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Wave-vector-dependent symmetry analysis of a photoemission matrix element:
The quasi-one-dimensional model system Cu„110…„2Ã1…O
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We derive orbital symmetry character from the study of peak intensities in angle-resolved photoemission
spectra taken at different incidence angles ofp-polarized light. Our method of analysis is tested at the oxygen-
derived antibonding band on the Cu~110!~231!O surface. This band has an initial state energyEi

521.37 eV (T5300 K) at theȲ point and shows even symmetry with respect to theGLUX mirror plane
~along GY!. The intensity analysis reveals that orbitals both ofz-like ~along surface normal! and y-like
symmetry~y along the Cu-O chains! are 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 theȲ point 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.

DOI: 10.1103/PhysRevB.63.165405 PACS number~s!: 79.60.2i, 73.20.2r, 68.43.2h
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I. INTRODUCTION

Today the interpretation of angle-resolved photoemiss
spectra~ARPES! from valence electron states of solids
being pushed past traditional limits. The determination
energy versus wave-vector dispersionsE(k) has become a
standard method by now, and the resulting gain in kno
edge about electronic properties is probably comparabl
the role that neutron scattering played for the study of
elastic properties of solids. However, recent theoretical c
cepts go beyond the former independent-particle approxi
tion used to derive justE(k) from experimental peak posi
tions. Many-body and strong correlation effects lead
distinct deviations from the one-electron picture, and th
are reflected experimentally in peak shapes and line inte
ties see, e.g., Refs. 1–3. Recent interest focuses in parti
on high-temperature superconductors and materials with
duced dimensionality such as quasi-one-dimensio
metals.4,5 These more exotic materials generally show
complex chemical composition, and it is often not trivial
prepare well-ordered surfaces and ensure the correct sto
ometry. Therefore new methods used to extract line-sh
and line-intensity information from ARPES should be a
proved first by experience from well-understood material

In this context we have tried to extract relevant inform
tion from the experimental study of photoemission mat
elements. These are more sensitive to the involved w
functions and their symmetry character than the energy
genvalues and they can be used to examine the wave f
tions from ab initio band-structure calculations. In order
check for its capabilities as well as for possible drawbac
we study the even antibonding band at the Cu~110!~231!O
surface along theGY azimuth of the surface Brillouin zone
0163-1829/2001/63~16!/165405~8!/$20.00 63 1654
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The adsorbate system chosen is a well-known model sys
of surface science. It may provide understanding of
quasi-one-dimensional bonding along Cu-O chains, wh
can be also relevant to high-temperature copper oxide su
conductors.

The atomic chemisorption of oxygen onto the Cu~110!
surface has been extensively studied and good reviews
many references to earlier work can be found in Refs. 6
7. There is complete agreement that by exposure of mole
lar oxygen to Cu~110! at room temperature an ‘‘added row
structure is observed.8 At a 0.5 monolayer coverage with
atomic oxygen Cu-O rows are formed perpendicular to
close packed@ 1̄10# direction, with a distancea& between
the rows, wherea is the lattice constant of bulk Cu. In thi
(231)O structure the O(2p) orbitals hybridize strongly
with the Cu(3d) states, forming bonding and antibondin
linear combinations. The bonding orbitals are locat
at initial-state energiesEi between28 and24 eV ~all ener-
gies are defined with respect to the Fermi energyEF!,
whereas the antibonding contributions are located aboveEi
524 eV.7,9 According to theC2v point-group symmetry of
the Cu~110!~231!O surface we expectthreeoxygen-derived
wave-function symmetriesx ~oriented along the@11̄0# bulk
direction, i.e., along theGX direction of the surface Brillouin
zone!, y(@001#,GY) andz ~along the surface normal!. Due to
the adsorption geometry6–9 the dispersion of the oxygen
induced surface bands is strong along the rows. In contr
only weak or even no dispersion is observed perpendicula
the rows, indicating only small inter-row interactions.

Three occupied bonding bands have been unanimo
resolved in several experimental studies7,10–12 and they ap-
pear~counting from the largest binding energyuEi u towards
EF! with symmetriesy, z, andx at theȲ point, located below
©2001 The American Physical Society05-1
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thed bands of the substrate. With respect to the band dis
sion, there is also reasonable agreement between theory
experiment. For more details we refer to Refs. 7 and 9. Th
is, however, an ongoing controversy concerning the occup
antibonding adsorbate bands. Onlytwo of them have been
identified unambiguously7,11–13along theGY direction. Their
energies@symmetries with respect to the~y, z! mirror plane#

at theȲ point areEi521.37 eV ~even! and Ei521.16 eV
~odd! with the sample at room temperature. There is a
contradicting orbital assignment. While the band atEi
521.16 eV clearly showsx-like character, the even ant

bonding state at theȲ point has been labeledz-like,11

y-like,12 or y,z.7 All assignments are also supported by~dif-
ferent! calculations. Two theoretical investigations based
tight-binding linear combination of atomic orbitals~LCAO!
methods14 and self-consistent slab calculations15,16 reveal a
third antibonding band associated withy symmetry. This
third band, however, was never detected experimentally
more recent calculation based on density-functional theo9

reveals two antibonding oxygen bands belowEF at the Ȳ
point with orbital symmetriesz andx, respectively. This cal-
culation predicts, however, that several other O(pz) bands
should be formed. The reason for this complexity is that
orbitals hybridize with both the Cu atoms within the add
row and with subsurface Cu atoms due to the large vert
extension of thepz orbitals. In conclusion, the present unde
standing of the antibonding bands is quite unsatisfactory

In order to gain additional information we study in th
present paper the emission intensity of the antibonding b
at Ei521.37 eV as observed in angle-resolved photoel
tron spectra. From a detailed analysis we derive the rela
size of they andz components of the photoemission matr
element. These results are compared with corresponding
obtained from an intensity calculation based on the one-
model of photoemission. Basically good agreement is
tained. Additionally our results demonstrate that the use
Fresnel’s equations combined with empirically derived
fective dielectric constants enable a heuristic but succes
description of the surface optical properties.

II. EXPERIMENTAL DETAILS

Our UHV chamber working with a base pressure bel
10210mbar is equipped with all standard facilities for samp
preparation. The Cu~110! substrate was prepared by cycl
of argon-ion bombardment (Ekin5500 eV) and annealing
With the sample at T5300 K we admitted 20 L
(1 L51 Langmuir51026 Torr s) of O2, which results in a
saturated atomic adlayer of half-monolayer coverage. T
structure still contains steps, domain boundaries, and o
types of defects.6 It was therefore annealed toT5640 K for
some minutes. This treatment leads to large flat terrac6

The success of the annealing procedure could be monit
in situ by observation of a considerable narrowing of t
photoemission lines from the two antibonding adsorb
bands.

In our arrangement~see Fig. 1 for the definition of the
coordinates and angles! photoelectron spectra are measur
16540
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along they azimuth (GY) by rotating the crystal through th
x axis, while the electron energy analyzer is fixed.17 Two
different photon sources with\v521.2 eV have been use
in this experiment. In the first setup the anglec1u545°
between light incidence and detected electrons is cons
The surface normal, electron emission direction, and dir
tion of incident photons are confined to the same~y,z! optical
plane. The incident light is polarized linearly by tripl
reflection18 from gold mirrors, which we produced by spu
tering of gold onto polished glass surfaces at elevated t
perature. This three-mirror system may be rotated around
axis of light incidence by 360°, thereby allowing us to swit
betweens polarization~electric field vector parallel tox! and
p polarization. The second photon source produces ex
sively p-polarized light; for details see Ref. 17. It may b
rotated by 360° around the manipulator axis. This arran
ment allows us to vary the light incidence anglec of the
p-polarized light with the exception of615° around the elec-
tron take-off direction, when the polarizer blocks the le
entrance at fixed electron escape angleu. The energy resolu-
tion of the electron energy analyzer is tunable down toDE
510 meV. The entrance lens contains a pinhole of varia
diameter that allows thein situ variation of the angular reso
lution betweenDu560.4° and62°. For details we refer the
reader to Ref. 17.

III. EXPERIMENTAL RESULTS

A. Overview

Figure 2 shows typical results taken with the antibond

bandsax andayz at theȲ point of the surface Brillouin zone
The dotted curves represent spectra excited from the c
substrate with \v521.2 eV. The solid lines refer to
Cu~110!~231!O at the saturation coverage with 0.5 mon
layers of atomic oxygen. It causes the bonding bands lab
b and the antibonding bands labeleda. Our spectra are much
better resolved and reveal more fine-structure details,
they are basically in very good agreement with those p
sented in Ref. 7. Still we are not able to resolve the miss

FIG. 1. Experimental geometry indicating the definition
angles and Cartesian coordinates. For angle-dependent mea
ments the crystal is rotated through the manipulator axis~x direc-
tion!. The anglesc and u are defined with respect to the samp
normal. In all experiments reported belowy is parallel to the bulk

@001# direction (xi@11̄0#).
5-2
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WAVE-VECTOR-DEPENDENT SYMMETRY ANALYSIS OF . . . PHYSICAL REVIEW B 63 165405
third antibonding band betweenEF and the top of the Cud
bands. Our assignments of the bandsb are in complete agree
ment with Ref. 7.

Figure 3 shows the polarization dependence of
oxygen-derived antibonding doublet aroundEi521.3 eV
obtained from a high-resolution scan. This pair of odd a
even emission lines clearly exhibits slightly asymmet
Lorentzian line shapes~as shown by the fitting curve
through the data points! of dramatically different widths. The
asymmetry can be quantitatively traced back to our still fin
angular resolutionDu. This was verified by data taken a
differentDu and by calculations taking the measured disp

sion into account: Around theȲ point both bands disperse t
the left in Fig. 3 and finiteDu results in some broadening o
the left wing. The different widths ofax andayz peaks result
from different photohole lifetimes.13

The two states shown in Fig. 3 represent an excellent
object for the proper performance of the polarizers. Th
energy distance is about 0.21 eV, which is large compa
with the spin-orbit coupling parameterz50.08 eV of Cu.
Therefore we expect negligible mixing of symmetriesx and
y,z. In consequence the remaining intensity ratios ofax and

FIG. 2. Photoelectron spectra from clean Cu~110!, dotted lines,
and Cu~110!~231!O, solid lines, taken with linearly polarized ligh
at \v521.2 eV. At u524.5° the antibonding bandsax ,ayz are

located just at theȲ point of the surface Brillouin zone. The labelS
refers to the Shockley surface state. Bonding bands identified ea
~Refs. 7 and 10–12! are labeledby , bz , andbx , respectively. All
intensities are reproduced as measured at constant photon
Resolution parametersDu561°, DE521 meV with the sample a
T5140 K.
16540
e

d

e

-

st
ir
d

ayz are essentially due to the finite degree of polarizati
The analysis of Fig. 3 gives a linear polarization of 8
63 % for the first polarizer, which has to be compared w
91% calculated on the basis of the optical constants of
We consider this agreement satisfying because the calc
tion does not account for residual contamination of the g
mirrors and, in particular, assumes that the mirrors are p
fectly flat on the lateral scale of the light wavelength (l
558 nm). Turning the arguments around we may ded
that any symmetry mixing by spin-orbit coupling results
an intensity contribution of less than 5%.

B. Intensity analysis

In the standard description of photoemission the transit
matrix element from the initial state atEi to the final state at
Ef5Ei1\v can be written in the dipole approximation as19

M f i}^ f uA•pu i &'A•^ f upu i &5A•Pf i , ~1!

where A is the vector potential of the light andp is the
momentum operator. The momentum matrix elementPf i is a
complex vector that depends only on the initial and fin
states. By variation ofA, which may be calculated from th
incident light by Fresnel’s equations,20–22 we can determine
the relative size of its real and imaginary parts experim
tally. In what follows we use onlyp-polarized light (Ax
50). Thus the photoemission intensityI can be written as a
function of light incidence anglec ~compare Fig. 1! as

ier

ux.

FIG. 3. Antibonding bands at Cu~110!~231!O labeledayz and
ax in Fig. 2 observed in high-resolution scans withp-polarized~top!
ands-polarized~bottom! light ~polarization 86%!. The sample tem-
perature was 130 K; resolution parameters areDu561°, DE
518 meV.
5-3
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I ~c!}uM f i u25uAy~c!Py* 1Az~c!Pz* u2, ~2!

where P* are the complex conjugate components ofPf i .
Within our treatment we express the components of the
mentum matrix element asPz5uPf i ucosb and Py
5uPf i usinb eig, where b is the angle betweenPf i and the
surface normal andg accounts for a phase shift betweenPy
andPz . For more details we refer the reader to Ref. 22.

Figure 4 shows photoemission spectra of the antibond
stateayz for different light-incident anglesc at two different
electron emission anglesu ~left and right panel, respec
tively!. The variation of peak intensity as a function ofc is
easily visible. In order to analyzeI (c) we take only the peak
maximum amplitudes, because the peak width at fixedu does
not change withc. In addition, no separation fromax is
required~compare Fig. 3!. Results from the antibondingayz
state taken at differentu are shown in Fig. 5 as filled square
or circles. These intensities have been normalized to e
maximum amplitude, because our analysis checks only
the shape ofI (c). In fact it is extremely difficult to measure
all experimental parameters relevant for the determinatio
the absolute value ofPf i . In contrast,b can be determined
reliably and will be relevant for a comparison with the th
oretical results. The physical content ofb is transparent:b

FIG. 4. Photoemission spectra of the antibonding bandayz taken
at fixed electron emission angleu along theGY direction of the
surface Brillouin zone. The parameterc is the angle of incidence
with respect to the surface normal of 94%p-polarized incident pho-
tons at \v521.2 eV. Left: u516°, resolution parametersDu
51.5°, DE521 meV; right:u524.5°,Du51°, DE528 meV. All
intensities refer to the same incident photon flux.
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50 means thatPf i is oriented along the surface normal.
this caseI (0)50 and I (1c)5I (2c). In contrast, if b
590° I (c) must be symmetric with a maximum atc50. Of
courseI→0 for c→690°, because the light is totally re
flected and no photoemission occurs. Let us now inspect
4. The left panel indicates thatI (c) gets small atc50, but
no full 6c symmetry is observed. This shows thatPf i is
oriented near normal, but a finite componentPy remains. At
u524.5° ~Ȳ point! we observe much more intensity atc
50. This indicates an increased ratioPy /Pz compared tou
516°. We have fitted Eq.~2! to the data collected in Fig. 5
The quality of these fits can be checked by comparing
calculatedI (c) curves~solid lines! with the measured inten
sities ~symbols!. The fit parameterb is plotted in its depen-
dence on the electron wave vector parallel to the surfac
shown in Fig. 6. As is evident, it depends strongly onki .24

The ayz band contains both orbital symmetriesy andz, with
an increasing weight ofy for largerki ~compare Secs. IV A
and IV B for further discussion!. The data shown in Fig. 6 do
not contradict the possibility that the matrix element is e
clusively given byPz at ki50, but the vanishing slope o
b(ki) on approaching the zone center suggests a n
negligible contribution ofPy at theḠ point. Indeed inspec-
tion of polarization-dependent photoemission spectra~Figs. 3
and 7 in Ref. 7! gives strong evidence that also at norm
emission the even antibonding band is heavily mixed ofy-
andz-like orbitals.25

FIG. 5. Peakayz intensities taken at different electron esca
angleu as a function of light-incidence anglec. Symbols are ex-
perimental data extracted from spectra like those shown in Fig
Solid lines represent fits to the data used for the determinatio
Pf i according to Eq.~2!.
5-4
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WAVE-VECTOR-DEPENDENT SYMMETRY ANALYSIS OF . . . PHYSICAL REVIEW B 63 165405
As mentioned already the solid lines in Fig. 5 result fro
a fit of Eq. ~2! to the data points. We used Fresnel’s equ
tions to computeAy(c) andAz(c). It turned out, however,
that the use of the bulk optical constant«50.631 i0.74 of
Cu ~Ref. 23! did not result in a satisfactory fit. Therefore w
treated« as an additional fit parameter. The solid lines sho
in Fig. 5 are the best fit, obtained with«50.941 i0.24. The
typical error is60.1 for both«1 and«2 . This value of« is
intermediate between the vacuum value«51 and the bulk
data, and we consider this parameter~in combination with
the Fresnel equations! as an empirical and pragmatic a
proach to account for local-field effects related with t
selvedge.19 We note that the use of the two different«’s does
not changeb beyond the error bars.

IV. CALCULATIONS

A. Qualitative considerations

The considerable increase ofb with ki as observed in Fig
6 does not simply reflect a variation of the relative orbi
contributions in the wave function. Generally the wave fun
tion along the one-dimensional~1D! chain may be written as
a Bloch function w(r )5uky

(r )exp(ikyy), where ky is the
wave vector parallel to the Cu-O chain. All properties alo
x andz are included inu(r ). If we assume such a descriptio
for both initial ~i! and final ~f ! states of a photoemissio
process, the momentum matrix element is given by

Pf i}^uf~r !exp~ ikyy!upuui~r !exp~kyy!&. ~3!

The differentiation according to the momentum operatop
52 i\“ results in some asymmetry due to the phase fa

FIG. 6. Directionb of the momentum matrix elementPf i with
respect to the surface normal in dependence onki alongGY. Data
points from fits shown in Fig. 5; the dotted line is drawn as a gu
for the eye.
16540
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exp(ikyy). While we obtain Pz}^uf exp(ikyy)u(]ui /]z)
exp(ikyy)& and similarly forPx , a second term is obtained fo
Py :

Py}^uf exp~ ikyy!u~]ui /]y!exp~ ikyy!&

1 iky^uf exp~ ikyy!uui exp~ ikyy!&. ~4!

Consequently there is, besides contributions to]ui /]y from
orbital components ofyz-like symmetry, an additional con
tribution from the second term of the last equation, whi
gains increasing weight withki .

At ki50, however, the phase factor drops out and a co
bination of atomic orbitals may be used to illustrate the co
position of the wave function within a linear chain of Cu-
atoms. If we describe oxygen by the 2px,2py,2pz orbitals
and copper by its 3d orbitals of symmetrydxy , dyz , dxz ,
dy2, and dx22z2, a textbook LCAO calculation yields the
following results: In an isolated chainp-d hybridization re-
sults in a mixture ofux,xy&, uz,yz&, and uy,y2&. The first and
second states are energetically degenerate. However,uxz& and
ux22z2& do not mix. If the chain is put on a substrate, t
symmetry is broken and the potentialV(z) along the surface
normal is no longer symmetric:V(z)ÞV(2z). Now the de-
generacy betweenux,xz& and uz,yz& is lifted. This reflects the
experimentally observed splitting between the antibond
bands labeledyzandx in Fig. 2. Moreover,uz,yz& anduy,y2&
hybridize, whileux,xy& anduy,y2& do not mix. In conclusion,
already this oversimplified linear chain model predicts co
tributions of both matrix element componentsPy andPz , in
accord with the experimental result shown in Fig. 6.

B. Calculation of the electronic structure

The aim of our present calculations is twofold: to look
more detail at the dispersion of O(2p)-related bands in the
surface Brillouin zone, making use of an all-electron meth
of superior accuracy, and to calculate the photocurrent at
excitation energies and escape angles relevant for a d
comparison with the ARPES results. For the first of the
tasks, we utilize the full-potential linearized augment
plane-wave method~FLAPW!, well suited for the study of
open structures and surfaces, as implemented in theWIEN97

package.26 A supercell geometry is used, with a mirro
symmetric slab of seven@110# layers representing bulk Cu
and Cu-O chains on top of it on both sides. The slabs
separated by empty spaces corresponding to six interl
distances~measured between the Cu-O chains!. The atomic
sphere sizes areRMT51.8 a.u. for Cu and 1.6 a.u. for O
Since the exact total energy evaluation for the structure
timization is not our goal, a moderate value of the parame
RMTKmax58 determining the plane-wave cutoff is applie
The exchange correlation is treated in the generalized gr
ent approximation after Perdew, Burke, and Ernzerhof.27 The
positions of atoms at the reconstructed and relaxed~within
the two uppermost Cu layers and the Cu-O chains abo!
surface are taken from an impact-collision ion-scatter
spectroscopy study.28 Other estimations of the details of re
laxation are published~see, e.g., Table 6 of Ref. 9 for a

e

5-5



he

n
i-
-

c
h
e

nt

n
n
c

ly

th

n

su
b

d
h

ee

e
or

ifi-

re

ri-
ibit
ost
l-

nd
the

ials
t
cal

th
er of
n the
lab
as

ten-
d

of
be

ases
c-
l of
-

rom

are
he

a

ide
al

ure

de-
n-
as

en
o
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overview!, but we do not expect the overall trends in t
band dispersion to be very sensitive to small changes.

Our FLAPW results for the energy band dispersion alo
both GY andGX directions are shown in Fig. 7. The contr
butions of the O(2px,2py,2pz) states in corresponding eigen
vectors are represented by the size of circles~in arbitrary
units but in the same scale in all three panels!. The disper-
sion of the O(2p) states is essentially confined to the dire
tion along the chains, as could be expected, and how it
been discussed previously on the basis of available exp
mental data ~see, e.g., Refs. 7 and 29!. The strong
O(2py)-Cu(3d) hybridization shifts the bonding compone
of corresponding states well below the bulk of the Cud band

at theȲ point, where it remains well localized at the oxyge
atom and could be detected experimentally. The correspo
ing antibonding band floats above the Fermi level, is mu
more diffuse and has a~not so well pronounced! maximal
participation of the O(2p) states at about 6 eV. Essential
this has been already shown in the scheme of O(2p) disper-
sion in Ref. 9. Our calculation demonstrates that
O(2py)-bonding band disperses strongly alongGY, merges
the bottom of the Cud band atḠ and shows no dispersio
alongGX. It behaves in a rather complex way~actually de-
pendent on the inclusion of additional Cu layers in the
percell!, so that its position near the zone center cannot
quite clearly traced.

The dispersion of the O(2px)- and O(2pz)-related bands
along theGY line is much smaller and produces both bon
ing and antibonding contributions below the Fermi level. T

antibonding states at theȲ point are clearly split off from the
Cu d band and are quite well localized on oxygen. In agr
ment with experimental observation~Fig. 3!, the top of the

O(2px)-antibonding band at theȲ point lies by approxi-
mately 0.3 eV higher than the O(2pz) band.

In order to gain further insight, we have also calculat
theki-resolved density-of-states contributions from other

FIG. 7. Oxygen-derived band dispersions alongGY and GX
from present FLAPW calculations. The size of the circles repres
the relative strength of the orbital contribution indicated on top
each panel.
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bital symmetries localized on the Cu-O chains. No sign
cant contributions from Cu(4s) and Cu(4p) were found.
However,d admixtures to both antibonding bands alongGY
are of considerable strength. The even antibonding bandayz

has a dominant component of symmetryuyz& all alongGY. In

contrast, the contribution ofuz2& is weak around theḠ point

and almost negligible on approachingȲ. There is also a
significant contribution of symmetryuxy& to the antibonding
band labeledax in the experimental data. Neitheruxz& nor
ux22y2& copper orbitals are significantly admixed intoax
and ayz . Interestingly the intense oxygen-induced featu
observed withp-polarized light atEi523.22 eV within the
d bands of Cu~lower panel of Fig. 2! is of predominant
ux22y2& symmetry. This assignment can be verified expe
mentally: Spectra taken at small light-incidence angle exh
enhanced intensity of this peak, but the structure is alm
invisible with s-polarized light, in accordance with the ca
culated symmetry character.

C. Calculation of the photocurrent

The calculation is based on the scattering formalism a
the one-step model of photoemission. In order to reduce
computational effort we did not use the accurate potent
~as obtained in a FLAPW calculation! near the atoms and a
the interstitial positions. It proved to be much more practi
~and tolerable with regard to the accuracy of final results! to
accept the geometry of space-filling~overlapping! spheres,
with spherically averaged potentials inside. Along wi
spheres centered at copper and oxygen atoms, a numb
empty spheres was introduced to pack the space betwee
Cu-O chains and in the vacuum region. Otherwise the s
geometry as described above for the FLAPW calculation w
used. The self-consistent calculation of corresponding po
tials has been done by the linear muffin-tin orbitals metho30

in its tight-binding ~TB! implementation.31 An attempt has
been made to imitate as greatly as possible~by the choice of
sizes and positions of empty spheres! the dispersion obtained
in a more accurate FLAPW calculation. The local density
states calculated by the TB LMTO method turned out to
quite robust against these small changes and in all c
agreed well with that shown in Fig. 5 of Ref. 9. The spe
troscopic analysis is based on a relativistic one-step mode
photoemission,32 which is a generalization of Pendry’s for
mula for the photocurrent.33,34 It allows for calculating spin-
integrated and spin-resolved photoemission spectra f
pure elemental solids and compounds.

Some remarks concerning the spectroscopic analysis
necessary. At first we have included lifetime effects in t
final and initial states in a phenomenological way using
parametrized complex inner potentialV0(E)5V0r(E)
1 iV0i(E). The real part serves as a reference energy ins
the crystal with respect to the vacuum level. For the fin
state a constant imaginary partV0i(E2)51.8 eV has been
chosen. For the initial state a weakly energy-dependent p
imaginary part V0i(E1)5arctan(0.0110.01E2) was used.
This energy dependence reflects semiquantitatively the
creasing lifetime of hole states with increasing binding e
ergy. A realistic description of the surface potential w

ts
f
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guaranteed through a Rundgren-Malstro¨m barrier,37 opti-
mized for Cu. Furthermore, the slab geometry used to de
mine the Cu~110!~231!O adsorbate system requires a spec
layer structure in order to describe the semi-infinite crys
from which the photocurrent results. This is due to the la
Korringa-Kohn-Rostoker ~KKR! multiple scattering
formalism,35,36 usually applied in a photoemission analys
Including the surface layer, four different types of laye
must be classified as overlayers on the Cu~110! bulk crystal.
Moreover, reconstruction and relaxation effects in the s
face were considered by the rumpled-layer concept35 known
from multiple scattering theory. Because of this complica
layer structure we restricted ourselves to a muffin-tin-ba
photoemission analysis, which turned out to be sufficient

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

Our one-step-model calculations do not allow direct
cess to single-particle matrix elements. Therefore the ph
current I (Ei) at \v521.2 eV and several electron ex
anglesu has been calculated with thep polarization of the
incoming radiation taken properly into account. To be co
sistent we used Fresnel’s equations with the empirically
justed experimental«1 and«2 as mentioned above. The ca
culated spectra were then analyzed by the same procedu
the experimental ones, resulting in ‘‘theoretical’’I (c)

curves. The result at theȲ point is reproduced in Fig. 8
While there is qualitative overall agreement there still ex
quantitative discrepancies. The experimental data resu
b535°65° andg5272°610°. From the fit to the calcu
lated I (c) points we obtainb522°65° and g5274°
610°. We consider this as a reasonable agreement, i.e.
one-step-model calculation reproduces the experimental
trix element reasonably well.

V. SUMMARY AND CONCLUSIONS

We have determined the orbital symmetry of the an
bonding bands alongGY by a detailed intensity analysis an
calculations. The odd bandax , which is observed experi
mentally only withs-polarized light, is essentially compose
of O(2px) and Cu(3dxy) wave functions. The antibondin
bandayz , which is observed withp-polarized light, contains
significant O(2pz) character, but essentially no O(2py) con-
tribution. y-like symmetry is introduced by intense mixin
with Cu(3dyz) orbitals. Probably this contribution results
a nonvanishing componentPy at ki50 and enters the mo
mentum matrix element also off-normal. These results
ae

l-

16540
r-
l
l,
r

.

r-

d
d
r

-
s

-
o-

-
-

as

t
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the
a-

-

-

solve the controversy regarding the symmetry of the e

antibonding band. Over the fullki range fromȲ to halfway

betweenḠ and Ȳ, this band is of mixedy,zsymmetry.
Speaking more generally we have demonstrated at

model system Cu~110!~231!O that relevant symmetry infor
mation can be obtained from an inspection of intensit
measured as a function of the light-incidence angle. O
analysis shows that both the matrix element componentsPy
andPz contribute to the intensity of transitions from the ev
band alongGY. A more quantitative result, however, re
quires support from high-quality electronic structure calcu
tions. Nevertheless, the study of momentum matrix eleme
may add relevant information to our understanding of s
face electronic properties.
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FIG. 8. Intensity of the antibonding bandayz in its dependence
on the light-incidence anglec as observed experimentally~bottom!
and calculated~top!. For details see text.
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28H. Dürr, Th. Fauster, and R. Schneider, Surf. Sci.244, 237
~1991!.

29K. Stahrenberg, Th. Herrmann, N. Esser, and W. Richter, Ph
Rev. B61, 3043~2000!.

30O. K. Andersen, Phys. Rev. B12, 3060~1975!.
31O. K. Andersen and O. Jepsen, Phys. Rev. Lett.53, 2571~1984!.
32J. Braun, Rep. Prog. Phys.59, 1267~1996!.
33J. B. Pendry, Surf. Sci.57, 679 ~1976!.
34J. F. L. Hopkinson, J. B. Pendry, and D. J. Titterington, Comp

Phys. Commun.5, 599 ~1980!.
35J. B. Pendry,Low Energy Electron Diffraction~Academic, Lon-

don, 1974!.
36R. Feder, J. Phys. C14, 2049~1981!.
37G. Malmström and J. Rundgren, Comput. Phys. Commun.19,

263 ~1980!.
5-8


