential and Fermi momentum, provided one assumes that the Charge Transfer
states and the d10 derived states together can be described by an \e�ective"
single-band Hubbard model. Another strong indication that the reduction of the
system to an \e�ective" single band Hubbard model is a very good approximation,
is provided by the fact that the \oxygen-like band" at higher binding energy
persists more or less unchanged in the doped cases. In other words, the system
apparently can be described very well as the superposition of the more or less
decoupled nearly-free electron band with predominant oxygen character, and the
e�ective single-band Hubbard model derived from the Cu3d states and states
which strongly hybridize with these.

The \rigid" nature of the oxygen band, and in particular the free-electron-
like state at k = 0, i.e. the fact that their binding energy remains completely
una�ected with doping, opens an interesting possibility to observe the \jump" of
the chemical potential in going from electron to hole doped compounds exper-
imentally with very high precision. The free-electron-like peaks originate from
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oxygen orbitals, which reside inside the CuO2 planes. As a result they feel the
same electrostatic potential as the orbitals which participate in the formation
of the \e�ective" Hubbard model. Consequently, the energy separation between
these peaks and the Fermi energy should depend only on intra-plane parameters,
and be e.g. completely independent of the chemical composition of the \charge
reservoir" layers separating the planes. Together with their extraordinary sharp-
ness this make the \1eV-peaks" ideal reference points for comparing the position
of the chemical potential in di�erent compounds. Measuring the Fermi energy
relative to the positions of the \1eV-peaks", and comparing the value for hole
doped and electron doped materials should thus allow to measure the jump of
the chemical potential with very good accuracy.

Of course, an extra complication has to be taken care of: it may happen that
certain structural elements, such as the apex-oxygen or the Cu-O chains also
carry some \non-mixing" oxygen-derived states. Moreover, one might envisage a
situation where e.g. the e�ective oxygen-oxygen hopping has some dependence on
the material one is looking at. Using the \1eV-peaks" as a reference energy, one
should therefore strictly speaking compare to full LDA calculations to pin down
the position of the 1eV peaks e.g. relative to the on-site energy of the in-plane
oxygen states.

V.H Discussion of the Use of the Spectator Bands

The fact that both the higher energy structures, which do not hybridize with
the d-bands, and the lowest energy feature, originate from the same O2p-states
can be used to establish an internal calibration for the quasiparticle weight. If
our interpretation is correct, the spectral distribution of the high energy feature
will be entirely concentrated in the quasiparticle part(Zk = 1) at those points
in the BZ where the hybridization with d-bands vanishes. We can thus compare
this spectral distribution with that of the ZR singlet quasiparticle part to get
an experimental value for the quasiparticle weight of the Zhang-Rice singlet. In
Fig. V.10 we show the\1eV"-feature at (1; 1) together with the ZR singlet feature
at (1=2; 1=2), shifted by 1.54 eV, for two di�erent temperatures. Both features
appear at the top of their respective bands and therefore can not easily decay via
electron-hole channels. Because the coherent and incoherent part of the features
are unseparable[14], as they both are part of the one-particle Green's function,
we did not perform a step subtracted peak �tting. As the widths of the peaks
are comparable, we decided to rescale the spectra in intensity and not in weight.
To obtain the same intensity, the ZR singlet part had to be multiplied by 34 for
the spectra taken at 300 K, and 22 at 235 K.

To compare these multiplication values with the quasiparticle weight as found
by the t-J model at (1=2; 1=2), Zk = 0.175, for t=J = 3.3[24], we must �rst correct
for the larger number of channels available for ionizing the higher energy hole (i.e.
both singlets and triplets may be reached), which results in an extra factor of 2.
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Figure V.10: Direct comparison of ZR singlet(�) and \1eV-peak"(�), taken at

(1=2; 1=2) respectively (1; 1), with He I at two di�erent temperatures.

The fact that the hole created in any given plaquette has a 50% chance to form
a singlet with the Cu hole of a neighboring plaquette, results in another factor 2.
The t-J model prediction would then result in an intensity ratio of 4=0:175 � 23.
The close agreement with experiment is probably fortuitous. Another interesting
aspect is that the widths and lineshapes of both features are comparable. As the
non-mixed oxygen feature has no communication with the spin carrying Cu3d-
orbitals, its width indicates strong contributions from other mechanisms than
those involving spin uctuations, such as phonons, which then suggests that the
large width at the top of the ZR singlet band is also due to this other mechanism.

If we adopt the explanation of the \1eV-peaks" as being the �nger prints of iso-
lated regions of otherwise mixed electron bands, this will lead to a reconsideration
of a generally used assumption. This observation of strong k-dependence of the
character of electron bands, in this case the oxygen bands, claims the necessity of
including both !- and k- dependence of the self-energy in theoretical models. The
generally accepted assumption of a local or k-independent self-energy is proven
by our data to be non-trivial. Although a k-independent self-energy may be a
reasonable starting point in a single band system of strongly correlated states, we
are dealing with a multiband system here. If we attempt to reduce it to a single
band system, we will have to use strongly k-dependent wave functions, because
the hybridizations are so strongly k-dependent. This is obviously demonstrated
in the study presented here. Such a strong k-dependence of the e�ective wave
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functions, will manifest itself in the necessity of strong k-dependent self-energies,
if we insist on an e�ective single band approach as in the t-J or Hubbard-like
approaches to the high-Tc's.

V.I Comparison to other Cuprates

The explanation of the high binding energy features observed at the high sym-
metry points of the high-Tc superconductors has been one of the questions that
initiated our study. Several groups[11, 12, 25, 26, 27, 28, 29] reported intense and
sharp peaks only appearing at or near the high symmetry points of the BZ. A
surface related origin and an intrinsic CuO2-plane character were the two com-
peting explanations for the peak near 1 eV binding energy. The scienti�c value
and attention of these features has never got much further than use as an align-
ment reference point, during the experimental part of the ARUPS studies, as it
was generally accepted that the features had maximum intensity and minimum
binding energy at these k-points.

To illustrate the similarities between the oxygen related bands reported in
this paper and what are called the \1eV-peaks" in the ARUPS studies on the
superconductors, some of them will be addressed independent of the original
origin claims. This will get extra relevance, now it has been shown that the
oxygen bands are hardly altered as a function of doping. The problem with
retrieving information on the energy separation between ZR singlet and spectator
oxygen band or \1eV-peak" is however the fact that few high energy results are
published, although probably a lot have been taken.

Most of the attention to higher binding energy peaks has been given in ARUPS
studies on YBa2Cu3O7��. In these 123 materials and in to a lesser extent in the
124-compound[28], contrary to the other cuprate compounds intense features are
observed. At the high symmetry points �(0,0), X(Y )(1,0), and S(1,1) of twinned
and untwinned crystals intense features have been found. At binding energies
of respectively 1.5, 0.92, and 1.3 eV peaks were found which showed symmetric
dispersion regarding both binding energy and intensity. The width of the features
at X(Y ) was around 0.15 eV, so smaller than that what has been found in this
study on Sr2CuO2Cl2. The large temperature di�erence of 20 K relative to room
temperature will seriously contribute in this deviation. It can be seen that the
binding energy extrema at the high symmetry points are di�erent in the case of
YBaCuO relative to Sr2CuO2Cl2, where the (1,1) point contributes the lowest
binding energy. The inuence of the presence of the CuO chains and the apical
oxygen in the case of YBaCuO, instead of chlorine, requests further study. In the
YBaCuO results[12, 25] for instance two contributions have been found near S,
this e�ect is absent in our results.

The photon energy dependence of the dispersion of the \1eV-peak" at X in
YBaCuO has been studied by Tobin et al.[12]. Large uctuations in intensity
have been found, but not in binding energy. This points to a 2-dimensional
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origin, resulting in large photon energy dependent matrix element e�ects. The
same e�ects will involve the data on Sr2CuO2Cl2. Although the \1eV-peak" at
(1,0) is hardly visible at 21.2 eV, it is more pronounced in the results obtained
at BESSY at 35 eV as shown in Fig. V.5.

With respect to the doping independence as discussed in subsection(V.G.2)
an interesting comparison has been made by C. Olson et al.[13] shown in Fig.
V.1. An angular resolved wide scan taken from the data set of Anderson et

al.[30] on Nd1:85Ce0:15CuO4 has been compared with wide scans taken on hole
doped superconductors at equivalent k-points. The position of the \1eV-peak" is
only �0.5 eV higher than in the spectrum taken on Bi2Sr2CaCu2O8, when both
are aligned at the Fermi energy. The energy di�erence is much smaller than the
Charge Transfer gap of 2 eV, the standard value for the CuO2-plane, the energy
\jump" expected for electron doped systems. It has to be stressed that this is
far from an extensive study and further research has to be done, before far going
conclusions can be drawn. From these data it looks like the Nd1:85Ce0:15CuO4-
compound is hole doped rather than electron doped in contradiction to what is
stressed earlier[30]. The explanation introduced in this work plus the variety of
materials in which the spectator electron bands have been observed, all with their
own dispersion, is interesting for further studies. Important information about
the doping dependence is expected and comparative studies will contribute to the
understanding of the cuprate electronic structure.

V.J Conclusions

Intense and sharp features observed at the high symmetry points in the angular
resolved photoemission spectra on single crystalline Sr2CuO2Cl2, are claimed to
correspond to spectator oxygen bands. The intensity dispersion of the oxygen
bands together with the known inuence of correlation e�ects on the spectral
function of strongly correlated systems, have been used to describe in a phenom-
enalogical way the origin of the features. This has been supported by the use of
a Linear Combination of Atomic Orbitals calculation for the CuO2 plane. It has
been shown that the hybridization of the spectator bands between copper and
oxygen, which is severe in large regions of the Brillouin zone, can disappear at the
high symmetry points, because of the symmetry of the wavefunctions involved.
The insensitivity of the oxygen bands at these high symmetry points to electron-
electron correlation e�ects and to doping of the CuO2 plane is demonstrated by
the results of a 1-dimensional Charge Transfer model exact diagonalisation study.
An extensive study of the binding energy of the oxygen bands as a function of
doping will result in a wealth of information on the electronic structure of both
hole and electron doped superconductors, as the Fermi energy should \jump"
across the Charge Transfer gap.

We have shown that the spectator band intensity at the special points in the
BZ can be used to obtain an experimental estimate of the quasiparticle weight
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of the ZR singlet and found reasonable agreement with a t-J model prediction at
(1=2; 1=2). The comparable widths of the two features point to the importance
of other degrees of freedom than spin uctuations on the quasiparticle lineshape.
From the strong k-dependent shape and intensity of the structures it is argued
that if we would want to resort to a single band model, we would be required
to have a strong k-dependent self-energy because the actual wave function is so
strongly k-dependent in such a model. So we are left with a choice between the
lesser of two evils: single band models and k-dependent self-energies or multiband
models for which the self-energies could possibly be k-independent. Unfortunately
neither of the two are exactly solvable.
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Appendix: Spectral Weight near EF

In the main part of this Chapter the observation of intense features in the an-
gular resolved photoemission results on cuprate compounds has been discussed.
The peaks are proposed to correspond to the same oxygen orbitals as those in-
volved in the maximum hybidized Zhang-Rice singlet derived state. In selected
regions near the high symmetry points the hybridization with copper reduces
and even becomes zero. The free electron like spectator bands can be used as
a comparison to the strongly correlated Zhang-Rice singlet derived states near
the Fermi energy. The description of the results on the spectator bands, both
experimental and theoretical, have been the main topic in the Chapter itself, the
dispersion of the weak structure near EF will be discussed in this Appendix.

In recent theoretical studies the theoretical description of the propagation of
a single hole in a 2-dimensional antiferromagnetic background as can be obtained
from �tting the experimental results as reported by Wells et al.[5], has achieved
a lot of attention. In Fig. V.3 these lowest binding energy states as observed
along [1; 1] were labelled with bars. Their intensity is so weak that an ampli�ed
representation is required. This has been done in Fig. V.11 in which the dispersion
of the Zhang-Rice singlet derived state is shown. The maximum intensity k-point
(1=2; 1=2) is approached from 3 directions, indicated by the labels. As the spectra
have been taken with He I induced photons satellite correction has been performed
to subtract satellite related contributions. The temperature at which the spectra
are taken (373 K) is of the same order as the sample temperature used by Wells
and co-workers[5], also the photon energy is comparable to the energy used in
that study[31]. The dispersion as a function of k of both the energy and weight
is comparable to the behaviour reported by Wells. A symmetric dispersion when
moving along the side of the magnetic Brillouin zone((1; 0); (0; 1)) crossing the
maximum condition (1=2; 1=2) and a symmetric dispersion when moving along
[1; 1]. Along the latter direction only the energy dispersion is symmetric relative
to (1=2; 1=2). The intensity strongly decreases when the maximum intensity
condition at (1=2; 1=2) has been passed.

This is more clearly shown in Fig. V.12, where the momentum dependence of
both the integrated weight and the binding energy are reproduced as obtained
from a series of spectra comparable to Fig. V.11, but taken at room temperature.
The spectral weight of the region near the Fermi energy has been integrated up
to 1.5 eV binding energy, so nearly 0.6 eV above the binding energy minimum.
The results are shown for the three directions considered before and plotted as
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Figure V.11: Momentum dependence of the Zhang-Rice singlet derived state near

(1=2; 1=2). The (1=2; 1=2)-point is approached from three di�erent directions as is in-

dicated in the BZ square labels. The spectra are taken at 373 K and are labelled with

the k-point at which they are measured.

a function of the di�erence in parallel momentum relative to (1=2; 1=2). The k-
points closest to (0; 0) are plotted on the left side of (1=2; 1=2). The lower panel
of Fig. V.12 shows that the binding energy dispersion is symmetric, whatever
direction the (1=2; 1=2)-point is crossed. This does not hold for the integrated
weight as was already stressed. Although rather symmetric along (1; 0); (0; 1),
the integrated weight drops quite strongly along the two other directions, most
strongly along [1; 1], as soon as the second magnetic Brillouin zone is entered.
Based on the results in this panel it is clear that the energy integrated ARUPS
intensity, n(k), is peaked at (1=2; 1=2). The weight of the individual spectra
has been integrated up to 1.5 eV as to include the main part of the incoherent
contributions related to the peaky quasiparticle part, as has been discussed in
section V.C. The importance of the incoherent part in the description of the
shape of the ZR singlet has also be stressed in a recent paper by Leung, Wells and
Gooding[32], in which the individual ZR spectra of the Wells paper[5] have been
�tted by multiple contributions. Temperature dependent e�ects are generally not
included when the momentum dependent appearance of the Zhang-Rice singlet
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Figure V.12: Momentum dependent dispersion in weight and binding energy of the

lowest binding energy feature. The spectra from which the values are derived approach

(1=2; 1=2) from three directions, indicated in the insert, and were taken at room tem-
perature.

derived states is tried to be described by theoretical results.

Inuence of Temperature Variation

Figure V.11 showed the spectra taken near (1=2; 1=2) at 373 K. In Fig. V.13 the
momentum dependence near (1=2; 1=2) as obtained at 260 K is shown. The k-
points shown are exactly the same as in the 373 K spectra series. Whereas the
Zhang-Rice singlet derived feature was weak and wide at 373 K, it is more intense
and less wide in the spectra taken at 260 K. This is clearly demonstrated when
the series with one of the k components constant (= 0.5) are compared for the
two temperatures. Series of spectra as shown in Fig. V.11 & Fig. V.13 have been
taken at 215, 230, 245, 260, 296, 373 and 423 K. In this way conditions above
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Figure V.13: Momentum dependence of the Zhang-Rice singlet derived state near

(1=2; 1=2) taken at 260 K. The spectra are labelled with the k-point at which they are

measured.

and below the Ne�el temperature (256 K) have been considered.

From the temperature dependent series the spectra taken at the (1=2; 1=2)
point have been selected. The inuence of the sample temperature on the spectral
weight near (1=2; 1=2) is shown in Fig. V.14. All spectra have been aligned both
in energy and weight in the 4 eV binding energy region. In this energy region the
spectra have been integrated and normalized over a region of 0.8 eV wide. The
spectra taken at the two extremal temperatures included in this �gure have been
drawn with lines. It is clear that the coherent part of the singlet derived state
enhances in intensity when the temperature is reduced. While the temperature
is reduced the binding energy shifts to lower values. Interesting aspect in this
comparison is the shared high binding energy side of the features. The gain in
weight seems to arise from the low binding energy side of the feature. Possible
intensity reducing inuences of increased contamination in between the individual
series during the experiments are excluded by performing the series while step
wise lowering the temperature, in stead of increasing.
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Figure V.14: Temperature dependence of the spectral weight near EF at (1=2; 1=2).

One of the optional e�ects behind the temperature dependence of the width of
the Zhang-Rice singlet derived state can be related to the exchange interactions
with the spins in the two-dimensional antiferromagnetic background. Spin corre-
lation e�ects in Sr2CuO2Cl2 have been studied as a function of temperature by
Greven et al.[33]. As noted before in the discussion on the \1eV-peak" structure,
hybridization related parameters are unlikely to determine the width of both the
oxygen related spectator band and the Zhang-Rice singlet derived state. One
of the proposed inuences that can e�ect the width of both features are optical
phonons. As has been discussed by Sushkov et al.[9] optical phonons, especially
the Cu-O breathing mode, can couple quite strongly to electrons. The extension
of these theoretical studies to the inclusion of non-zero temperature e�ects[34]
will be required to describe the observed behaviour. Detailed studies on the mo-
mentum and temperature dependence of photoemission lineshapes especially in
the high-Tc compounds receive more and more attention[35].
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Figure V.15: Polarization dependence of the region near the Fermi energy along the

[1; 0] direction as obtained with vertical(right panel) and horizontal(left panel) polariza-

tion at 35 eV photon energy.

Polarization Dependence, continued

Initiated by the results of Wells et al.[5] numerous theoretical studies have been
performed to extend the models to be able to describe the absence of sharp fea-
tures near EF along [1; 0] as mentioned in the introduction of this Chapter. Higher
order hopping parameters have been included to improve the correspondence be-
tween theory and experiment. Recent polarization dependent experiments by
Grioni et al.[36] and La Rosa et al.[37] however do show structure along the [1; 0]
direction. This contrary to unpolarized light excited results as published by Wells
and as included in this thesis. In Fig. V.15 the polarization dependence of the
region near the Fermi energy is plotted as obtained during the BESSY I exper-
iments performed at room temperature. Spectra were taken at 35 eV photon
energy and for vertical and horizontal polarization conditions. The acceptance
angle of the analyser was set at 2�. During these series of spectra the [1; 0] direc-
tion was parallel to the horizontal polarization vector. Like previously reported
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at (1=2; 1=2) and (1=2; 0). Spectra are taken at 35 eV and are normalized to the intensity

of the beam. Spectra obtained with vertical(�) and with horizontal(�) polarization are

directly compared.

by Grioni et al.[36] and La Rosa et al.[37] structure is found along this direc-
tion where as in unpolarized studies no features stronger than step structures
has been observed. Contrary to the mentioned studies the complete series for
both polarization directions are obtained. Our data conicts with theirs in the
reported selectivity of the features to polarization directions perpendicular to the
the [1; 0] direction. As can be seen from Fig. V.15 there is enhanced structure at
exactly (1=2; 0) at vertical polarization conditions. Moving towards (1; 0) shows
that for both polarization directions additional structure relative to the unpolar-
ized results is obtained. The region of maximum intensity is not found at the
(1=2; 0) point but in a region in between (1=2; 0) and (1; 0). Especially at (0:6; 0)
and (0:7; 0) for vertical polarization a relatively strong feature is observed with a
binding energy minimum around 0.4 eV larger than the minimum at (1=2; 1=2).

The binding energy di�erence is more clearly demonstrated when the polar-
ization dependent results as obtained at these k-points are directly compared.
In Fig. V.16 the polarization dependence of the Zhang-Rice singlet derived state
at (1=2; 1=2) is shown in comparison to the structure as found at (1=2; 0). All
spectra are obtained at 35 eV at the same sample and using the same set-up. The
ZRS feature at (1=2; 1=2) is strongly enhanced at vertical polarization relative to
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horizontal conditions. As the sample was oriented in the same way as in Fig.
V.5, it is found that this state is odd with respect to the mirror plane spanned
by the [1; 1] direction, as was the case for the spectator band at (1; 1). This is
in agreement with the symmetry of the Zhang-Rice singlet as included in Fig.
V.7. As the panels compared in Fig. V.16 are normalized to the beam intensity
only, it is obvious that the structure along [1; 0], although more intense com-
pared to unpolarized results, is still much weaker than the intensity maximum at
(1=2; 1=2).

Conclusive we can say that considering the spectral weight near EF as ob-
served in our experiments, the global results obtained from the unpolarized ex-
periments on the dispersion as a function of k of both energy and weight are
comparable to those reported by Wells[5]. However a strong temperature depen-
dence of the appearance of the Zhang-Rice singlet derived state has been found.
Reduction of the sample temperature results in intensity enhancement of the co-
herent part of the spectral function and lowering of the corresponding binding
energy. In contradiction to the unpolarized results peaked structure is found near
the Fermi energy along the [1; 0] direction in linearly polarised experiments, at
both horizontal and vertical polarization conditions.
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