UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Angle-resolved photoemission spectroscopy of Sr2Cu0O2CI2

Ddrr, C.; Legner, S.; Hayn, R.; Borisenko, S.V.; Hu, Z.; Theresiak, A.; Knupfer, M.; Golden,
M.S.; Fink, J.; Ronning, T.; Shen, Z.X.; Eisaki, H.; Uchida, S.; Janowitz, C.; Muller, R.;
Johnson, R.L.; Rossnagel, K.; Kipp, L.; Reichardt, G.

Publication date
2001

Published in
Physical Review B

Link to publication

Citation for published version (APA):

Durr, C., Legner, S., Hayn, R., Borisenko, S. V., Hu, Z., Theresiak, A., Knupfer, M., Golden,
M. S., Fink, J., Ronning, T., Shen, Z. X., Eisaki, H., Uchida, S., Janowitz, C., Muller, R.,
Johnson, R. L., Rossnagel, K., Kipp, L., & Reichardt, G. (2001). Angle-resolved
photoemission spectroscopy of Sr2Cu0O2CI2. Physical Review B, 63, 014505.

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:09 Mar 2023


https://dare.uva.nl/personal/pure/en/publications/angleresolved-photoemission-spectroscopy-of-sr2cuo2cl2(b0b1790e-7c6d-41a9-abff-a00e2e4558bc).html

PHYSICAL REVIEW B, VOLUME 63, 014505

Angle-resolved photoemission spectroscopy of SEuO,Cl,

C. Dur, S. Legner, R. Hayn, S. V. Borisenko, Z. Hu, A. Theresiak, M. Knupfer, M. S. Golden, and J. Fink
Institute for Solid State and Materials Research Dresden, P.O. Box 270016, D-01171 Dresden, Germany

F. Ronning and Z.-X. Shen
Department of Physics and Stanford Synchrotron Radiation Laboratory, Stanford University, Stanford, California 94305-4045

H. Eisaki and S. Uchida
Department of Superconductivity, The University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

C. Janowitz and R. Mler
Institut fir Physik der Humboldt-UniversitaBerlin, Invalidenstrasse 110, 10115 Berlin, Germany

R. L. Johnson
II. Institut fur Experimentalphysik der Universitddamburg, Luruper Chaussee 149, 22761 Hamburg, Germany

K. Rossnagel and L. Kipp
Institut fir Experimentelle und Angewandte Physik, Christian-Albrechts-UnivérmitKiel, Leibnizstrasse 19, 24118 Kiel, Germany

G. Reichardt
BESSY GmbH, Albert-Einstein-Strasse 15, 12489 Berlin, Germany
(Received 18 July 2000; published 11 December 2000

We have investigated the lowest binding-energy electronic structure of the model cup@u®©sel, using
angle-resolved photoemission spectroscopy. Our data from about 80 cleavageSud.8, single crystals
give a comprehensive, self-consistent picture of the nature of the first electron-removal state in this model
undoped Cu@plane cuprate. First, we show a strong dependence on the polarization of the excitation light
which is understandable in the context of the matrix element governing the photoemission process, which gives
a state with the symmetry of a Zhang-Rice singlet. Secondly, the strong, oscillatory dependence of the intensity
of the Zhang-Rice singlet on the exciting photon energy is shown to be consistent with interference effects
connected with the periodicity of the crystal structure in the crystallograpdiection. Thirdly, we measured
the dispersion of the first electron-removal states albrg(w,7) andl’—(,0), thelatter being controver-
sial in the literature, and have shown that the data are best fitted using an ext@rmdedel, and extract the
relevant model parameters. An analysis of the spectral weight of the first ionization states for different exci-
tation energies within the approach used by Leehgl. [Phys. Rev. B56, 6320(1997)] results in a strongly
photon-energy dependent ratio between the coherent and incoherent spectral weight. The possible reasons for
this observation and its physical implications are discussed.

DOI: 10.1103/PhysRevB.63.014505 PACS nuniger74.25.Jb, 74.72.3t, 79.60.Bm

I. INTRODUCTION In the undoped regime the cuprates are two-dimensional
antiferromagnetic insulators with Cy@lanes resulting in a
Extensive effort continues to be expended to understandorrelation-gapped half-filled Cud3._,2-O2p,/0O2p, anti-

the electronic properties of the cuprate highsupercon- bonding band of lowest binding energy. Upon doping with
ducting compounds. Apart from many differences, the cu-oles, the states with lowest binding energy evolve towards
prate superconducting materials have important properties ithe chemical potential, and the cuprate becomes metallic or
common. Namely, they are all layered compounds possessuperconducting. To clarify the main principles of the evo-
ing CuO, planes, where the origin of the superconductinglution of the lowest binding-energy states with doping by
behavior is to be found. The electronic structure of the stateapplying model Hamiltonians, one has to go step by step
with the lowest binding energy is satisfactorily understand{from simple situations or limiting cases to more complicated
able only in models which take into account correlation ef-scenarios. A natural starting point, then, is to investigate the
fects. Angle-resolved photoemission spectroscGERPES propagation of a single hole in a Cy@lane by studying the
has proven to be a powerful tool to investigate the lowundoped parent compounds of cuprate superconductors by
binding-energy electronic structure of the cuprates. Imporphotoemission, where one electron is removed from the
tant examples for the success of this method are the mappifguO, plane. The states thus investigated can be termed the
of the Fermi surfaceand the determination of an anisotropy first electron-removal states.
of the superconducting gap consistent witld-avave order A special class of parent compounds are the oxyhalides
parametef. such as SICuG,Cl,, CaCuO,Cl,, SL,CuG,F, (one layer
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cluding the two mirror planebl,; andM, which are perpen-
dicular to the Cu@ plane and which are relevant for photo-
emission alond”—(m,7) andI’—(r,0), respectively.
It is now generally accepted that ti;, is a good start-
ing point to describe the low binding-energy electronic struc-
ture in the strongly correlated cuprate systems and conse-
quently the Hgz, has been investigated in detHil.
M2 Additionally, it has been shown that thé,, still carries
enough information to describe the low-energy dynamics in
Cu-3d,2.2 - hole the cuprates? In the next level of simplifying these models,
ke the Hubbard Hamiltonian can be expressed in terms of new
\ Fermionic operators. In the lardé-limit, this new Hamil-
tonian can be written in &#/U series and gives an effective
one-band Hamiltonian, the&d model. This has been shown to
give the same results for both th;, (Ref. 7) and theH
FIG. 1. Schematic representation of the Zhang-Rice singlet statéRef. 13 approaches. Extensions of the model have been
in the one-particle representation. The Zhang-Rice singlet has thearried out mainly in two different ways. First, two further
same symmetry as d._,2 orbital, implying the existence of two parameters —’ describing the diagonal hopping atitdfor
mirror planes perpendicular to the Cyplane, labeled; andM,.  the next nearest neighbor hopping — can be introduced in
addition to the direct hopping
compounds and CaCu,0O,Cl, (double layered The fact that a-mediated hopping creates strings of spin
compoung,®* all of which contain an apical halogen atom, defects leads to a predicted bandwidth for the Zhang-Rice
rather than an oxygen. It is now well established that thesinglet state which is governed b$/U~J. Hopping events
apical oxygen which is contained in most of the cuprate sumediated byt’ andt”, however, take place on the same spin
perconductors is not necessary for highsuperconductivity —sublattice and therefore even taking small values of these
as Hiroi et al showed that Ca ,Na,CuO,Cl, is supercon- parameters has a significant effect on the resultsXmeodel
ducting (T.=26 K). Out of the class of cuprate parent com- gives for thek-dependent spectral function of the Zhang-
pounds without apical oxygen, the layer compoundRice singlet state. Secondly, th& model has also been ex-
Sr,CuQ,Cl, is remarkable due to its extremely stable stoichi-tended to take three-site hopping ter(psoportional taJ/4)
ometry. Despite considerable efforts so far it has not beeinto account® which appear in a natural way if one employs
possible to dope this substance chemically. Furthermore, th& more detailed derivation of an effective Hamiltonian for
CuG; planes are unbuckled and the crystal structure showthe low binding-energy excitatiors.
neither orthorhombic distortion nor a superstructure at least A different ansatz to understand the dynamics of holes in
down to 10 K(Ref. 6. Therefore, SYCuO,Cl, can be seen CuQ, planes was proposed by LaughtftHe argued that the
as the best realization of a two-dimensional antiferromagneiiole created by photoemission decays into spin and charge
at half-filling and it is in this limit an ideal test case for any degrees of freedom and that the photoemission experiment
Hamiltonian in the low-doping regime. measures the dispersion of the spifbriHowever, in a
In theoretical studies, the lowest binding-energy ioniza-gauge-field treatment of this model this decay of the quasi-
tion states of the cuprates were predicted to be essentiallyarticles is suppressed below thégNeemperatureT,, due
described by a singlet antibonding combination of ato confinement! Another fundamental approach to calculate
Cudd,2 2 orbital [containing the intrinsic Cud (Ref. 9  the properties of the Hubbard Hamiltonian and thenodels
hole] and a coherent combination of the four neighboringuses the fact that they share an approximate(550
O2p,/0O2p, orbitals which can be thought of as containing symmetry*®
the hole created in the photoemission procés$his two- The preceding discussion highlights the intense theoreti-
hole state is generally referred to as the Zhang-Rice singlefal interest in the lowest binding-energy electron-removal
state’ The singlet character of the first electron-removalstates of the undoped cuprates. Although originally trailing a
states, at least in CuO, has been experimentally verified usew years behind the theoretical work, experimental investi-
ing spin-resolved resonant photoemissidn. gations of the first electron-removal state in undoped cu-
There are various possibilities to theoretically model theprates have been carried out using ARPES®Before going
dynamics of this lowest binding-energy excitation. For in-on to mention the status in the field to date, we first ask the
stance, in the framework of a three-band Hubbard Hamilquestion: what kind of information does an ARPES experi-
tonian Hsp,), the Zhang-Rice singlet state is a two-particle ment provide us with?
state and belongs to th&,, (totally symmetrig irreducible Neglecting “extrinsic” effects such as scattering of the
representation of the eigenstatesHf,. In the one-band photoelectrons on their way to the surface and assuming the
Hubbard Hamiltonian Kl,,), the tJ model and its exten- applicability of the sudden approximation, the photoemission
sions, the Zhang-Rice singlet state is an one-particle statatensityl(k,E), reads
belonging to theB, irreducible representation and has the
same symmetry as a Cdd_,2 orbital. Figure 1 shows a I(k,E)~ IM, (|2S(k,E) f(E) (1)
schematic representation of a Zhang-Rice singlet state, in- ’ |i§f) W ' '

O-2p, - hole

O-2p, - hole
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where the sum runs over all final states and initial states, (a) A thorough characterization of the photon-energy de-

f(E) denotes the Fermi function arf(k,E) the spectral
function:

e L 1
S( ,E)——;|m<'|ckmck|'>- 2

M, ¢=(f|A-pli) is the matrix element to be taken be-
tween the initial statéi) with energyE; and final statesf)

pendence of the first electron-removal states at
(7/2,7/2) and close to £/2,0) [the two points alongl’
—(m,m) and I'—(7,0) for which the first electron-
removal states have maximum spectral welgft) a thor-
ough characterization of the polarization dependence of the
first electron-removal states along these high-symmetry di-
rections ink space;(c) the determination of the dispersion
relation of the first electron-removal states aloiy

—(m,m) and I'—(,0), with subsequent comparison of

with energyE, A- p is the photoemission interaction operator the results with both existing ARPES data and the predic-
andH the Hamiltonian of the system. From an ARPES ex-tions of an extendetl) model and;(d) the determination of

periment one can gain mainly two kinds of information.

First, the spectral functio®(k,E) gives direct information

the k-dependent evolution of the coherent and incoherent
parts of the spectral weight of the first electron-removal state

about the dispersion and the quasiparticle character of thalongT'— (7,7) andI'—(,0), andcomparison of these
states and can be compared directly to predictions of modelata with theoretical predictions.

Hamiltonians. All information carried b$(k,E) is expected

to beindependenbf the excitation energy and geometry of

the experiment. Secondly, the matrix eleméht; includes

all information concerning the photoemission interaction. As

II. EXPERIMENT

Experiments were performed at the beamlines F2.2 and

such it is sensitive to the experimental geometry via symmewa3.2 at the Hamburg Synchrotron LaboratéHASYLAB),

try selection rules as well as to the photon energy.
The first ARPES experiments on ,8uO,Cl, (Ref. 19

at the undulator beamline U2-FSGM and the 2m SEYA
beamline at the Berliner Elektronenspeicherring Gesellschaft

were able to make the important observation that the Zhandftir Synchrotronstrahlung mbHBESSY). At the storage

Rice singlet state bandwidth alohg— (7, 7) is of the order

rings and monochromators used in these studies, highly lin-

of 2J, and that the Zhang-Rice singlet state approaches clogarly polarized synchrotron radiation was available. In addi-

est to the chemical potential at ther/R,77/2) point. These
observations fit the predictions of thd-model. However,

tion, the crossed undulator U2-FSGM beamline gave the
possibility to use vertically oriented linearly polarized light.

these early experiments found very little dispersion albng At this latter facility, polarization-dependent measurements
—(a,0), which is in conflict with the predictions of the could be performed without changing any other parameter in
same model. Subsequent studies have confirmed the behate experiment. A total energy resolutidmeamline and ana-
ior along I'—(m, ), but have also observed dispersionlyzer) of better than 70 meV and an angular acceptance of
along the I'—(ar,0)direction in reciprocal spacek( the analyzer of-1° was used. Fresh samples 0§ GuO,Cl,
space. 202123 were cleavedn situ at a base pressure ofx110 *° mbar,

Nevertheless, the situation as regards the exact dispersi@md spectra were taken within six hours after cleavage.
relation alongl’— (7,0), and inparticular concerning the Samples were either preoriented using x-ray diffraction mea-
minimum energy difference between the states aldhg surements or aligneiah situ with the aid of low energy elec-
—(m,0) and those at then{/2,7/2) point is unclear. This tron diffraction(LEED). In all cases, the fine angular adjust-
is more than a mere ARPES detail, as it is along the ment was carried out using the-space symmetry of the
—(,0) direction that the predictions of the different mod- sharp ARPES features related to nonbondingp G2ates
els vary the most — thus making this directionknspace around ¢r,7) and (7,0), asdiscussed in Refs. 25 and 26.
important for the quantitative comparison between theory The high-quality single crystalline SCuO,Cl, was
and experiment. grown according to the method described in Ref. 3, where

Furthermore, the recent controversy surrounding the corpredried high-purity SrC@ SrCh, and CuO in a ratio 1:1:1
rect Fermi surface topology in the doped high temperaturevere melted at 1100°C. Although for Sr,CuO,Cl, is 251
superconductor BBr,CaCyOg, s (Ref. 24 has illustrated K (Ref. 6), all ARPES experiments were carried out at room
that data sets recorded from the same system with differeiemperature. This decision was based on two arguments.
experimental conditions can be remarkably dissimilar. Con¥irst, and most importantly, as these experiments involve
sequently, both the photon energy and exact polarization geelectron ejection from perfect single crystals of a compound
ometry used in an ARPES experiment are important paramwith an energy gap of the order of 2 eV, we had to eliminate
eters which, if they cannot be treated at a quantitativepncertainties due to charging effects, which meant measuring
microscopic level, should at least be thoroughly investigatedt room temperature. Secondly, although we measure at a
on the experimental side. temperature some 50 K above thédNéemperature, it has

In this paper, we address the electronic structure and dyseen shown that the antiferromagnetic spin correlation length
namics of the lowest binding-energy electron-removal statesf Sr,CuQ,Cl, at 350 K is still 250 A(Ref. 27, meaning
in the “standard” undoped model cuprate,SuO,Cl, using  that the lowest binding-energy hole state created in the pho-
ARPES. Following the description of the experimental statugoemission process is still embedded in an antiferromagnetic
given above, our “re-visit” of this system concentrates onspin background.
the following points. To be absolutely sure that variations in the flux of the
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b)
emission-

plane \S

a) b)

hv
76eV
L 730V
70eV
€ c
67eV
FIG. 2. The experimental geometry for the photoemission ex- Q

perimentsia) emission plane and polarization plane are parallel to s1eV
each otheryb) emission plane and polarization plane are perpen- 586V
dicular to each other. Throughout this paper we call the first @se 550V
parallel and the second cag$b) perpendicularpolarization. ooV

498V

;

Intensity (arbitrary units)

incident photons from the storage ring did not lead to
charging-induced energy shifts, we also adjusted the beam-
line such that the photon flux impinging on the sample
(monitored with a gold mesh upstream of the sammlas
constant. This means that measuring time is the only param-
eter required for the normalization of the data. Bearing in
mind that the data presented here are a selection of data from
about 80 different cleavages, we made the qualitative obser-
vation that best and sharpest energy distribution curves
(EDC) were observed for samples which behaved most sen-

sitively to charging effects. This relation, of course, is rea- s 2 1 3 5 1

sonable as it correlates cleavage quality with the intrinsically Binding energy (eV) Binding energy (eV)

highly insulating nature of perfect SEuG,Cl,. ) .

Essentially two different experimental geometries were FIG. 3. A typical example of ARPES data of the first electron-
used. They can be characterized by the orientation of twéemoval states of CuQ,Cl, as a function of photon energy. In
planes: (a) the plane of polarization ant) the emission panel(a) the ARPES EDC's are re_corded at/@,/2) and in panel
plane. The plane of polarization is the plane spanned by th&) at (0-77.0). Thephoton energies are as shown.
vector of the direction of the synchrotron light and the vectorihe sirong variation of the first electron-removal state inten-
of its electric field (vector of polarization The emission sity with photon energy. The data shown in Fig. 3 represent
plane includes the vector of the direction of the photoelec-omy a small portion of the photon-energy dependent data
tron and the surface normal. Throughout this paper we callecorded, and are intended to give the reader a direct impres-
the experimental geometnyarallel if these two planes are gjon of the strength of the effects at play. Each of the shown
parallel, perpendicularif these two planes are perpendicular spectra is part of a shok series of three or five spectra.
to each othefsee Fig. 2 for a sketch of the two geometyies This was done to ensure we always captured the spectrum

with the highest spectral intensity for the first electron-

Intensity (arbitrary units)

lIl. PHOTON-ENERGY AND POLARIZATION removal states. Within the errors given by the firkteeso-
DEPENDENCE OF THE FIRST ELECTRON-REMOVAL lution of the experimental setuf0.054 A™* for 16 eV
STATES OF AN UNDOPED CuO, PLANE photon-energy up to 0.152& for 80 eV photon-energywe

found the highest intensities always at the sdapositions,

As mentioned above, both the inconsistencies in the lithamely at ¢r/2,7/2) and at (0.%,0).
erature regarding the dispersion relation of the first electron- This is in contrast to the results reported in Ref. 23, where
removal states along thé— (7,0) direction(Ref. 28 in  series of EDCs on $EUO,Cl, alongl'— (7, 7) taken with
SrL,CuO,Cl,, as well as the ongoing controversy regardingtwo different photon-energies show differences not only in
the photon-energy dependence of the ARPES data fronhtensity, but also in the EDC-derived dispersion relation of
Bi,Sr,CaCyOg, 5, mean that before comparison with the first ionization states. This was discussed in Ref. 23 as
theory is carried out, the photon-energy dependence of theot being due to eithefa) the experimental setugb) the
first electron-removal states should be examined in detail. excitation of different initial states, dc) in the variation of

In Fig. 3, photon-energy dependent ARPES data for the, of the photoelectron. The effect was rather attributed to
first electron-removal state in f£2uO,Cl, at two points in  the strong impact of the matrix element, not only on the
the Brillouin zone:(a) (w/2,7/2) (perpendicular geometry strength of the photoemission signal but also on the position
and (b) (0.7m,0) (parallel geometry are shown. In these of the quasiparticle peak in the photoemission spectra, lead-
regions ofk space the spectral weight of the first electron-ing to differences in the EDC-derived dispersion relations.
removal state is known to be at a local maximum along thaVe are forced to disagree with the last point, as in our ex-
respectivek-space directions?1>3The spectra, which are tensive collection of ARPES data, there was never evidence
normalized as described in the last section, illustrate clearljor a photon-energy dependent shift of tkeposition for
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k, (1/8) lead to a matching of the final stalte to the periodicity of
0 1 2 3 4 the unit cell of S§CuO,Cl, in c direction. Note that the

I : a) (0.5m, 0.57)

differences between the fol, is 0.72-0.81 A~ which
represents in real space a distance of~B& A which is
comparable toc-axis separation of two neighboring CyO
planes £7.805 A in S,CuO,Cl,. The oscillation of the
photoemission intensity with photon-energy can therefore be

[92)

'§ attributed to interference effects of the photoelectron wave

e diffracted from thec-axis periodicity of the layered crystal

g structure, similar to the explanation of the strong photon en-

i‘: ergy dependence of the photoemission intensity from the

-‘é molecular orbitals of g, (Ref. 30.

£ These strong variations in intensity as a function of

“ 1o photon-energy are also reminiscent of ARPES data of
o YBa,Cu;0;_ 5, in which an out-of-phase behavior regarding

intensity vsk, was observed for the CyQlerived band

which crosses the Fermi energy near epoint and the
10 20 30 40 50 60 70 80 so-called “1 eV peak.3! This fact was, at that time, used to
Photon energy (eV) argue against the surface-state origin of the 1 eV peak, a
feature which is now believed to be due to nonmixingpO2
States of particular symmetfy.Nevertheless, the data pre-
sented here, taken together with the theoretical and experi-
mental investigations on Bsr,CaCyOg, s (Refs. 32 and
24) indicate clearly that care should be taken in the interpre-
left corner of each pangindicate the error of the fit to the experi- tation of absolute spectral weights Ot?serVed in the ARPES
mental intensity(95% confidence intervalThe top axis shows the data of the layered cuprates, as matrix element and diffrac-

corresponding, scale calculated using an inner potential of 8.0 eV tion effects do play an important role in these systems.
(for details see text A further experimental variable in an ARPES experiment

is the polarization of the incoming radiation. Figure 5 shows

which the first electron-removal states have minimum bindiwo series of ARPES measurements on,CRIO,Cl, re-
ing energy alond’— (7, 7). The same, in fact, holds for corded along the high-symmetry directiohs— (7r,0)and
other directions in the Brillouin zone as well as for the dis-I"— (7, 7). The photon-energy was set to 22.4 eV, which is
persion of other features with low binding energy. If matrix near a maximum of intensity as shown in Fig. 3 above. In
element effects change the EDC-derived dispersion relatiorgach case, the series are presented in pairs of data sets re-
then this change is, at least for our data, smaller than theorded with perpendicular and parallel polarization geom-
energy resolution and angular resolving power of ouretries as described in the experimental section.
ARPES experiments, which is equal Ag or better tham\ ¢ Along the I'—(ar,7r) direction in k space the first
the values used in Ref. 23. electron-removal state feature shows highest photoemission

Figure 4 shows an analysis of the spectral weight of thentensity with perpendicular geometf¥ig. 5@)], whereas
first electron-removal states at the sakngoints as shown in along I'— (7r,0) maximal intensities are observed in the
Fig. 3. These data are derived from a large set of photonparallel geometryFig. 5d)], a result which tallies with ear-
energy dependent ARPES data covering measurements frolier measurements with 25 eV photon enefgfhis remark-
10 (6) cleaves for the uppdtower) panels. From Fig. 4 itis able dependence of the photoemission intensity on the polar-
clear that the ARPES spectral weight of the first electronization was first explained in the context of the strong
removal states oscillates with the final state kinetic energypolarization dependence in photoemission data from surface
that is withk, . We used a value of 8.0 eV for the inner states”
potentialEqy (Eq=Vy— P, whered is the work function to The physical picture behind the polarization dependence
calculatek, , a value which in the range of 6:8.9 eV used can be described as follows. The interaction operétop
by other groupg® We see clear maxima &t =0.82, 1.63, has even(+) parity in a parallel and odd(-) parity in a
2.40, and 3.12 A, corresponding to photon energies of 16, perpendicularexperimental geometry. Assuming the appli-
25, 35, and 48 eV. cability of the Zhang-Rice singlet state construction to the

The oscillatory nature of the photon-energy dependencdirst electron-removal final state, in a many-body picture this
coupled to the absence of a classical resonance behavior gtate belongs to thé,, representation, therefore being to-
the Cu 3 threshold(around 74—76 eV photon eneigndi- tally symmetric. Thus in this representation the Zhang-Rice
cates that the factor dominating the observed behavior isinglet has even parity with respect to a mirror plane along
something other than the atomic photoionization cross sedhe Cudl,._,2-O2p,/O2p, orbital bonds ¥1,) as well as at
tions, and could be related, for example, to the extreme two45° to the bondsNi,). In k spaceM; corresponds to the
dimensionality of the electronic states concerned. This could’— (7, ) direction andM, to I'— (,0). Theinitial state

FIG. 4. The photon-energy dependence of the photoemissio
intensity of the first electron-removal state® at («/2,7/2) and
(b) at (0.77,0), arrived at from the analysis of a large body of
ARPES data such as that shown in Fig. 3. The solid black line
represents a guide to the eye and the error @acsited in the upper
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perpendicular polarization perpendicular polarization IV. THE DISPERSION RELATION AND SPECTRAL
FUNCTION OF THE FIRST ELECTRON-REMOVAL
STATES

¢)

The common picture given by th& model and its
extension¥—’is a strong dispersion of the Zhang-Rice sin-
glet state along th&€ — (7r,7) direction with the minimum
binding energy at 4/2,7/2). At this k point, the spectral
weight of the first electron-removal state also has its maxi-
mum and vanishes going away from7/Q,7/2). Recent
ARPES experiments on SEuQ,Cl, confirm this!®-21.23.25
Along thel’—(7,0) direction theJ model predicts a rather
14 16 18 20 o2 14 16 18 20 22 low binding energy near the high-symmetry point

Kinetic energy (eV) Kinetic energy (eV) (7,0) which is, in fact, almost energetically degenerate with
that at (7/2,77/2). In the same model, the spectral weight of
the quasiparticle increases and is maximal#at(). This is
in contrast to the result given in Ref. 19 where no dispersion
was observed and in Refs. 20,21,23 where the binding en-
ergy of the first electron-removal state increases and the qua-
siparticle weight decreases aftetr/@,0). For the ,0)

21%?, —(0,7) direction, thetJ model predicts only little disper-
,

110%
(r, )
90%
80%
70%
60%
50%
40%
30%
20%
10%

Intensity (arbitrary units)
Intensity (arbitrary units)

parallel polarization parallel polarization

b)
110%
{m, ™)
90%
80%
70%
60%
50%
40%
30%
20%

Intensity (arbitrary units)
Intensity (arbitrary units)

90% sion, whereas experiment has shown a strong isotropic dis-
go% persion around the#/2,7/2) point(Ref. 19. Extensions of
o the tJ model and the spin and charge separation ansatz ex-
0% hibit new properties alond’—(#,0) and @r,0)—(0,7).
10% 20% The Zhang-Rice singlet state around,) can now lower
° 10% . . . . .
r r its energy by delocalization and is thus pushed to higher
4 16 18 20 22 4 16 18 20 22 binding energies and the dispersion in this direction is essen-

Kineti v Kineti v : ; S :
inetic energy (eV) inetic energy (eV) tially parabolic. In these models, both a quasiparticle disper-

FIG. 5. Series of energy-distribution curves for different polar-Sion —along  ¢r,0)—(0,m) which is isotropic around
ization geometries. The photon energy was set to 22.4 eV and all7/2,7/2) as well as a reduced spectral weight near
spectra were taken at 300 K. Pan@lsand(b) show measurements (7,0) can be achieved. In the spin and charge separation
along I'— (ar,7) where the first electron-removal state peak ap-model the isotropy alon§— (7, 7) and (7,0)—(0,7) is
pears near 21.0 eV kinetic energy for perpendicular polarization inntrinsic and near 4/2,7/2) the dispersion relation is
(a). The corresponding series alohig-(7,0) are shown in panels wedge-like rather than parabolic. Surprisingly, the data in
(c) and(d). There, the first electron-removal states gives significantRef. 19 agree well with the extended model along
photocurrent near 20.9 eV kinetic energy only for parallel polariza-( 7+ 0)— (0,7), but not alongl’— (,0). In contradiction to
tion in (d). that, other data alon§— (#,0) are consistent with the ex-

tendedtJ model and the spin and charge ang3ta, view
(ground statpis a one-hole state wittl,2_y2 symmetry, and \yhich appears to be supported by further data ¥eé&Thus,
therefore has even parity with respectMp and odd parity  the experimental dispersion along tfie—(,0) remains
with respect toM;. The matrix element thus formally van- controversial, and yet it is the dispersion and the evolution of

ishes for the two cases the spectral weight alon§f— (#,0) that is of the deepest
theoretical interest for the following reasons. First, the states
parallel for I'— (7, m)=M~(+|+|-)=0, near (r,0) evolve with increasing hole concentration to be-
come the flat bands located near the chemical potential in the
perpendicular forl’— (7,0)=M~(+|—|+)=0. metallic systems. These flat band regions are believed by

some to hold the key to high temperature superconductivity.

This argumentation also holds in the one band pictureSecondly, the dispersion and quasiparticle spectral weight
Here the initial statéground statgis totally symmetric and alongI'—(,0) are fingerprints for the different models
the final state hasl,> > symmetry(as shown in Fig. I and parameters used in them. Thirdly, there are strong indi-
leading to the same result. cations that the dispersion in the insulator is closely con-

Thus the observed polarization dependence of the firstected with the pseudogap in the underdoped region of the
electron-removal states of an undoped Gulane indicates high-T. superconductor phase diagram and thus may also be
that these states have a symmetry fully consistent with thatelated to the superconducting gap in the doped supercon-
of the Zhang-Rice singlet. These results amend earlier reducting systems’-?2
ports (Ref. 26 regarding the polarization dependence of the Consequently, the importance of experimental data which
first  electron-removal states alongl'—(,0) in  allow the determination of the dispersion and spectral weight
Sr,CuO,Cl,,. of the first electron-removal states alohig-(,0) cannot
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FIG. 7. The dispersion of a single hole in an antiferromagnetic

Q R d) .0) \"“&-—2 CuG, plane measured along two directionkispace. The symbols
GAE 90% I “c,‘_\“‘ 110% represent data from the ARPES spectra frogC80,Cl,, recorded
st . [110% : {m, 0) with the indicated photon energies. The vertical error bars in the
% w’L 80% 2 :(973;) j_;? B 90:/" right panel indicate the errors of the @5% confidence intervain
> \".,:\\_ 0% 2. _800/: > Kd\j\. ?g; determining the binding energy of the first ionization states. Khe
£ '""’,L 60% % 700 B[ ™ 600/" resolution is 0.054, 0.075, and 0.094 Afor 16, 22, and 35 eV
g \\ 50% 3 |3 160% E \ 500; photon energy, respectively, which corresponds to 466884,
= \ [40% 2 50% = \L 400/: 6.3949.6%)], and 7.8%11.9%q of the direction I'—(m,7)[
g % 30% é [40% & \\M‘\ 30% —(,0)]. The lines indicate the results of the calculations employ-
= "‘-.\.‘ o0% Zg;/" £ 20% ing a variational ansatz using a spin polaron with small radfiois
% 10% _100/: et L10% details see text The dashed line corresponds to a calculation where
- i e L the additional transfer terntg andt; are chosen to be zefoe., the
0 11 B 19 20 %8 29 tJ mode), while for the solid line these terms are settidt,=
Kinetic snergy (eV) Kinetic energy (eV) Kinetic energy (eV) —0.1 andt;/t;=0.2 (i.e., an extendedJ mode). The improved

agreement to the experimental data provided by the extehdled
FIG. 6. ARPES series showing the dispersion of the Zhang-Ricenodel, particularly alond’— (7,0) is apparent.
singlet state along the high-symmetry directions. The upper three

panels show series alodg— (7, 7) the lower three panels along ) .
I'—(m,0). Theexcitation energy is the same for each column, 16€N€r9I€S of 16, 22, and 35 eV — thus measuring near a peak

eV (left), 22 eV (centel, and 35 eV(right). Black triangles are 1N the photoemission intensity oscillation in each case. The
included as a guide indicating the kinetic energy of the first ioniza-Position of the low energy part of the dispersive structure has

tion state determined by a fitting procedure described in the text. Peen fitted using a Gaussian function while the high binding-
energy background was modeled simply with the tail of an-

be overestimated. Nevertheless, the experimentalist is faceather Gaussian. Although this fit is physically somewhat
with a number of challenges when collecting data along thisimplistic, it proved to be sufficient to reliably find the posi-
direction: firstly, at several points in the Brillouin zone, theretions of the peak as indicated by the triangles in each plot.
is no or only weak photointensity from the first electron- The absolute value on a binding-energy scale changes from
removal state. For example, nelirthe Zhang-Rice singlet one cleavage to the next and is rather arbitrary due to the
has no spectral weight, because the @3, and insulating nature of the substance. However, the two series
O2p, /O2p, orbitals cannot hybridize thefd,in addition the ~ with 16 eV were taken during one and the same cleavage,
matrix elements for emission along the surface normal argvhich is the prerequisite to compare the binding-energy
formally zero for a perfectly two-dimensional electronic statescales of both series. The binding-energy scales of the 22 and
located in the Cu@ plane. Furthermore, nearm(0) the 35 eV data have been adjusted to that of the 16 eV data. We
photoemission intensity of the first electron-removal statepresent a summary of the dispersion relations derived from
becomes weak as predicted by the extentdkedodels and the fits to the data in Fig. 7.
the spin and charge separation ansatz. Secondly, only per- We repeat here that we observe no evidence for a photon-
fectly aligned samples with fresh and clean surfaces excite@inergy dependence of the dispersion relation of the first ion-
with UV light in a well-adjusted measurement geometry will ization states, as is consistent with the arguments regarding
show usable photoemission data from the first electronthe spectral function given in the Introduction. The disper-
removal state. Lastly, as the clean, defect-free surface afion of the first electron-removal states along
Sr,CuO,Cl, is highly insulating, avoiding charging effects I'—(m,7) agrees with the previous results having a para-
can be difficult. bolic shape with its minimum binding energy at/Q,7/2).

In Fig. 6 we present series of ARPES spectra recordedlong I'—(,0) we also find a parabolic dispersion, in
along I'—(,0) taken with parallel polarization andl agreement with the dispersion reported in Refs. 20, 21 and
—(r,7) with perpendicular polarization and with photon 23, but in contrast to the data given in Ref. 19. For 16 eV
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photon energy, we measured 72 meV difference in the low-a) hv=22eV b) hv=16ev
est binding energies of the first electron-removal state alon¢ g |™ ™ I (r.0) 7 |° =) I (x.0)
each of the two high-symmetry directions, which is half as §3 z3 W\-
small as in Ref. 20. In Ref. 21, a series of spectra represent 22 V\, v\_ g2
ing a “maximum intensity cut” for a photon energy 22.4 eV = RS 190 135 185 150 15 ® e TE 1o 150108 1o
a|ong a line from 67/2,77/2) to (06777,0) was ShOWn, Kinetic energy (eV) Kinetic energy (eV) Kinetic energy (eV) Kinetic energy (eV)
which displayed a dispersion of about 300 meV. However, as 1.0 1 & [® wreempn 161 O T correntpat
. . . . . © incoherent part 1.4 4 (o] © incoherent part
we will show, the points of maximum intensity alorlg = o.a-I ° Py I o ©°
—(1r,0) do not coincide with those possessing minimum 2 ° M | 210l Lo &
binding energy. Thus such a maximum cut will not trace the 2 1 ® o S o o8] oo 0%
line of minimum binding energy. It turns out that this differ- §04{ e ® ° g 08 >
ence strongly influences the parameters in model Hamilto-# o | o> qb° @041 o ° fﬂ
nians fitted to the dispersion curves. o0 b0 °C %% gﬁ 18 &[S
We now go on to compare the experimental dispersion ~(rm r @0 (mm L (n0)
with theoretical results obtained within the extended
model FIG. 8. The coherent and incoherent part of the spectral weight
of the first electron-removal states determined from the data shown
3 in Fig. 6 for (a) 22 eV and(b) 16 eV photon energy following the
procedure used by Leurg al.[Phys. Rev. B56, 6320(1997)]. The
H=— IE |21 ty X0 X0+ <§1> S-Sn, (3)  upper part in each case shows a representative result of the fit. In
o = ’

the lower part of the figure, the weight of the coheréfiled

. . . . circles and the incoherenfopen circleg intensity, normalized to
with the additional hopping terms to secorig)(and third the coherent spectral weight atrf2,7/2), is shown. The vertical

(t3_) nelghbors_ now added bes!des_the_ dor_nlnatl_ng neare%%rs indicate the error of the least squares fit to the ARPES intensity
neighbor hoppind=t,. The Hamiltonian is written in terms (95% confidence interval

of Hubbard operator¥?°=c/ (1—n;_,) whereoc=*1 is
the spin index. The values of the hopping terms are detettinguish between the coherent and incoherent parts of the
mined by mapping the more realistic Emery model with pa-first electron-removal states following the procedure pro-
rameters derived from a constrained density-functionaposed in Ref. 44, in which the contribution from the main
calculatiori® to its low binding-energy part by means of the valence band tail was first subtracted from the spectra. The
cell-perturbation method. This procedure gives/t;= photoemission intensity was then defined as the coherent
—0.08 and;/t;= —0.15. The theoretical dispersion relation spectral weight and fitted using a Gaussian. The ARPES in-
shown in Fig. 7 is calculated using a variational method in-tensity which is neither part of the valence band tail nor in
volving a spin polaron of small radi8.There are also re- the Gaussian is then taken to be a measure of the incoherent
lated works which lead to similar dispersicts. part of the first electron-removal state spectral functieee

It has been shown in exact diagonalisation studies oRef. 44. In our case, we have used a Lorentzian broadened
small cluster?® that the dispersive bandwidth scales with theby the experimental resolutidine., a Voigt profil@ to fit the
single parameted, whereas the form of the dispersion curve lowest binding energy intensitythe coherent part Of
is fixed by the ratiog,/t; andt;/t;. Therefore we use the course, this procedure is not physically rigorous, but does
variational ansatz fod=t, and then we scale the bandwidth offer a rough estimation of the possible split between the
in Fig. 7 with a factorJ=0.22 eV. The excellent agreement coherent and incoherent spectral weight.
between the results from the extendddmodel and experi- In Fig. 8, the momentum distributions of the two parts of
ment is evident. For reference, we also show the dispersiothe ARPES spectra are shown for 16 eV and 22 eV excita-
relation without additional hopping terms,&t3=0, scaling  tion energy. Note that the overall shape of these distributions
factor J=0.28 eV}, which shows a much too small energy is independent of the photon energy. Alohig- (7, ) both
difference between the lowest binding energies of the firsthe coherent and incoherent parts of the first electron-
electron-removal states alohg— (7,0) andl’—(7,77) to  removal states are symmetric around/Z,7/2) at which
obtain good agreement with the experimental spectra. point they both reach their maximum weight. In the

In the context of the high temperature superconductors, it-(,0) direction, we observe a steady increase in spectral
is interesting to note that studies of the extentdednodef®  weight of both components up to (6:70) after which point
indicate that upon increasing the hole doping a non-rigidt drops fast. One can find signs of a qualitatively similar
band behavior is observed for the states neg0j. Here we  behavior in ARPES data from other grotipgt?338and for
have shown that the extendelimodel provides an excellent measurements on the related substanceCGa,Cl, (Ref.
framework for understanding the low doping linfa single  22), although the coherent and incoherent spectral weights
hole). The results of Ref. 43 would suggest that the samevere not analyzed in these studies. Note that aldhg
model is also capable of describing the doped HTSC, with—(7,0) the minimum binding energy of the low binding-
their flat bands just beloWr around ¢r,0). energy feature and the maximum of the coherent intensity do

Another important prediction from model Hamiltonians is not coincide at the saniepoint. In calculations using exten-
the evolution of the spectral weight along certain directionssions of thetJ model this behavior was predictéd® and
in the Brillouin zone. Here we map this evolution and dis-can now be considered as experimentally verified.
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Within the simple fit procedure we can give these quanti- If there was an additional, different state in this energy
ties some numbers: the ratio of the coherent to incoherenegion, this would lead to a complicatek- and
spectral weight for the two locations ik space is 0.6 hwv-dependent overlap between the intensity of this state and
[(m7/2,7/2)] and 0.5 (0.77,0)] for 16 eV photon energy and the higher binding energy components attributed up till now
2.4[(=/2,m/2)] and 3.8 (0.77r,0)] for 22 eV photon energy. to incoherent weight from the Zhang-Rice singlet. While this
It is important to realize that we observe here an extremelyould not be expected to have a large impact on the ob-
strong apparent dependence of thtio between the coher- served dispersion relation for the Zhang-Rice singidtich
ent and incoherent spectral weight upon the photon energys, after all, a quantity derived from the spectral structure at
To discuss the physical significance of this, we rewrite Eqlowest binding energies for eaghpoint), it could, however
(2) as lead to the observed photon-energy dependence of the ratio

between the low binding-energy‘coherent”) and higher
1 ) 1 . binding-energy(“incoherent”) parts of the photoemission
S(k,E)=— —Im(ifc, erGmc cli), (9 spectra.

in order to separate the coherent from the incoherent spectral V. SUMMARY
weight & is the self-energy of the quasiparticlé’lugging
this into Eq. (1), it is immediately clear that in taking the ~ In conclusion, we have presented a detailed ARPES study
intensityratio of the coherent and the incoherent weight, theof the low binding-energy occupied electronic structure of
matrix element cancels out. Thus, within this picture, thisSRCUQ,Cl,, which corresponds to an investigation of the
intensity ratio(a numbey is then determined by the spectral first electron-removal states of an undoped Gplane. Our
function S(k,E) alone and should not depend on the excita-experiments, and the comparison of their results with theo-
tion energy. The form of the spectra themselves remain, ofetical models, have revealed the following main points.
course, affected by matrix elements as can be seen in Fig. (1) The photoemission signal of the first electron-removal
8 and as pointed out in Ref. 23. states at both#/2,77/2) and (0.%,0) exhibits a marked

Our observation that the ratio does appear to depend ophoton-energy dependence. The intensity profile shows
hv leads then to the following possible conclusiofig.The  strong oscillations with maxima near 16, 25, 35, and 49 eV,
fit procedure used is too simple and therefore does not cogorresponding to final state crystal momekta=0.82, 1.63,
rectly quantify, however roughly, the coherent and incoher2.40, and 3.12 A™. This strong photon-energy dependence
ent parts of the spectral functiofii) There are significant has complicated comparisons between data in the literature
extrinsic contributions to the photoemission signal in thisfrom different groups as regards both the spectral weight and
binding energy region. These could be the result of an enespectral form of the first electron-removal states in these sys-
getic shift of spectral weight due to inelastic los&&mhich ~ tems. We attribute the oscillation of photoemission intensity
could be sensitively dependent on the photoelectron kinetiéwhich has a period ik, of ca. 0.75 A'%) to the diffraction
energy, as are the data from electron energy loss spectrosf the photoelectron wave on the periodi@xis separation
copy in reflection of SICUO,Cl, (Ref. 47. (iii) the photo-  of the CuQ planes of 8.2 A.
emission intensity between the main valence band edge and (2) Along the high-symmetry directiong— (7, 7) and
the chemical potential is not derived from the spectral weighl' — (7,0) the first electron-removal states shows a strong
(coherent+ incoherenk resulting from asingle electronic  polarization dependence. This can be linked to the strongly
state — i.e., there is spectral weight from an additional, dif-polarization-dependent matrix element, which in turn allows
ferent electronic state in this energy region. the determination of the symmetry of the first electron-

The fit procedure, as we have discussed abiswvsimplis-  removal state itself. For both high-symmetry directions we
tic — however the coherent-incoherent intensity ratios varyobserve a polarization dependence in keeping with that ex-
by a factor of more than four between the two photon enerpected for a Zhang-Rice singlet state in the framework of
gies. The third possible conclusion — that there has to beither a three-band or one-band model Hamiltonian.
spectral weight from more than one state in this energy re- (3) Our data show that the dispersion of the first electron-
gion could have important implications. We can rule out aremoval states along both high symmetry directidds
significant contribution from secondary electrons for the—(m,7) andI'—(,0)] is paraboliclike and independent
relatively high kinetic energies dealt with here. Intensity of the excitation energy. This, and the rather large difference
from surface states is unlikely, as XPD ddtshows that the in lowest binding energy of the first electron-removal state
cleavage surface of 8EuQ,Cl, is terminated within the along these directions, shows the validity of the extertded
SrClI units, which are essentially ionic and therefore do notmodel for describing the disperion relation of a single hole in
support electronic states close to the chemical potential. lan antiferromagnetic Cufplane. Thus, the inclusion of sec-
addition, our LEED investigations also gave no evidence foond (t,) and third ¢s) neighbor hopping terms with realistic
a reconstruction of this termination layer. Spin-resolvedvalues oft,=—0.08 andt;=0.15 in units of the next neigh-
resonant photoemission of Cu@®ef. 10 has shown inten- bor hoppingt=t, are required.
sity due to triplet states within 1 eV of the Zhang-Rice sin- (4) Upon application of a simple fit procedure, we infer
glet, although those states would be expected to have ththe momentum distribution of the spectral weight of the co-
same photon-energy dependence as the singlet in our expehierent and incoherent part of the first electron-removal state
ment. to have its maximum alon§f — (7, 7) at (#/2,77/2) being
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symmetrically suppressed away from this point. Alofig due to intrinsic electronic statesther than the Zhang-Rice
—(,0) the spectral weights of both parts reach their maxisinglet.
mum at (0.%,0) and then drop fast. The ratio between the
coherent and incoherent spectral weight is strongly photon-
energy dependent, which, at first sight would appear to vio-

late the physics of the spectral function. There are different
possible explanations for this includirig the necessity fora ~ We gratefully acknowledge the stimulating conversations
more sophisticated framework in which to analyze thewith S. Haffner. This work was supported by the BMB
weight of the coherent and incoherent contributions to theunder Contract No. 05 SB8 BDA6 and by the DFG under
spectral weight(ii) significant hv-dependentintensity due  Fi439/7-1 and as part of the Graduiertenkolleg “Struktur und
to extrinsic processes, affid ) intensity in this energy region Korrelationseffekte im Festkper” der TU Dresden.
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