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The problemof direct transitionintensitiesin angle-resolvedUV photoelectronspectroscopyis addressed.
We demonstratethat the angulardistribution of intensitiesintegratedover the full 3d band of copper is
dominatedby final-statescatteringeffectsmuchlike thoseobservedin thediffractionof corelevel photoelec-
trons.TheseUV photoelectrondiffractioneffectsarevery sensitiveto theangularmomentumcharacterof the
valenceorbitals that form the bandstates,and to the atomicstructureof the surfacelayers.Specifically, we
haveperformedmeasurementsonCu~111! andCu~001! surfaceswherewe find excellentagreementof experi-
mentalangulardistributionsof integratedd bandemissionexcitedby He I andHe II radiationand single-
scatteringclustercalculations,involving emissionfrom localizedd states,andincludingproperphotonpolar-
izations.At the sametime the angle-resolvedenergy spectrashow strongdispersioneffects, reflecting the
delocalizedcharacterof thesebandstates.This duality may bea further indicationfor the localizationof the
valencehole uponphotoemission.

I. INTRODUCTION

Angle-resolved ultraviolet photoelectron spectroscopy
~ARUPS! hasbeen,over the last two decades,an exceed-
ingly successfultechniquefor mapping electronic energy
bandsof solids1,2 and surfaces.3 Data interpretationis very
direct andrelies,to first approximation,on the conservation
lawsof energy andmomentumin thephotoemissionprocess.
In brief, the spectrashow direct transition ~DT! peaksat
those photoelectronkinetic energies and momentawhere
k-vectorconservingtransitionsbetweeninitial andfinal-state
bandsexist with energy separationsequalto the photonen-
ergy. Accordingly, themeasurablequantitiesare,for a given
photonenergy, energy positionsandemissionangles.

ARUPSspectracontain,however, additionalinformation
aboutthe systemunderstudy: It is well recognizedthat the
intensitiesof the direct transitionpeaksdependon the sym-
metry of the local orbitals that constitutethe initial band
states.1,2 Experimentsperformed along mirror planes of
single-crystalsamples,andwith photonpolarizationvectors
normalto theseplanes,caneasilydiscriminatebetweeneven
or oddstatesymmetrieswith respectto theseplanes.Photo-
emissionmatrix elementseither suppressor enhancestates
with respectivesymmetries.Apart from suchqualitativema-
trix elementarguments,it is consideredvery difficult to ex-
tract informationfrom intensityvariationsof direct transition
peaks.4 While theoreticalformalismsexist that include the
effects of matrix elementsand final-statescattering,5–8 in
practicemostanalysesof ARUPSmeasurementsto dateuse
free-electronfinal states.In veryearlywork onTaS2 ~Ref.9!,
the multiple-scatteringcharacterof the final statehasbeen
found importantto explaindetailsin theangulardistribution
of Ta d emission.10 We investigatein this paper, experimen-
tally and theoretically, the influenceof final-statescattering
on the intensitiesof direct transitionpeaksfrom the3d band
of copper. In contrastto the spectrameasuredfrom TaS2

~Ref. 9!, we observestrongdispersioneffectsin Cu,making
this an excellentcasefor studyingthe interrelationbetween
dispersionandintensitiesof direct transitionpeaks.

Our interpretationof photoemissionintensities empha-
sizesthe effects of photoelectronscatteringanddiffraction.
This approachhasbeenusedvery successfullyover the last
few yearsfor describingangulardistributionsof core level
photoemissionintensities.11 In this case,a sphericalphoto-
electron wave emanatingfrom the photoemittingatom is
considered.This wave is scatteredstrongly by the corepo-
tentialsof the neighboringatoms,and a highly anisotropic
emissionpatternevolveswhich carries information on the
local atomic structurearoundthe photoemitter. Thesephe-
nomenacan be convenientlymodeledby scatteringcluster
calculations,andphotoelectrondiffraction can thusbe used
for determiningsurfaceatomicstructure.11

II. THE IDEA

Our quantitativemeasurementsof valenceemissioninten-
sitiesin ARUPSarebasedonanacquisitionprocedureanalo-
gous to that usedin photoelectrondiffraction experiments:
Thephotoelectroncurrentwithin asuitableenergy window is
recordedsequentiallywhile a single-crystalsampleis rotated
to sweepthephotoelectronemissiondirectionacrossa large
part of the hemisphereabovethe surface.12 The important
point is that we havea constantflux of photonsanda fixed
orientationof the electronenergy analyzerrelative to the
photon incidencedirection. In Fig. 1 we illustrate the rela-
tionship betweenan arbitrarily definedenergy window and
themeasuredtotal intensityfor thecaseof thefast-dispersing
sp-bandtransitionsfrom Cu~111!. Note that thebackground
in thesespectrais rather low andwe thereforedo not take
anymeasuresto subtractit.

If the energy window is narrower than the bandwidth,
suchas shown in Fig. 1, thereare obviously two different
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processes that modulate the measured intensity: At emission
directions where a direct transition disperses through the
window, the intensity takes a high value while it is low at all
other directions. If we compare two spectra where the tran-
sition is centered on the window, we find still different in-
tensities: The DT intensity is modulated by transition matrix
elements. For arbitrarily chosen windows smaller than the
overall bandwidth these two processes mix, and the resulting
intensity modulations are difficult to interpret. However,
there are two important limiting cases: If a very narrow win-
dow is selected, we can use the measured intensities for a
very accuratek-space mapping of states with a binding en-
ergy given by the position of the chosen energy window. Of
particular interest are measurements with a narrow window
located at the Fermi energy which permits a direct mapping
of Fermi surfaces for two- and three-dimensional
systems.13–17 The other limiting case, which is the one we
deal with in this work, is where the energy window is
matched to the entire bandwidth. In this case the DT peak
never disperses out of the measurement window, and the
intensities thus reflect directly the processes of the second
type, i.e., we measure matrix elements. This experiment ob-
viously cannot be carried out with thesp band of copper,
because it traverses the Fermi energy. We have therefore con-
centrated on the more localized 3d band, which is com-
pletely occupied and very well characterized in terms of
band dispersion and upper and lower band edges.2

III. EXPERIMENTAL

The experiments were carried out in a Vacuum Generators
ESCALAB Mark II photoelectron spectrometer at a base

pressure of 2310211 mbar. The Cu~111! and Cu~001! single-
crystal samples were prepared using standard techniques in
order to present atomically clean and well-ordered surfaces
and thenin situmounted on a computer-controlled two-axis
goniometer. The spectrometer, consisting of a magnifying
~3:1! lens, a 150-mm hemispherical-sector analyzer and a
three channeltron detector unit, was set to accept photoelec-
trons within a narrow acceptance cone of the order of 3° full
opening angle by adjusting an iris aperture in front of the
lens. The unmonochromatized He discharge lamp was
mounted at a fixed angle relative to the lens axis and the
sample tilt axis~Fig. 2!. A stable operation of the lamp over
the typical measuring times of the order of 2 to 3 h was
crucial for this experiment and was achieved by maintaining
a constant pressure behind the He inlet leak valve.

Complete angular distributions of photoelectrons were
measured by sweeping the emission direction, i.e., the lens-
analyzer entrance direction, in consecutive azimuthal circles
over almost 2p solid angle relative to the crystal surface by
computer-controlled crystal rotation.12 At each of typically
4000 angular settings the spectral range of interest is mea-
sured and the intensity integrated over the entire 3d band-
width ranging from 2.0 to 5.6 eV in binding energy. For
presentation purposes the angular mesh is stereographically
projected and the intensities are plotted in a linear gray scale.

Due to the combination of a relatively small UV beam
diameter and photoelectron analysis spot, strong and purely
instrumental intensity variations occurred with polar emis-
sion angle. In order to circumvent this problem, overall polar
intensity variations have been removed by normalizing the
data on each azimuthal scan. This same procedure has been
carried out for calculated intensity patterns to give a mean-
ingful comparison.

Before measuring the UV excited intensity patterns, the
crystal axes were determined to an accuracy of;0.2° by
means of x-ray photoelectron diffraction using the same
setup and an Mg Ka x-ray source.18

IV. THEORETICAL APPROACH

The scattering theory describing the emission of core-
level photoelectrons from well-ordered crystal surfaces is

FIG. 1. He I ~21.2 eV! excited photoelectron spectra from
Cu~111! at a polar angle of 66° for various azimuthal angles relative
to the@1̄ 1̄2# azimuth. Shaded areas represent the measured intensi-
ties inside an arbitrary energy window within thesp band energy
range. The horizontal arrow indicates how these intensities vary due
to the direct transition peak moving through the energy window,
while the vertical arrow symbolizes variations of direct transition
intensities~see text!.

FIG. 2. Experimentalgeometryusedfor thesemeasurements.
Electronemissionand photon incidencedirectionsare fixed with
respectto eachotherwhile thesingle-crystalsampleis rotatedabout
polar andazimuthalaxes.Note that the photonincidencevector is
not within the planesweptby the samplesurfacenormal.
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well established.11 Dueto theshort inelasticmeanfreepaths
of excitedelectronsin solids,rangingfrom only a few Å to a
few tensof Å dependingon the kinetic energy, the elastic
scatteringis convenientlytreatedin a clusterapproximation,
with clustersrepresentingthe local atomic environmentof
near-surfacephotoemitters.The importantpoint is herethat,
for well-localizedcore levels,a photoelectronwave is con-
sideredto be emanatingfrom a single,well-identifiedatom
within this cluster. This waveis thenscatteredcoherentlyby
all atomsto producea diffraction patterncharacteristicfor
this particularemitter site.All atomswithin the surfacere-
gion actasphotoemittersandtheir individual diffractionpat-
terns add up incoherently. Dif fraction patternshave to be
calculatedfor all inequivalentemittersites.For Cu~111! and
Cu~001! surfacesthis meansthat one emitter per atomic
layer needsto be considered.The resultspresentedin the
next sectionare for clusterswith four layers containinga
total of about150Cu atoms.We find this clustersize to be
essentiallyconverged.

The calculationshavebeencarriedout within the single-
scatteringcluster~SSC! approximation11 which is known to
be efficient and to describephotoelectrondiffraction data
rather accuratelyin many cases.The individual electron-
atom scattering processesinclude effects due to the
spherical-wavenatureof emittedandscatteredphotoelectron
waves:For a given initial stateof angularmomentuml and
for a given photon polarization state a highly anisotropic
waveis emitted.Theassociatedcurvatureeffectsat thescat-
terer site are known to be important at low electron
energies.19 For calculatingeffective scatteringmatriceswe
use the very efficient and accurateformalism of Rehr and
Albers20 which hasbeenimplementedfor use in a single-
scatteringclustercodeby FriedmanandFadley.21

The experimentshavebeenperformedusingunpolarized
He I andHe II radiation.This canbemodeledby incoherent
superpositionof two calculationsusing orthogonalphoton
polarizationswithin a planenormal to the photonincidence
direction.Foreachoneof thesepolarizationvectorsemission
from a Cu 3d stateproduceswavesof p and f symmetryby
applyingdipoleselectionrules.For a filled shellall magnetic
quantumnumbersm50, 61, 62 haveto beconsideredwith
equalweight,andp and f channelsof equalm interferewith
each other, with radial matrix elementsand phaseshifts
taken from atomic calculations.22 Emission from s and p
initial statesarecalculatedaccordingly.

Partial wave phaseshifts for calculatingspherical-wave
scatteringamplitudeshavebeenobtainedwithin amuffin-tin
approximationanalogousto thoseusedfor low-energy elec-
tron diffraction.23 An innerpotentialV0 of 13.5eV ~Ref. 23!
wasusedin order to considerwave refractioneffectsat the
surfacepotentialstep,aswell as a work function F of 4.9
eV. Final-statescatteringwas then calculatedfor a kinetic
energy correspondingto photoexcitationfrom the mean3d
band energy: i.e., EB

3d5@~2.015.6!/2#eV53.8 eV. For a
given photon energy the kinetic energy inside the crystal
resultsin

Ekin
solid5hn2EB

3d2F1V0 , ~1!

and we obtain valuesof 26.0 eV ~He I, hn521.2 eV! and
45.6 eV ~He II, hn540.8 eV!. At suchlow energies refrac-
tion effects are very important.We find only a moderate

energy dependenceof the intensitypatternsfor variationsof
the kinetic energy within the 3d bandwidth.

V. RESULTS AND DISCUSSION

In Fig. 3 a seriesof He I excitedangle-resolvedvalence
band spectrafrom Cu~111! are presented,measuredat 5°
intervals over one symmetry-equivalentstretchof 120° in
azimuthalangles,at an arbitrarypolar angleof 66° off nor-
mal. In orderto give theconnectionbetweentheactualspec-
tra and the integrationprocedureusedin the following, we
choseto givea representationbothasa relief plot @Fig. 3~a!#,
emphasizingthe highly dispersivecharacterof the energy
spectrain both the sp and3d spectralranges,andasa grey
scaleplot @Fig. 3~b!# showing the energy window selected
for the intensityscans~Figs.4 to 8!. The parabolicsp band
canbeseenclearlybetweentheFermienergy and2 eV bind-
ing energy, wherethe top of the 3d bandis markedclearly
with a steplikeincreasein backgroundintensityandstrong,
slighly lessdispersingemissionfeatures.Still, direct transi-
tions arefoundmoving over the entired bandwidth.

In Figs. 4 to 7 we give the resultsof our measurements

FIG. 3. Seriesof electronspectrafrom Cu~111!, excitedby He I
radiation.Spectraweretakenevery5° of azimuthalemissionangle,
at a polarangleof 66° off normal.In ~a! thespectraarerepresented
asa relief plot, with intensitiesnot normalizedwith respectto each
other. Sinusoidaloscillationson theparabolicsp band~0–2eV! are
an artifact due to the two-dimensionalinterpolationof the datato
producethis graph.Theorigin of theazimuthalanglescaleis along
the @1̄ 1̄2# azimuth.In ~b! the samedataaregiven in a linear gray
scalepresentationwhich permitsa betterdefinition of the energy
window usedfor obtainingthe datagiven in Figs.4–7.
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andSSCcalculationsfor two facesof copper, Cu~111! and
Cu~001!, and for two different photonenergies,He I ~21.2
eV! andHe II ~40.8eV! radiation.Theexperimentaldataare
raw, exceptfor thenormalizationproceduredescribedin Sec.
III, andno symmetryaveraginghasbeenperformed.Calcu-
lationshavebeencarriedout for excitationfrom threediffer-
ent initial angularmomentumstates:s, p, andd emission.In
eachcasethe contributionsof photoemittersfrom eachof
four layersat andbelow the surfacehavebeensummed.

The overall impressionone obtainsfrom Figs. 4 to 7 is
quite striking: For eachcasethe experimentalpatternis by
far best reproducedby the d emissioncalculation,and the
agreementis in all casesremarkablygoodandalmostquan-
titative. This statementis not only true for the appearance
andsymmetryof thepatterns,but alsofor theabsolutemag-
nitudeof the effect. As an illustration, Fig. 8 showsan azi-
muthal sectionthroughthe dataof Fig. 4, takenat a polar
angle of 66° off normal. For this case, the maximum
anisotropies,measuredas~I2Imin!/Imax, are0.43for theex-

perimentand0.36for thecalculation.While this is not fully
quantitative,thesenumbersare neverthelessrather close if
one remembersthat emissionanisotropiesin higher-energy
photoelectron diffraction are typically overestimatedin
single-scatteringtheory by a factor of 1.5 to 2.0 ~Ref. 11!.
Here we havea casewhere the calculatedanisotropiesare
slightly weakerthan the measuredones.We concludethat
suchenergy-integratedUV-excitedphotoelectronintensities
are dominatedby UV photoelectrondiffraction ~UPD! ef-
fects.

Thedegreeof agreementwe find betweentheexperimen-
tal emissionpatternsand the d emissioncalculationsis re-
markablefor two reasons:~i! Eventhoughweconsideremis-
sion from band states,which are delocalizedenough to
producestrongdispersioneffects ~Fig. 3!, the 3d bandof
copperproducesuponenergy integrationan intensitypattern
that is well describedby a model involving emissionfrom
individual localized d orbitals, and ~ii ! multiple scattering
effectsareexpectedto be strongat suchlow electronener-
gies,but a single-scatteringtheorypredictstheemissionpat-
tern ratherwell.

Thesecondpoint is, in our view, thelessfundamentalone
andcanbe intuitively understood.Fritzschehasrecentlydis-
cussedthe effects of finite energy resolutionon photoelec-
tron diffraction spectra.24 He showedthat long scattering
pathsare systematicallysuppressedif the energy spreadof
themeasuredelectronsis non-negligiblewith respectto their
meankinetic energy. Electronsat the lower andhigherends
of theenergy windowhavesufficientlydifferentwavelengths

FIG. 4. Completeangulardistributionsof Cu 3d electronsfrom
Cu~111!, measuredwith He I radiation.Thedatahavebeenstereo-
graphicallyprojectedandintensitiesaregiven in a lineargrayscale
afterbeingnormalizedto equalaveragevaluealongeachazimuthal
circle ~seetext!. Thecenterof eachplot representsnormalemission,
while the outer circle indicatesemissiondirectionsparallel to the
surface.The experimentalcurve ~bottom right! hasbeenobtained
by measuringthetotal intensitywithin theenergy window indicated
in Fig. 3~b! for 3600 angularsettingsspreaduniformly over the
measuredsolid angle reachingout to 78° in polar angle. Single
scatteringclustercalculations~left row! for emissionfrom localized
s, p, or d emittersareshownfor comparison.

FIG. 5. SameasFig. 4, but for excitationwith He II radiationat
40.8eV.
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to rungraduallyout of phase.In our casewehavea situation
wherethemeankineticenergy insidethesolid is about26eV
~He I! and45.6 eV ~He II !, while the window width is 3.6
eV. Consideringthe associatedspreadin wave lengths, it
takespathlengthsof about17 Å ~He I! and22 Å ~He II ! in
orderto havethe lower andhigherendelectronscompletely
out of phase,andcoherenceis expectedto bedampedearlier
thanthat. In our SSCcalculationswe haveusedclustersizes
of theorderof 15Å in diameterand 6 Å in depth,which are
dimensionswheresucheffectsclearlybeginto be important.
Therefore,anyimprovementof thesecalculationsin termsof
includingmultiple scatteringmustat the sametime include
the energy spreadof the electrons.

We now discusstheobservedduality betweenthedisper-
sion shown in thesespectra,indicating statesthat extend
overmorethana singleatomicsite,andthe intensitypattern
which indicatesemissionfrom localizedsources.A localiza-
tion dueto theemissionprocesshasbeeninferredfrom x-ray
excitedphotoelectrondiffraction dataconsideringintegrated
valencebandemissionfrom Al ~001! ~Refs. 25 and 26!. In
this case,thepatternalonganazimuthalscan,measuredat a
polarangleof u545°,wasfoundto beessentiallyidenticalto
that of a near-lying core level ~Al 2s!, both in shapeandin
absoluteanisotropies.Consideringthe nearly free electron
natureof thesp-like valencebandof aluminium,this appar-
ent localizationmust be due to the photoemissionprocess
itself and/ordue to the way we measureit. An obviouslo-
calizationarisesherebecausethefinal-statewavevectorsare
about ten reciprocalbasisvectors long, which leadsto an

averagingover a large part of the Brillouin zonedue to a
combinationof finite angularresolution,short electrones-
capedepth,andphonon-assistedindirect transitions.27 In or-
der to seethis, we considerthe idealizedcaseof photoemis-
sion from Bloch statesgiven as a linear combinationof
Wannierfunctions:

c~k,r !5
1

AN (
j
eikR jw~r2Rj !. ~2!

FIG. 6. SameasFig. 4, but for Cu 3d electronsemittedfrom
Cu~001! after excitationwith He I radiation.

FIG. 7. SameasFig. 4, but for Cu 3d electronsemittedfrom
Cu~001! after excitationwith He II radiation.

FIG. 8. Azimuthal sectionthroughthe experimentaldatasetof
Fig. 4, takenat a polarangleof 66° ~dark line! in orderto permit a
quantitative comparisonof the measuredintensity anisotropies,
given as @I (f)2Imin#/Imax, with those obtainedwith a single-
scatteringcalculationusinglocalizedd-waveemitters~thin line!.
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Here,N is the numberof atomsin the crystal volumeover
which the summationis carriedout, andw~r -Rj ! represents
the Wannier function centeredat the atomic site Rj . The
photoemissionmatrix element for emission into a free-
electronfinal stateof eik f r , with k f being the photoelectron
wavevector, canthenbeexpressedas28

Mif}E
BZ
d3kK (

j
eikR jw~r2Rj !Up–AUeik f rL d~Ef2Ej

2hn!. ~3!

The integrationover the Brillouin zone reflectsthe above-
mentionedzoneaveragingeffectswhich lead to a coherent
superpositionof emission processesfrom all initial state
wavevectorsk. Carryingout the integrationyields

(
j
E d3keikR j5(

j
d~Rj ! ~4!

andthematrix elementbecomes

Mif}^w~r !up–Aueik f r&d~Ef2Ei2hn!. ~5!

Clearly, the initial statehascollapsedinto a singleWannier
functioncenteredat oneatomicsiteevenif free-electron-like
statesare involved. As a consequence,coherentemission
from severalcentersis not observedin this x-ray limit.

Aside from this localizationdueto zoneaveraging,more
fundamentalmechanismsfor hole statelocalizationin pho-
toemissionhavebeendiscussed.Specifically, exchangeand
correlationeffects that give rise to the exchange-correlation
hole in the free electrongasarealso inferred to induceva-
lencehole localizationuponphotoemission.29,30Theseideas
aresupportedby the observationof essentiallythe samein-
trinsic plasmoncreationratesin core and valenceelectron
emission,indicatingasimilar perturbationof theelectrongas
in both cases.31

The presentdataset corroboratesthe existenceof local-
ization phenomenathat go beyondthat of zoneaveraging:
Theobservationof strongdispersioneffectsin the individual
spectragives clear proof that a small volume in k spaceis
sampledat eachangle.Theenergy integrationgivesa smear-
ing of themagnitudeof k of the orderof 0.2 Å21, which is
lessthan10% of typical Brillouin zonedimensions,andby
nomeansenoughto explaintheobservedlocal emissionpat-
tern by zoneaveragingeffects.

As an intermediatecaseof incompletezone averaging,
Herman et al.32 measured,at room temperature,energy-
integratedx-ray excitedvalenceelectronspectraof W~110!
asa functionof azimuthalangle.Here,angularvariationsof
thespectraareseen,while theresultingdiffractioncurvesare
rathersimilar to thoseof W 4 f with somesignificantdevia-
tions. From a comparisonto fully zoneaverageddatamea-
suredat a temperatureof 803 K, they concludedthat these
deviationsshouldbepartly dueto differentangularmomen-
tum final states~p and f for W 5d, d andg for W 4 f ! and
partly due to remnantdirect transition selection rules. In
view of our current results theselatter effects are not ex-
pectedto influencethe energy-integratedintensities.Indeed,
in earlierwork on tungstenbyWhiteet al.,27 it wasobserved
thatdirect-transitionintensitymustbe lost at very nearlythe

samerateasnondirect-transitionintensity is gainedwith in-
creasing temperature,thus implying an empirical ‘‘sum
rule.’’

In this context, we should mention that Thomannand
Fauster33 have integrateddirect transition intensities, ob-
tained within a parametrizedband structure of Cu and
weightedby transitionmatrixelements,for energiescovering
the 3d bandwidth.This procedurewas performedfor all
k-directionspointingoutsidethesurface.Theobtainedangu-
lar distributionsshow somesimilarities with the measured
distributionsof Figs.4–7, but thereis significantlylessover-
all agreementas comparedto the presentstudy. Therefore,
even though this parametrizedbandstructuredescribesthe
dispersionwell, the underlying wave functions and/or the
free-electronfinal statewave functionsusedfor calculating
thematrix elementsareinsufficientto describetheobserved
angulardependenceof the integratedd bandemissionquan-
titatively. However, a very significant result appearsfrom
their study. They find that the angulardistribution is domi-
natedby thecouplingof theplanewavesinsidethecrystalto
thosein thevacuumratherthanby the transitionmatrix ele-
ments.

Our observationsuggeststhatclustercalculationsof final-
statescatteringeffectsinvolving emissionfrom localizedor-
bitalsmay be an efficient way to calculateangularintensity
variationsof direct transitions.In order to seethis we refer
againto Fig. 1 wherethe dispersingtransitionfrom the sp
bandis shown.Contraryto the3d bandwe haveto consider
a singlebandonly in this case.The energy integrationwill
herepick updirectly theintensitymodulationsfor transitions
from this band.The complication is that the bandmoves
acrosstheFermi levelwhenk crossestheFermisurface,and
we canthusmeasuretheseeffectsonly insidetheFermisur-
face.However, the experimentalverificationof whetherthe
correspondenceof energy-integratedangular distributions
andemissionpatternsfrom localizedsourcesholdsalso for
caseswith partially filled bands,in this casefor selected
contiguousregionsin k space,remainsto bedone.Thetheo-
retical analysismay herebe complicatedby crystalfield ef-
fectsthatcauseanonuniformoccupancyof magneticsublev-
els in the openshell. Theoreticalanalysesalong theselines
areunderway.

VI. STRUCTURAL SENSITIVITY

The description of energy-integratedvalence emission
spectrain termsof final-statescatteringopensup the possi-
bility of obtainingstructuralinformationfrom suchdata,us-
ing an analysisschemewhich is strongly relatedto that of
x-ray photoelectrondiffraction ~XPD!. Clustermodelsneed
to be conceivedrepresentingthe surfacegeometryunder
study, andfinal-statescatteringcalculationsare thencarried
out within the single-scatteringcluster approximationde-
scribed in Sec. IV. The atomic geometryof the cluster is
varied in order to optimize the agreementwith the experi-
mentalangulardistributions.

Thereare somequalitativedifferencesbetweenthe scat-
teringof high-energy electronsencounteredtypically in XPD
andthelow-energy situationwhich is presenthere.At kinetic
energiesof ca.300eV andmore,electronsarestronglyscat-
tered along the forward direction, giving rise to so-called
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forward-focusingmaximaalonginteratomicbonddirections.
Themain informationobtainedby XPD is thuspurely geo-
metric bond orientation,while bond length information is
only containedin muchweakerfirst- andhigher-order inter-
ference fringes. Low-energy photoelectronssuch as those
producedupon UV excitation scattermuch more isotropi-
cally ~Fig. 9! andproducethusfar strongerinterferencefea-
tures.It is now of interestto know the sensitivity of these
interferencefringes to structuralparameters,specificallythe
bondlength.

First we presentin Fig. 10 theresultsof SSCcalculations
for d emissionfrom Cu~111!, excitedby He II radiation,for
fictitious variationsof the Cu lattice constanta0. Over the
rangeof a053.4 Å to 3.8 Å we observesignificantdiffer-
ences betweeneach of these azimuthal curves taken at
u566°,with incrementsin a0 being0.1Å andthuslessthan
3%.We find slight angularshifts, changesin relative inten-
sities,and for this polar anglethe gradualappearanceof an
additional interferencemaximum along the @2̄11# azimuth
~f530°! with increasinglattice constant.The sensitivity to
structureis thussimilar to thatof XPD whenusedfor adsor-
bateemission,34 and,in fact, superiorto XPD whenusedfor
substrate emission where zero-order forward scattering
dominatestheemissionpatternandbondlengthinformation
is very limited.12 In the samefigure we also give an azi-
muthalsectionthroughtheexperimentaldatasetof Fig. 5, at
thesamepolarangleof 66°, in orderto permita quantitative
comparisonto thevariouscalculatedcurves.As in Fig. 8 we
find a rathergood agreementin peakpositionsand overall
anisotropies,especiallyfor the calculationwith the true lat-
tice constantof 3.6Å. Moreover, therelativeintensityof the
extra peak in the @2̄11# azimuth is best reproducedfor this
value. Nevertheless,one also notices somedeficits in the
calculationswhich generally produce broader peaks than
thoseexperimentallyobservedandwhich fail to predict the

smallpeakatf590°. It shouldbe interestingto seewhether
residual multiple scatteringeffects can account for these
deficits in our SSCcalculations.

A further result from our analysisof structuraleffectson
suchangularpatternsis thatwefind thesecurvesto converge
extremelyrapidly with the numberof emitting layers.The
surfacelayerby itself reproducestheessentialgrossfeatures
of the angulardistribution,which sharpensomewhatas fur-
ther layersare added.After threelayersthereis essentially
no morechange.All thesecalculationswerecarriedout as-
suminganinelasticmeanfreepathof 5 Å, which in ourSSC
model correspondsto an exponentialdecaylength of wave
amplitudeof 10Å ~Ref.35!. Furtherreducingthis valuedoes
not help to producesharperfeatures.

VII. CONCLUSIONS

We have found a remarkableduality in the way UV-
excitedCu 3d photoelectronspectrafrom cleanCu surfaces
exhibit both itinerant and localized characterat the same
time. Energy-resolvedspectrashow pronounceddispersion
effects thus reflecting the band nature of theseelectrons,
while uponenergy integrationthe resultingangularintensity
distributionsindicateemissionfrom sourceslocalizedon in-
dividual latticesites.Theseexperimentsprovidefurtherhints
for the localizationof a valencehole uponphotoemission.30

The emissionpatternis dominatedby final-statescattering,
i.e., by UV photoelectrondiffraction ~UPD! effects, which

FIG. 9. Scatteringfactorsfor describingthescatteringof aplane
waveoff asingleCuatomat threedifferentelectronenergies.These
curveshave beencalculatedusing partial wave phaseshifts ob-
tainedfrom a Cu muffin-tin potential.23

FIG. 10. Azimuthalsectionthroughtheexperimentaldatasetof
Fig. 5 @Cu~111!, He II excitation#, takenat a polar angle of 66°
~dark line!. In order to study the sensitivity of suchdata to bond
lengthswithin thesurfaceregion,this curveis comparedto several
calculatedcurves ~thin lines! obtainedwithin the SSCmodel ~d
emission! andassumingvariousfictitious valuesfor the latticecon-
stanta0 of Cu, ranging from 3.4 Å ~bottom curve! to 3.8 Å ~top
curve!.
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we canwell describewithin a single-scatteringcluster~SSC!
model.Theobservedstructuralsensitivityof suchUPD pat-
terns is relevantfor two aspects:It permits the analysisof
surfacestructureusingaUV source,thuscombiningdetailed
structural and electronic information in one experiment.
Moreover, it meansthat measuredintensitiesof direct tran-
sition peakswill dependratherstrongly on the geometrical
arrangementof the surfaceatoms.
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bach,S. Hüfner, ibid., Reply.

27R. C.White,C. S.Fadley, M. Sagurton,Z. Hussain,Phys.Rev. B
34, 5226 ~1986!.

28P. J.FeibelmanandD. E. Eastman,Phys.Rev. B 10, 4932~1974!.
29D. R. Penn,Phys.Rev. Lett. 40, 568 ~1978!.
30C. O. Almbladh andL. Hedin, in Handbookon Synchrotron Ra-

diation, edited by E. E. Koch ~North-Holland, Amsterdam,
1983!, Vol. 1B, p. 683.
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