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We derive orbital symmetry character from the study of peak intensities in angle-resolved photoemission
spectra taken at different incidence angleg-glarized light. Our method of analysis is tested at the oxygen-
derived antibonding band on the @d0(2X1)O surface. This band has an initial state eneigy
=—1.37eV (T=300K) at theY point and shows even symmetry with respect to idJ X mirror plane
(along T'Y). The intensity analysis reveals that orbitals bothzdike (along surface normpland y-like
symmetry(y along the Cu-O chainsare mixed into this band. This interpretation is supported by several
calculations. The ground-state symmetry character was studied by a full-potential linearized augmented plane-
wave method using a seven-layer supercell geometry. For a direct comparison with the experimental intensi-
ties, photoemission spectra at tMepoint were calculated using the one-step model of photoemission. Our
results contribute to a long-standing discussion about the orbital character of the even antibonding band. In
particular we demonstrate that this kind of intensity analysis can supply valuable information about symmetry
properties.
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[. INTRODUCTION The adsorbate system chosen is a well-known model system
of surface science. It may provide understanding of the
Today the interpretation of angle-resolved photoemissiomuasi-one-dimensional bonding along Cu-O chains, which
spectra(ARPES from valence electron states of solids is can be also relevant to high-temperature copper oxide super-
being pushed past traditional limits. The determination ofconductors.
energy versus wave-vector dispersidbg) has become a  The atomic chemisorption of oxygen onto the (€10
standard method by now, and the resulting gain in knowl-surface has been extensively studied and good reviews with
edge about electronic properties is probably comparable t'@ny references to earlier work can be found in Refs. 6 and
the role that neutron scattering played for the study of the/- There is complete agreement that by exposure of molecu-

elastic properties of solids. However, recent theoretical conld” 0Xygen to C(L10 at room temperature an “added row”

cepts go beyond the former independent-particle approximastructure is observetiAt a 0.5 monolayer coverage with

tion used to derive jusE(k) from experimental peak posi- atomic oxygen Cu-O rows are formed perpendicular to the
tions. Many-body and strong correlation effects lead toCl0S€ packed110] direction, with a distancav2 between

distinct deviations from the one-electron picture, and thes&€ rOWs, where is the lattice constant of bulk Cu. In this

are reflected experimentally in peak shapes and line intens 2:; 1'(le étrugcjturet tthe ?('2) . orbli;als d_hybridijze si'_tiraon%ly
ties see, e.g., Refs. 1-3. Recent interest focuses in particul ) e Cu(3l) states, forming bonding and antibonding

on high-temperature superconductors and materials with r I'??r?i;ialti ‘S’g:’e'”:rffrnsiégmgth%ﬂggarﬂ?ﬁa'esv (aaferl]ztr:?ted
duced dimensionality such as quasi—one—dimensiona"fl. gIes;

metals*® These more exotic materials generally show ag'ﬁs are tﬁefmetqb W';h respetcfcbt?' the Fer|m| tende@gb,
complex chemical composition, and it is often not trivial to whereas the antibonding contributions are located aligve

prepare well-ordered surfaces and ensure the correct stoich:—_4 eV.? According to theC,, point-group SymmetTy of
ometry. Therefore new methods used to extract line-shapi'€ CU110(2x1)0 surface we expethreeoxygen-derived
and line-intensity information from ARPES should be ap-Wave-function symmetries (oriented along th¢110] bulk
proved first by experience from well-understood materials. direction, i.e., along th&' X direction of the surface Brillouin

In this context we have tried to extract relevant informa-zone, y([001],I'Y) andz (along the surface normabDue to
tion from the experimental study of photoemission matrixthe adsorption geomefty’ the dispersion of the oxygen-
elements. These are more sensitive to the involved wavinduced surface bands is strong along the rows. In contrast,
functions and their symmetry character than the energy eienly weak or even no dispersion is observed perpendicular to
genvalues and they can be used to examine the wave funthe rows, indicating only small inter-row interactions.
tions fromab initio band-structure calculations. In order to  Three occupied bonding bands have been unanimously
check for its capabilities as well as for possible drawbackstesolved in several experimental studi#s*?and they ap-
we study the even antibonding band at thgX1®)(2x1)O  pear(counting from the largest binding enerdfy;| towards
surface along th&'Y azimuth of the surface Brillouin zone. Eg) with symmetriesy, z, andx at theY point, located below
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thed bands of the substrate. With respect to the band disper- z
sion, there is also reasonable agreement between theory and hw
experiment. For more details we refer to Refs. 7 and 9. There
is, however, an ongoing controversy concerning the occupied
antibonding adsorbate bands. Oryo of them have been
identified unambiguously*~*3along thel'Y direction. Their
energied symmetries with respect to thg, 2 mirror plang

at theY point areE;=—1.37eV(even andE;=—1.16eV
(odd with the sample at room temperature. There is also |
contradicting orbital assignment. While the band Bt

=—1.16eV clearly showsc-like character, the even anti- FIG. 1. Experimental geometry indicating the definition of
bonding state at ther point has been labeled-like,* angles and Cartesian coordinates. For angle-dependent measure-
y-like,*? or y,z” All assignments are also supported (off-  ments the crystal is rotated through the manipulator éxidirec-
ferend calculations. Two theoretical investigations based ortion). The anglesy and ¢ are defined with respect to the sample
tight-binding linear combination of atomic orbitalsCAQ) ~ normal. In all experiments reported belgws parallel to the bulk
method$* and self-consistent slab calculatioh¥ reveal a  [001] direction (II[110]).

third antibonding band associated withsymmetry. This

third band, however, was never detected experimentally. Aélong they azimuth (1“_Y) by rotating the crystal through the

more recent calculation based on density-functional tteory ; . e

_ ) —~Ix axis, while the electron energy analyzer is fiXédlwo
reveals two antibonding oxygen bands bel&y at theY jitterent photon sources withw=21.2 eV have been used
point with orbital symmetrieg andx, respectively. This cal- in this experiment. In the first setup the angke- §=45°

gﬁltijllgnbgrg:lrifé h_ﬁ;"f;’g;;gigf%gigr?lthlzr)ﬁ’i?(gat%ist th between light incidence and detected electrons is constant.
) P Y ®rhe surface normal, electron emission direction, and direc-

orbitals hybridize with both the Cu atoms within the added ion of incident photons are confined to the sagme optical
row and with subsurface Cu atoms due to the large verticatl P e op

extension of the, orbitals. In conclusion, the present under- pl?lne.. Egef |nC|de|r:jt light is pi?Iahrlzed “ng'a”yd tl))y triple
standing of the antibonding bands is quite unsatisfactory. reflection™ from gold mirrors, which we produced by sput-

In order to gain additional information we study in the tering of golq onto pol'ished glass surfaces at elevated tem-
present paper the emission intensity of the antibonding banB€rature. This three-mirror system may be rotated around the
at E;=—1.37eV as observed in angle-resolved photoelec@XIS of light |nC|_der_1ce by 36_0°,_thereby allowing us to switch
tron spectra. From a detailed analysis we derive the relativBetweens polarization(electric field vector parallel t®) and
size of they andz components of the photoemission matrix P Polarization. The second photon source produces exclu-
element. These results are compared with corresponding dagéely p-polarized light; for details see Ref. 17. It may be
obtained from an intensity calculation based on the one-stefptated by 360° around the manipulator axis. This arrange-
model of photoemission. Basically good agreement is obment allows us to vary the light incidence angleof the
tained. Additionally our results demonstrate that the use op-polarized light with the exception of 15° around the elec-
Fresnel's equations combined with empirically derived ef-tron take-off direction, when the polarizer blocks the lens
fective dielectric constants enable a heuristic but successf@ntrance at fixed electron escape angjl&he energy resolu-
description of the surface optical properties. tion of the electron energy analyzer is tunable dow\®

=10meV. The entrance lens contains a pinhole of variable
diameter that allows thim situ variation of the angular reso-
Il. EXPERIMENTAL DETAILS lution betweem 6= +0.4° and+2°. For details we refer the
reader to Ref. 17.

Our UHV chamber working with a base pressure below
10 °mbar is equipped with all standard facilities for sample
preparation. The Q10 substrate was prepared by cycles
of argon-ion bombardmentE(;,=500¢eV) and annealing. lll. EXPERIMENTAL RESULTS
With the sample atT=300K we admitted 20 L
(1 L=1Langmui=10%Torrs) of O, which results in a ) ) ) ) )
saturated atomic adlayer of half-monolayer coverage. This Figure 2 shows typical results taken with the antibonding
structure still contains steps, domain boundaries, and othdrandsa, anda,, at theY point of the surface Brillouin zone.
types of defect§.It was therefore annealed ©=640K for ~ The dotted curves represent spectra excited from the clean
some minutes. This treatment leads to large flat terfacessubstrate withzZw=21.2eV. The solid lines refer to
The success of the annealing procedure could be monitorddu(110)(2X1)O at the saturation coverage with 0.5 mono-
in situ by observation of a considerable narrowing of thelayers of atomic oxygen. It causes the bonding bands labeled
photoemission lines from the two antibonding adsorbatés and the antibonding bands label@dOur spectra are much
bands. better resolved and reveal more fine-structure details, but

In our arrangemen(see Fig. 1 for the definition of the they are basically in very good agreement with those pre-
coordinates and anglephotoelectron spectra are measuredsented in Ref. 7. Still we are not able to resolve the missing

A. Overview
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FIG. 3. Antibonding bands at CL10(2Xx1)0O labeleda,, and
a, in Fig. 2 observed in high-resolution scans witpolarized(top)

FIG. 2. Photoelectron spectra from clean(C10), dotted lines, ~ands-polarized(bottom light (polarization 86% The sample tem-
and C{110)(2x1)0, solid lines, taken with linearly polarized light Perature was 130 K; resolution parameters aré=*1°, AE
at iw=21.2eV. At #=24.5° the antibonding bands, ,a,, are =18meV.
located just at th&' point of the surface Brillouin zone. The lab®l . . o
refers to the Shockley surface state. Bonding bands identified earliétyz aré essentially due to the finite degree of polarization.
(Refs. 7 and 10—12are labelecb, , b,, andb,, respectively. Al The analysis of Fig. 3 gives a linear polarization of 86
intensities are reproduced as measured at constant photon flusz 3 % for the first polarizer, which has to be compared with
Resolution parametersd=+1°, AE=21 meV with the sample at 91% calculated on the basis of the optical constants of Au.
T=140K. We consider this agreement satisfying because the calcula-

tion does not account for residual contamination of the gold

. . . mirrors and, in particular, assumes that the mirrors are per-
third antibonding band betwedsy. and the top of the Cd ¢4y fiat on the lateral scale of the light wavelength (
bands. Our assignments of the babdse in complete agree- —58nm). Turning the arguments around we may deduce
ment with Ref. 7. that any symmetry mixing by spin-orbit coupling results in

Figure 3 shows the polarization dependence of theyn intensity contribution of less than 5%.
oxygen-derived antibonding doublet aroufij=—1.3eV
obtained from a high-resolution scan. This pair of odd and
even emission lines clearly exhibits slightly asymmetric
Lorentzian line shapedas shown by the fitting curves In the standard description of photoemission the transition
through the data point®f dramatically different widths. The matrix element from the initial state & to the final state at
asymmetry can be quantitatively traced back to our still finiteE; = E; +# w can be written in the dipole approximation-as
angular resolutiolA#. This was verified by data taken at
different A6 and by calculations taking the measured disper- My (f|A-pliYy~A-(f|p|i)=A-Py;, (1)
sion into account: Around th¥ point both bands disperse to
the left in Fig. 3 and finiteA @ results in some broadening on where A is the vector potential of the light and is the
the left wing. The different widths cd, anda,, peaks result momentum operator. The momentum matrix elenignts a
from different photohole lifetime$® complex vector that depends only on the initial and final

The two states shown in Fig. 3 represent an excellent testates. By variation of\, which may be calculated from the
object for the proper performance of the polarizers. Theiiincident light by Fresnel's equatio%,??we can determine
energy distance is about 0.21 eV, which is large comparethe relative size of its real and imaginary parts experimen-
with the spin-orbit coupling parametgi=0.08eV of Cu. tally. In what follows we use onlyp-polarized light @,
Therefore we expect negligible mixing of symmetrieand  =0). Thus the photoemission intensitgan be written as a
y,Zz In consequence the remaining intensity ratiospfand  function of light incidence angle/ (compare Fig. Las

Initial state energy [eV]

B. Intensity analysis
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FIG. 4. Photoemission spectra of the antibonding t@pdaken FIG. 5. Peaka,, intensities taken at different electron escape

angle 8 as a function of light-incidence angl Symbols are ex-
perimental data extracted from spectra like those shown in Fig. 4.
Solid lines represent fits to the data used for the determination of
P;; according to Eq(2).

at fixed electron emission angkalong thel'Y direction of the
surface Brillouin zone. The parametgris the angle of incidence
with respect to the surface normal of 944polarized incident pho-
tons athw=21.2eV. Left: #=16°, resolution parameterd
=1.5°, AE=21 meV, right:0=24.5°,A9=1°, AE=28 meV. All

intensities refer to the same incident photon flux. =0 means thaPy; is oriented along the surface normal. In

this casel (0)=0 and I(+ ¢)=I(—¢). In contrast, if 8
=90° I () must be symmetric with a maximum ét=0. Of

2_ * *|2

()| Mil _|Ay(‘//)Py AP %, (2) coursel —0 for ¢»— +90°, because the light is totally re-
flected and no photoemission occurs. Let us now inspect Fig.

where P* are the complex conjugate componentsRaf. S -
Within our treatment we express the components of the mo4' The left panel |nd|ca_1tes thay) gets _smaII ary=0, b_Ut

) n no full =¢ symmetry is observed. This shows tHag is
mentum matrix element asP,=|Pj|cosp and P,

—|Py|sinBe?, where 8 is the angle betweeRy; and the oriented near normal, but a finite componégtremains. At

. 0=24.5° (Y point) we observe much more intensit
surface normal ang accounts for a phase shift betwep —0. This (indie:ate)s an increased rafig/P, comparedytozt

and PZ' For more details we re_fer the reader to Ref._ 22. . =16°. We have fitted Eq2) to the data collected in Fig. 5.
Figure 4 shows photogm@smn specira of the Qnubonqu.he quality of these fits can be checked by comparing the
statea, , for q|ffgrent light-incident angl_es;f at two different calculated () curves(solid lineg with the measured inten-
glectron emission angleg (Ieft anq right panel,' eSPEC- sities (symbolg. The fit parametep is plotted in its depen-
tively). The variation of peak intensity as a functionfs  gence on the electron wave vector parallel to the surface as
easily visible. In order to analya¢) we take only the peak shown in Fig. 6. As is evident, it depends strongly lgn®*
maximum amplitudes, because the peak width at fékddes  The a,, band contains both orbital symmetrigandz, with
not change withy. In addition, no separation frora, is  an increasing weight of for largerk, (compare Secs. IVA
required(compare Fig. B Results from the antibonding,,  and IV B for further discussion The data shown in Fig. 6 do
state taken at differert are shown in Fig. 5 as filled squares not contradict the possibility that the matrix element is ex-
or circles. These intensities have been normalized to equalusively given byP, at k,=0, but the vanishing slope of
maximum amplitude, because our analysis checks only fog(k;) on approaching the zone center suggests a non-
the shape of (). In fact it is extremely difficult to measure negligible contribution ofP, at theT" point. Indeed inspec-
all experimental parameters relevant for the determination ofion of polarization-dependent photoemission speigs. 3
the absolute value d®s; . In contrast,8 can be determined and 7 in Ref. 7 gives strong evidence that also at normal
reliably and will be relevant for a comparison with the the- emission the even antibonding band is heavily mixed-of
oretical results. The physical content gfis transparent3  and zlike orbitals?®
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50 — ' ' ' ' ' exp(ky). While we obtain P,(usexpky)|(au/oz)
Cu(110) (2x1)0 exp(k,y)) and similarly forP,, a second term is obtained for
hw=212eV - Py:

40 L 1

Py (us explikyy)|(du; /9y)explikyy))
= 30 ] +iky(ug exp(ikyy)|u; exp(ikyy)). (4
)
= Consequently there is, besides contributiongug/dy from
Q

tribution from the second term of the last equation, which
gains increasing weight witky, .

| At k,=0, however, the phase factor drops out and a com-
Y bination of atomic orbitals may be used to illustrate the com-

20 | % ] orbital components oyzlike symmetry, an additional con-

10 ¢

position of the wave function within a linear chain of Cu-O
atoms. If we describe oxygen by the,22p,,2p, orbitals

0 05 06 07 08 09 10 and copper by its @ orbitals of symmetryd,,, d,, dy,,
o dy2, andd,2_,2, a textbook LCAO calculation yields the
ki [A7] following results: In an isolated chain-d hybridization re-

sults in a mixture ofx,xy), |z,y2, and|y,y?). The first and
FIG. 6. Directiong of the momentum matrix elemeR; with second states are energetically degenerate. HOW‘EYEBI]d
respect to the surface normal in dependencécalongI'Y. Data |x2—22) do not mix. If the chain is put on a substrate, the
points from fits shown in Fig. 5; the dotted line is drawn as a guidesymmetry is broken and the potentia(z) along the surface
for the eye. normal is no longer symmetria/(z) # V(—z). Now the de-
generacy betweex,x2 and|z,yz is lifted. This reflects the
As mentioned already the solid lines in Fig. 5 result fromexperimentally observed spliting between the antibonding
a fit of Eq. (2) to the data points. We used Fresnel's equabands labelegz andx in Fig. 2. Moreover)z,y2 and|y,y?)
tions to computeA, () andA,(¢). It turned out, however, hybridize, while|x,xy) andly,y?) do not mix. In conclusion,
that the use of the bulk optical constant0.63+i0.74 of  already this oversimplified linear chain model predicts con-
Cu (Ref. 23 did not result in a satisfactory fit. Therefore we tributions of both matrix element componeiitg andP,, in
treateds as an additional fit parameter. The solid lines shownaccord with the experimental result shown in Fig. 6.
in Fig. 5 are the best fit, obtained with=0.94+i0.24. The
typical error is+0.1 for bothe; ande,. This value ofe is
intermediate between the vacuum vakie 1 and the bulk
data, and we consider this parametier combination with The aim of our present calculations is twofold: to look in
the Fresnel equationsas an empirical and pragmatic ap- more detail at the dispersion of Qfp-related bands in the
proach to account for local-field effects related with thesurface Brillouin zone, making use of an all-electron method
selvedgée?® We note that the use of the two differeris does  of superior accuracy, and to calculate the photocurrent at the
not changeB beyond the error bars. excitation energies and escape angles relevant for a direct
comparison with the ARPES results. For the first of these
tasks, we utilize the full-potential linearized augmented
IV. CALCULATIONS plane-wave methodFLAPW), well suited for the study of
open structures and surfaces, as implemented iwtBs97
packag€® A supercell geometry is used, with a mirror-
The considerable increase gfwith k; as observed in Fig. symmetric slab of sevefl10] layers representing bulk Cu
6 does not simply reflect a variation of the relative orbitaland Cu-O chains on top of it on both sides. The slabs are
contributions in the wave function. Generally the wave funC—separated by empty spaces corresponding to six interlayer
tion along the one-dimension@lD) chain may be written as  distancesmeasured between the Cu-O chairiEne atomic
a Bloch function ¢(r)=uy (r)exp(k,y), wherek, is the  sphere sizes ar&yr=1.8a.u. for Cu and 1.6 a.u. for O.
wave vector parallel to the Cu-O chain. All properties alongSince the exact total energy evaluation for the structure op-
x andz are included iru(r). If we assume such a description timization is not our goal, a moderate value of the parameter
for both initial (i) and final (f) states of a photoemission RurKma=8 determining the plane-wave cutoff is applied.
process, the momentum matrix element is given by The exchange correlation is treated in the generalized gradi-
ent approximation after Perdew, Burke, and Ernzefhdhe
. positions of atoms at the reconstructed and relaxeithin
Prioc(ug(r)explikyy)|plui(r)expkyy)). (3 the two uppermost Cu layers and the Cu-O chains above
surface are taken from an impact-collision ion-scattering
The differentiation according to the momentum operator spectroscopy studi. Other estimations of the details of re-
=—iAV results in some asymmetry due to the phase factolaxation are publishedsee, e.g., Table 6 of Ref. 9 for an

B. Calculation of the electronic structure

A. Qualitative considerations

165405-5



F. PFORTEet al. PHYSICAL REVIEW B 63 165405

0 2p; 0O 2py 0 2p, bital symmetries localized on the Cu-O chains. No signifi-
o, cant contributions from Cu(®) and Cu(4) were found.
However,d admixtures to both antibonding bands aldny
are of considerable strength. The even antibonding lagnd
has a dominant component of symmdg® all alongl'Y. In

contrast, the contribution 4&?) is weak around th&' point

and almost negligible on approaching There is also a
significant contribution of symmetrixy) to the antibonding
band labeleda, in the experimental data. Neithér? nor
|x2—y?) copper orbitals are significantly admixed inig
and a,,. Interestingly the intense oxygen-induced feature
observed withp-polarized light atE;= —3.22 eV within the

d bands of Cu(lower panel of Fig. 2 is of predominant
|x2—y?) symmetry. This assignment can be verified experi-
L i B ] L e mentally: Spectra taken at small light-incidence angle exhibit
Y r XY r XY r X enhanced intensity of this peak, but the structure is almost
FIG. 7. Oxygen-derived band dispersions aldhy and TX invisible with s-polarized light, in accordance with the cal-

from present FLAPW calculations. The size of the circles represent§ulated symmetry character.

the relative strength of the orbital contribution indicated on top of
each panel. C. Calculation of the photocurrent

Energy (eV)

The calculation is based on the scattering formalism and
the one-step model of photoemission. In order to reduce the
computational effort we did not use the accurate potentials

il = ’ R h g(as obtained in a FLAPW calculatipnear the atoms and at
bothI'Y andI'X directions are shown in Fig. 7. The contri- the interstitial positions. It proved to be much more practical
butions of the O(Py,2py,2p,) states in corresponding eigen- (and tolerable with regard to the accuracy of final regutis
veptors are represented by .the size of cwdhesarbytrary accept the geometry of space-filliigverlapping spheres,
units but in the same scale in all three paneRhe disper- it spherically averaged potentials inside. Along with
sion of the O() states is essentially confined to the d'_rec'spheres centered at copper and oxygen atoms, a number of
tion along the chains, as could be expected, and how it hagmpty spheres was introduced to pack the space between the
been discussed previously on the basis of available experi,.0 chains and in the vacuum region. Otherwise the slab
mental data (see, e.g., Refs. 7 and R9The strong geometry as described above for the FLAPW calculation was
O(2py)-Cu(3d) hybridization shifts the bonding component seqd. The self-consistent calculation of corresponding poten-
of corresponding states well below the bulk of theddand  jg|s has been done by the linear muffin-tin orbitals method
at the point, where it remains well localized at the oxygenin its tight-binding (TB) implementatiort An attempt has
atom and could be detected experimentally. The correspondieen made to imitate as greatly as possiblethe choice of
ing antibonding band floats above the Fermi level, is muclsizes and positions of empty spherte dispersion obtained
more diffuse and has énot so well pronouncedmaximal in a more accurate FLAPW calculation. The local density of
participation of the O(R) states at about 6 eV. Essentially states calculated by the TB LMTO method turned out to be
this has been already shown in the scheme of@p(@sper- quite robust against these small changes and in all cases
sion in Ref. 9. Our calculation demonstrates that theagreed well with that shown in Fig. 5 of Ref. 9. The spec-
O(2py)-bonding band disperses strongly aloﬂ, merges troscopic analysis is based on a relativistic one-step model of
the bottom of the Cud band atl’ and shows no dispersion photoemissior? which is a349eneralization of Pendry’s for-
alongﬁ. It behaves in a rather complex wggctually de- _mula for the photogurrer?ﬁ' It allows for.ca!culatlng spin-
pendent on the inclusion of additional Cu layers in the sulntégrated and spin-resolved photoemission spectra from

percel), so that its position near the zone center cannot b@Ure elemental solids and compounds. . .
quite clearly traced. Some remarks concerning the spectroscopic analysis are
The dispersion of the O(,)- and O(2,)-related bands necessary. At first we have included lifetime effects in the
along thel'V line is much smaller and préduces both bond_1‘|nal and initial states in a phenomenological way using a

ing and antibonding contributions below the Fermi level. Thepqrametrlzed complex inner potential/o(E) :VOf(E). .
— +iVi(E). The real part serves as a reference energy inside

antibonding states at thépoint are clearly split off romthe  the crystal with respect to the vacuum level. For the final
Cudband and are quite well localized on oxygen. In agreesiate a constant imaginary pavk;(E,)=1.8eV has been
ment with experimental observatidfig. 3), the top of the  chosen. For the initial state a weakly energy-dependent pure
O(2p,)-antibonding band at th&' point lies by approxi- imaginary partV,;(E;)=arctan(0.0% 0.01E%) was used.
mately 0.3 eV higher than the 02 band. This energy dependence reflects semiquantitatively the de-
In order to gain further insight, we have also calculatedcreasing lifetime of hole states with increasing binding en-
the k,-resolved density-of-states contributions from other or-ergy. A realistic description of the surface potential was

overview), but we do not expect the overall trends in the
band dispersion to be very sensitive to small changes.
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guaranteed through a Rundgren-Malsirdarrier?’ opti- [ S ' ' ' ]
mized for Cu. Furthermore, the slab geometry used to deter- 6 =24.5 Cu(110)(2x1)0
mine the C¢110)(2xX1)O adsorbate system requires a special
layer structure in order to describe the semi-infinite crystal, B =(22+5)° o
from which the photocurrent results. This is due to the layer =(-74 +10)°
Korringa-Kohn-Rostoker (KKR)  multiple  scattering
formalism35%6 usually applied in a photoemission analysis.
Including the surface layer, four different types of layers
must be classified as overlayers on theX10) bulk crystal.
Moreover, reconstruction and relaxation effects in the sur-
face were considered by the rumpled-layer conteptown
from multiple scattering theory. Because of this complicated
layer structure we restricted ourselves to a muffin-tin-based
photoemission analysis, which turned out to be sufficient for

a first comparison with the experimental data taken atvthe
point of the surface Brillouin zone. A detailed analysis con-
cerning the dispersion behavior of the different oxygen states
would require a full-potential scheme.

Our one-step-model calculations do not allow direct ac-
cess to single-particle matrix elements. Therefore the photo- . o
current I (E;) at Aw=21.2eV and several electron exit B =(35 £5) A
angles# has been calculated with thepolarization of the . v =(-72 +10)
incoming radiation taken properly into account. To be con-
sistent we used Fresnel's equations with the empirically ad-
justed experimentat; ande, as mentioned above. The cal-
culated spectra were then analyzed by the same procedure as P[deg.|

the experimental ones, resulting in “theoreticall’() _ _ _ o
curves. The result at th¥ point is reproduced in Fig. 8. _ F!G: 8. Intensity of the antibonding barg, in its dependence
on the light-incidence anglér as observed experimentalligottom

While there is qualitative overall agreement there still exist nd calculatedtop). For details see text
guantitative discrepancies. The experimental data result iA P '

B=35°%=5° andy=—72°+10°. From the fit to the calcu- solve the controversy regarding the symmetry of the even
lated 1(¢) points we obtaing=22°+5° and y=-74 antlbondmg band. Over the fuk, range fromY to halfway
+10°. We consider this as a reasonable agreement, i.e., b d his band f
one-step-model calculation reproduces the experimental ma etweenl” an Y this band is of mixed,z symmetry.
trix element reasonably well Speaking more generally we have demonstrated at the
y model system C110)(2X1)0 that relevant symmetry infor-
mation can be obtained from an inspection of intensities
V. SUMMARY AND CONCLUSIONS measured as a function of the light-incidence angle. Our
We have determined the orbital symmetry of the anti- analysis shows that both the matrix element componépts

bonding bands annQY by a detailed intensity analysis and andP, contribute to the intensity of transitions from the even
calculations. The odd band,, which is observed experi- Pand alongl'Y. A more quantitative result, however, re-
mentally only withs-polarized light, is essentially composed quires support from high-quality electronic structure calcula-

of O(2p,) and Cu(3l,,) wave functions. The antibonding tions. Nevertheless_, the stu_dy of momentum matr_ix elements
banda,,, which is observed witip-polarized light, contains ][‘nay add relevant information to our understanding of sur-
significant O(3,) character, but essentially no Qgp con-  '2¢€ electronic properties.

tribution. y-like symmetry is introduced by intense mixing
with Cu(3dy,) orbitals. Probably this contribution results in
a nonvanishing componei, at k,=0 and enters the mo- Our work is continuously supported by the Deutsche For-
mentum matrix element also off-normal. These results reschungsgemeinschafdFG).

Intensity [arb. units]

exp. -

-90 -60 -30 0 30 60 90
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