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ABSTRACT |

Thg directiona] anisotropy iﬁ photoemissibn from valence bands of |
Cu and Au single crystals has been studied in the.photoh_energy ranges
>32-eV < hv < 200 eV, and 32 eV < hv < 130 eV, respectively. Angle
reso]véd photoemiésion energy diStributions (PED's) were obtained for
electrons emitted in the [001] and [111] directions.. Dramatic differ-
ences were found between the two directions and strong variations with
energy were obtained over the ehtire energy range. The results are
discussed in- terms of final-state Eand structure effects and/ver;us
strong inelastic damping in the final state. For Cu, spectra taken
at hv = 90 eV along the same symmetry directions at high (90°) and Tow
(35°) take-off angles from the surface show a pronounced narrowing of
the d-band at low take-off angles. This is attributed to a preferential
5amp1ing of the local density ofvstétes gt the surface by using an

appropriate photon energy and take-off angle. The energy dependence
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of the Au 5d intensity has been measured and is found to decrease by a

factor of 50 over the investigated photon energy rénge 40 - 190 eV.
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I. INTRODUCTION

‘Angle resolved photoemission (ARP) frpm singie crystals has
previdus]y beeh reported in the ujtraviolet (UPS)] and x-ray (XPS)Z’3
photoemission ranges. In the two regimes significantly different
information is contained in.the experimentally Qbserved/photoe]ectron
. energy distributions (PED's). At UPS eﬁergies‘the PED's obtaihed by
exciting va]ence electrons are determined by the details of both the
initial (valence band):and final (conduction bard) state energies and
wavefunetionsﬂ’5'1n.this regime the three‘step model of photoemission5
including strict momentum and energy coneerVation during fhe excitation
process, has proven to deseribe the experimentd] situation quite well.
On the other hand, angle reéo]ved PED's observed at XPS energies basic-
ally depend only on}the symmetry prdperties of the initial states.3
In this case momentum- and energy—cdnservation selection rules are
also important but they are mere easi]y.satisfied. vThus final-state
band strUCture effects are weak. The experimenta] spectra are we1]
described by the initia]ldensity of states ﬁoduieted by an angle depend-
ent matrix element.3 | |

| So far,.nO'ARPfstudieS'have been performed in the'transition
region betWeen UPS and XPS, nameTy 1d the regibn 40:eVA$ hv < 1000 eV.
Here we report such‘eXperiments;( we}have ut{iized the first six 8-hour
shifts dedicated to synchrotron radiation on the SPEAR storage ring
at the Stanford Synchrofron Radiation Project (SSRP).6 The high phefon
flux emitted by SPEAR, which operated at beam currents up'td 30 mA,7 '
allowed ARP Studies of the va1ence'bands (VB) bf Cu (3d) and‘Ad (5d)

single crystals in the energy range up to‘280 eV for Cu and 130 eV for Au.
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ARP experimentsvin:the photon.energy'range studied here are of
considerable interest because of their high surface sensftivity whiCh
arises from a minimum in the photoe]ectron mean free path in the kinetic
energy reg1on around 100 eV. 8 In this range of eIectron energ1es the
‘mean free path . becomes comparab]e with the 1nteratom1c d1stance in
the solid, and the photocurrent ar1ses Iarger from the top Iayers ]
The theoret1ca1 description of the PED s in th1s range of “strong damp;
ing" is a difficu]t prObIemr“hot onIy does one have.to‘consider‘the
local states of the outermost surface,Iayerbin“addftion to the bulk.
states as possible initiaI states, but the photoemission process p_r;sg
can no longer be descr1bed by a s1mp1e modeI because the steps of
exc1tat1on, transport and em1ss1on are 1nextr1cab1y m1xed 9 It has
been argued that because of strong 1ne1ast1c eIectron scatter1ng effects
the observed: spectra might even have to be 1nterpretated in terms of
many body effects rather than s1ngIe part1c1e propert1es I1ke dens1t1es
of states.]

‘This paper is intended to eIUcidate some of the above problems
by prov1d1ng the f1rst exper1menta1 ARP resu]ts in th1s 1nterest1ng
~energy range. It is apparent that ARP stud1es prov1de cons1derab1y
more deta1Ied information than the prev1ous]y available ang]e 1ntegrated
5,10, ]1 12 .Exper1menta1 detan]s and resu]ts are presented in
Sections. II and III, respectiVer In Sect1on IV we d1scuss the bas1c
phys1ca1 reasons for an energy and angu]ar dependence of photoem1ss1on
in the UPS XPS trans1t1on reglon -~ The exper1menta1 results for Cu and
Au are discussed in these terms in Section V. In the conc]ud1ng Sect1on

VI we d1scuss the basic 1nformat1on obtained from the present 1nvest1ga—

tion and po1nt out some of the prob]ems st1mu1ated by it.



IT. EXPERIMENTS

'The experimental geometry is shown in Fig. 1. The monoc:h’r'omatic]3
photon beam was incident on a Cu or Au single crystal which was position-
ed at tbevfocal point of a cylindrical mirror analyzer (CMA) modified
for ARP studies as discussed below. The electric field vector E of the
incident.radiation lay in the plane defined by the beam and the propa-
.gation direction of electrons accepted by . the ana1yzer..3Its oriéntétion
with respect to the crysta]]ine axes is shown in Fig. 2. We have chosen
the fouffo]d cubic axes [100], fO]O], and [001] as our frame of reference
(x,y,z) and we describe the spacial orientation of the E vector and
the detector in terms of polar (0) and azimuthal (¢) angles. The posi-
tions of the X-ray beam and the detector were fixed relative to each
other With the x-ray Poynting vector, [4 vector, and the detector accep-
tancevaXis lying in the horizontal planef |

The samp]e'ho1der could be rotated about a vertical axis. Two

‘ cbysta]s wifh a (OO])vand (111) face, respectively, were mountgd.simu1-
taneous]j on the sample holder. By raising or lowering the sample holder
the electrons were collected either a]ong fhe [001] direction of the
.(001) crystal or along the [111] direction of the (111) crystal (cp.
: Fig. 2). For Cu it was bobsib]e to look at pbotoe]ectrons emitted
along both the [001j ahd [111] axes of the same cryéta] by rotating
about the vertical axis. The faces of the brysta]s were polished to 1
‘micron smoothness and then etched before introduction ihfo-the ultra-

high vacuum(n] x 10710

Torr) chamber. The surfaces were then cleaned
by argon ion bombardment and annealed by heating with an é]ectrpn gun

to remove surface damage.
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The CMA, operated in the retarding mode,14 was adapted for angle-’
resolved measurements by placing a stainless-steel shield with a 11°
slit aperture on the front of the ana]yzer.]5, The -geometrical arrange-
ment ofithe slit is shown in Fig. 1b. The modified analyzer accepts
electrons emittéd into a cone of approximately t6°. The effectivé
acceptance area of the CMA is defined by the +6° acceptance width of‘

the CMA]6

and by the +5.5° s1it width of the shield (cp. Fig. 1b). It
was found that the shield réducés the counting efficiency of. the CMA

by approximate]y 360°/11°, as expected. The Cu PED's were recorded at a

pass energy (Ep) of 10 eV, except for(thé,hw 200 eV spectra which were

measured with € = 15 eV for Cu [001] and E_= 25 eV for Cu [111]. The

p
Au spectra were obtained with Ep =50 eV. Ata givgn pass energyl_,
the CMA used in the present study had an energy rg;o]ution of AE =
0.016 Ep when operated without the s]it aperture. It wa§ found that
the s1it aperture improves thé energy resolution of the analyzer.
Measurements of core 1eve]s»ﬁjth and without the slit aperature shoWed
that the resolution improves‘by approximately a fagtok_of 2 when the

17 We thus believe that the Cu and Au spectra were

apefture wasAused.

fecorded wifh a CMA resolution of AE < 0.15 eV and AE ~ 0.4, réspective]y.
The angle-resolved experiments preéented here were Carriedvout

in the photon enefgy Fangev32 eV < hv < 200 eV for Cu and 32 eV < hv <

130.ev for Au. The lower experimental 1imit (32 eV) is given by the

possible mechanical motions of the monochromator.?3 The .upper 1imjt

for Cu is given by the lr‘ésolut':ion_]8

of the monochromator. We recorded
Cu spectra up to hv = 280 eV (for even higher energies the absorption

of carbon (K-edge) on the various mirror surfaces resulted in a



considerab]e decrease in intensitx), but above hv = 200 eV the resolu-
tion decreased considerably and no difference in the PED's for Cu [001]

18 The upper. 1imit (hv = 130 eV) for

and Cu [111] could be observed.
Au‘was determined by the small Au 5d cross section at higher energies

as will be discuseed in mdme detail below. The Tow 5dlcross section

was also the reason for recording fhe Au PED's at a higher CMA péss
energy. | " '

In order to obtain ihfdrmation on the cross-section variation of
the 5d band in Au with'photon energy we have measured the variation of
the 5d intensity in the range 40 eV < hv <F190 eV. These studies were
carried.out wfth a‘resoTution AE = 1.6 eV (Ep = 100 eV). No aperture
was used in order to average over various angles of e1eetron emission
and in order to‘improve the signal. The Au'samp1e waéva.polycrysta11ine
foil which was cleaned by argon.ion bombardment and subsequently annealed
by heating with an electron gun to remove surface damage. |
I11. RESULTS

A. Cu |

Experimental results for Cu are éhown in Fig. 3. For both crysta]
faces the electrons were taken off along the eurface normals of the
(001) and (111):%aees as shomn in Fig. 2. - The experimental orienta-
tions ame surmarized in Table I. Theuspectre'are.shown expahded around
the Fermi energy; because the onset of photdemission is often very
weak for Cu. - |

| Several distinct trends are apparent in the PED's shown in Fjg. 3.
The 4s band, between the.Fermi energy and 2‘eV binding energy (BE); is
- strongest in the range 70 - 120 eV for—Cu‘[Obl] and 60 - 85 eV for
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Cu [111]. 1ts strength relative to the d band 1ntens1ty, 1s larger
for Cu [111] than for Cu [001]. In Fig. 4 some PED's observed along
the [001] and [111] directions are compared w1th each other. For a]l
photon energies distinct differences are obserred- Note that we have
included some spectra (hv = 80 90,110 eV) 1n F1g 4 wh1ch are not
shown in Fig. 3. The d- band extends from N2 eV to 6 eV BE For Cu
"[001], the most striking changes occur in the range 70 eV hw <:130 ev.
A feature at 5 eV BE shows a broad resonance in 1ntens1ty, peaking
near hw = 110 eV (compare Figs. 3 and 4). The PED's for Cu [111] ex-
hibit a s1m11ar resonance in 1ntens1ty of a peak at w5 eV BE in the
range 60 < hw < 100 eV, with a maximum at hw ~ 80 eV (compare Figs. é
and 4). At the highest photon’energy (200 eV) this feature appears
again to increase in intensity. | | | | )
Fig. 5 demonstrates the sens1t1v1ty of the PED s to the exper1menta1-
geometry at hy = 120 eV. The dashed line correspond to a spectrum |
tahen at normal take-off from the (001) face and is identtca] to the
Cu [001] spectrum at hw = 120 eV in Fig. 3. As seen from Table I or
Fig. 2a this geometry corresponds to an angle © =»27.5°“between the
f'vector}and the fourfo]d z axis. fhe PED shown as a'dashed eurve in
Fig. 5 was obtained by merely rotating’the (001) crysta] by 4° about
a vertical axis such that in this case é 23 5° (compared Fig. 2a)
The difference between the two spectra.in Fig. 5 is qu1te strjktng and
it represents the strongest angu1ar variation observed in the studied
photon energy range.
| In Fig. 6 we compare PED's taken.at hy = 90 eV a]ong a special

symmetry direction ([001] or [111]) from different crystal faces.
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Electrons were taken off along the [001] direction either normal to

the (001) face (x = 90°) or at a take-off angle a ~ 35° with respect

to the (111) face (compare Fig. 2). In the latter case the sample

holder was rotated by ~55° about a vertical axis and raised to place

the (111) crystal instead of the (001) crystal in the focal point of

“the x-ray beam and analyzer. Simi]ak]y, PED's were obtained fdr pro-

pagationvalong the [1i1] direétion of the (111) crystal (a = 905) and
ﬁhe (001) crystal (o = 35°). As seen from Fig. 6 there ére distinct
differeﬁceg between the'correspondihg PED'é of electron propagation.
In both caées the spectra obtained at léw take-off éndfes (o = 35°)
exhibit é hafrowing in d-band width and increase in height at their
center»of QraVity. | | |
| B.~ Au ,

PED'; measured aiong the [001] and [111] directfonsvfrom Au single
crystals are shown in Fig. 7. The e]éctkons wére collected norha] to the

(001) and (111) faces, respectively. The experimental situation is shown

in Fig. 2 and summarized in Table I. For both orientations the, s-band
-extending from the Fermi level to éboUth eV BE is most pronounced in
" the energy range 30 - 80 eV andvloses'intensity re]ative‘to the d-band

peaks above 80 eV. vThe d-band for Au c6hsi$t§ of tWo main peaks cen-

tered around‘3.5 evﬂand 6.5 eV BE. Bdth peaks can be'approximate1y
described as beihé compqs;d of two qdmpohehts at 3 eV ahd m4‘eV and
6 eV ahd NT eV BE, fésbecfive]y;' The energy dependence of fhe PED's\
for both directiohs'éssentially'con§f§t§ bf.infensity:changés of these

~
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four peaks. Spectra for electron emission into the [001] and [111]
directions are compared in Fig; 8. As for the case of Cu, distinct
changes between the two directions are observed. |

The energy dependence of the Au 5d VB intensity in the range-

40 eV < hv < 190 eV is shown in Fig. 9 as a solid line. For compafiéon
12

we have also included the Ag 4& VB photoemission intensity variatjon
in the figure. While the d-band 1ntensity is given 1njarb1trary‘unfts,
we have norma1ized the Ag 4d and Au 5d intenéities,to eéch other ekperi_
mentally by compafiﬁg thevakeas under the PED's from Ag and Au at
hv = 40 eV. The dafa points for Au shéwn in ?ig. 9 were'obtaiﬁed byh
correcting the Aulspectra for theirlinelastic background;.measuripg i
the area under the PED's in the binding energy range 2 eVi< hv.< g»ev,
and éorrecting this aréa with respect to the incident ﬁhoton f]ux aﬁ&
the collecting efficiency of the CMA.'2 o
IV. GENERAL DISCUSSION OF ARP IN THE UPS - XPS TRANSITION REGION

In general, photoemission spectra depend on by the details 6fhthe
initial (valence band) and final (conduction band) state energies and
wavefunctions. Analysis of experimental PED;s thus requires'the know-
1edge of these quantities. 1In the-u1travio1et range (hv < 46‘eV)u.
photoemission spectra are usually éna]yzed by comparison with ex{sting
band structure calculations assuming strict momentum and enefgy conser-

19

vation in the excitation process. For examp]e, ARP studieslof Cu ~ and

20

Au™" at photon energies 16.8 eV and 21.2 eV were discussed in terhs of

21

~ the band structure calculations by Janak et al.”" and Christensen and



Seraphin.22 The intérpretafion of ARP spectra iﬁ?thé x¥ray regimé
(hv > 1000 eV) is simplified by the fact that the details of the final
'staté band structure are unimportant. Ih‘thfs case the PED's are deter-.
mined by the,symmetry'pfopertiés of the initial states alone3 In the
photon energy range covefed in the preseht sﬁUdy, final-state and transi-
tion-matrix-element effects aré%expected to be impoftant; Because band
structure~ca1cu1ations are usually avai]ab1e23v0n1y to about 40 eV above
the. Fermi. 1evé1'the description of the fiha] state is thus avmajor
brob1em.‘ | N
’Ih a previousbpaper on'po]yc;ysta11ine CU]T‘we used akfree:e1ectron
- band structure and'bfthogona1izéd-p]ahé-wabe wavefunctions to describe
the fiha1 state. However, in cohtrést to angle integrated photoemission
.from hoTycfysta]]ine sampTés, éng]e resolved spectra-froh single crystals
.are far more'sensitiVe to the exact nature of the final-state Bloch

function. 1In a bulk interband optical transition an electron is ejected

whose wavéfunction
@ el @D 0

has plane-wave components going in different directions K +5§, where

24

B is a reciprocal lattice vector. The intensity of emission intbvthe

directions K + G is determined by the respective coefficients a, in

equation (1). By assuming free e]ectfon'final states allbut the leading
'term in equation (1) are omitted and the electron may.6n1y leave in one .
vdirection.¢ The resu]ting.overemphasized angular anisotropfes fn the-

free’e]ec;ron fina],state'pictufe are soméWhat averaged out in.éngle- o

11

~integrated photoemission bdt preclude predicting the PED's observed
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in angle resolved studies.

In the intermediate photon energy range studied here another
problem arises in the description of the fina] state. Because of strong
- inelastic scatterings the final state wavefunction ﬁo_]pngertrepresepts
a pure Bloch-wave characteristic of_the:bulk, but must iﬁc]ude damping
due to inelastic effeéts inside the solid. This may be agéounted_for
in an ad hoc fashion by replacing the (surface) normal component of
the wavevector in the final-state wavefunctionvby a comp]ex quantity,
which Will exponentially favqr emissioﬁ from thé surface 1ayers._25
The imagiﬁary part then deScribe; damping of the electron wavefunction
inside the solid and may be related to thelfqmi1iar meén_freé path.26
In principle, with this_gg_hggvmodificatjonIpfvthe.fina1 state wave-
function, the ARP spectra preséﬁﬁed hérevc6u1q be analyzed by'using
a band-structure calculation which extends to higher energies.v However,
we fee1 that a more appropriate approach may bé to ca]éu]ate the photo-

emission spectra by using the multiple-scattering forma]ism27 employed

in current low-energy electron diffraction'(LEED) theom’es.?8 Within
this formalism inelastic effects hayrbe‘iﬁcluded by inserting a complex
optical potential 1ntovthe single particle propagator.29 Within the
framework of the bfesént paper no sucH ca]cQ]ation is éttemptéd, but
instead we discuss ARP in the UPS.- XPS trahéition regioh iﬁ'generé1
terms and restrict the analysis of our eiperimenta] resu]tsbfo some

" basic observations. | | |

At the ihtermediate photon‘énekgies uéed {h the pfésehf study the

changes in the PED's with emiSsjon direction are in péft-determined by

the wavevector dependence of the final state energies and wavefunctions.
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For photoemission along the [001] and'[111] directions only final
Bloch states which contain coefficients (cp. equation (1)) a[oon]

(n = 0,2,4,6...) and a m=0,1,3,5...), respectively, can con-

fmmm]
tribute in a bulk photoemission proeess. This selection of final states
is a eonsequence of momentum conservation. Even in the.regfon of
highest surface sensitivity, i.e. maximum broadening of the normal
component of the photoe]ectron wavevector, the parai]e]lwavevector-
components are conserved. Howerer; momen tum broadening in the final
.state will weaken fina] state effects Because of momentum conservat1on
se]ect1on rules the nature of the final state a]so determ1nes which
_1n1t1a1 states in the f1rst Br1110u1n Zone (BZ) are sampled. For
photoemission a1ong‘a given symmetry 1tne’on1y states in the first

30 The finite acceptance angle of the

BZ along this.]ine contribute.
'photoeleCtron analyzer resu1ts in sampling all initial states whose
K vectors 1ie within a cone‘centered around the symmetry direction.
' The cone diameter depends on the photon energy, as d1scussed below.

The observed modulation effects in the PED's w1th photon energy

arise mainly because of exc1tat1on into different f1na1—state regions.

In general, both the number of final states that sat1sfy energy and
momentum conservation and the f1na1 state B]och funct1ons (which de-
termine the’transition matrix e1ement) .will change with photOn energy.
The number of final states 1ncreases with 1ncreas1ng photon energy

_and the leading coeff1c1ents in the B]och funct1ons (equat1on (1))

will correspond to 1arger reciproca1 ]attice vectors. For example,

at hv = 50 eV’ photoem1ss1on a]ong the [001] d1rect1on is strong]y

determ1ned by the a[002] component of the final state B]och funct1on
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(equation (1)), while thé'a[004]‘component is most important at

hv = 150 eV.32

The magnitude of the reciprocal lattice vecfor involved
in the umklapp process of the final state wavevector into the firsf

BZ also determines how large a fraction of the first BZ'(initia1'states)
contribufes to the ARP process. This is illustrated in Fig. 10b for
phbtoemfssion.into the [O01] direction. We have assumed a *6° accep-
tance angle of thevanalyzer (dashed area), which is supérimposed oh.

the (010) projectibﬁ of the three djmensiona] BZ of the'fcc‘laftice;
(compqre Fig. 103)“ Depending on the photon energy the final state

will lie in either tﬁe first, second, third, etc. BZ and either the

G = [000], @ ='[002],‘é - [004], etc. reciprocal lattice vector will
characterize the final state. . The dashed afea in the respeqtive BZx

in Fig. 10b is thenAexactly the part of the zone which may be.sahpied

in the first BZ (initial states) by means of an umklapp process 1nv61ving
‘the corresponding G vector.

It is interesting ﬁo discuss what happens at high photon energies;
j.e., at XPS energie§ (hv ® 1000 eV).V Here thé number of final states
fs large and a sufficient number of Bloch waves contain an appropriate
reciprocal lattice vector which reflécts the final state back intg the
first BZ by %eans of an umklapp process. Because_of,the magnitude of
'these'vectors invq]ved the whoie first BZ is samp1ed. The PED's aré
then determined by the transitjbn matri* e1emen£ between the initial
states and the approbriate plane-wave components of the fina] states
(equation (1)). As hg; been shown in an earlier papér3 photoemission
along the [001] and [111] directions samples the eg and tZg projeétions

of the initial density of states, respectively. After these general
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cons1derat1ons we shall now be more spec1f1c and d1scuss some features
of the measured PED's for Cu and Au be]ow R
V. DISCUSSION OF RESULTS |

A. Cu

In contrast to the PED's from po]ycrysta111ne Cu samp]es which
did not show any s1gn1f1cant changes in spectra] change above hv = 80 eV]]
the spectra in F1g 3 have not yet converged to a constant shape even
at hv = 200 eV. Note in partwcu]ar the oppos1te changes in width of
the d-band for Cu [001] and Cu_[]]]] in the range 130 eV < hv < 200 ev.
These Changes with photon enengy are thoughtﬁto arise mainly from direct
transitfons. The dramatic intensity-modu]ationvot the‘tWOfd-Band‘peaks
at hv.= 120 eV (Fig. 5) which;was obtained by changing the emission
diréction only 4°,.also indicates the tmportance of direct transitions
v atbphotonhenergies aoove iOO eV. 'It is somewhatlspnprising that the
‘energy dependence of the PED's is quite weak at the 1owest energ1es
'stud1ed (h < 60 eV). We have taken add1t1ona1 spectra 1n the range
32 eV < hv < 40 eV, in 1ncrements of 2 eV, wh1ch showed a smooth trend
from the spectra] shape at 32 eV to that at 40 eV shown in F1g 3

The region 70 eV < hv < 100 eV is part1cu1ar1y 1nterest1ng, as
the PED's»for Cu [001] and Cu [111] bear a close resemb]ence to the
eg and tZg projections of the Cu 3d valence bandc WehhaveHCaicu1ated
the total densﬁtyjof states and its e and tég projections using Smith's>

parameteriZation of the Hodges, Ehrenreich,,and'Lang34”tight binding

intékpo]ation‘scheme. The results are shown in ng. 1. For Cu, a
. pronoonced difference exists between the e and tzg pnojections; and

g9
35

ARP measurements at XPS enengies | for Cu [001] and Cu [111] indeed
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show the spectral shapes predicted by the above calculation. The
question arises why the d-band features around 85 eV resemble the XPS

11

results. From our previous results on polycrystalline Cu ' and also

from ?ecent work on Au,36

there appears to be strong evidence that
the minimum in escape depth for the noble metals Cu and Au occurs around
90 ev. At firsf siéht fhe resulting momentum broadening in the final
state, which weakens final state band sfructure effects, appears to be
a good candidate to explain the observed PED‘s_inAthe range around 85 eV.
Let us discuss this poséibiTity in mdre detaii. |

At XPS energies the PED's obtained along the [001] and (1]

directions resemble the eg and t, projections of the valance band for

2
two basic reasons: 1) all initigl states within the first BZ are
samp]ed;.2) the transition matrix element can be interpreted using
plane wave final states;3 At hv = 85 eV photoemiséion/from thé Egl&,
for example along the [001] directibn, involves finai states with G

vectors of the form [00n] with the n = 2 and n = 4 components dominating.

In this case photoemission into the AQ i6°,acceptan¢e cone of the
analyzer dominantly derives from initial states witﬁin the first BZ
which correspond to the dashed area in the second (& = [002]) and

third (& = [004]) zone in Fig. 10b.%/

As is seen from Fig. 10b, all
initia] states which may contribute l1ie inside a cone céntered ﬁ]ong
the k, axis. At hv = 85 eV and AQ = 16° only part of the three-
dimensional first BZ is sampled. If the-ineiastic mean free path is
small, the normal component of the final-state momentum vector becomes

il1-defined bacause of a loss of (infinite) 1attice‘periodic1ty'near

the surface in the norma]_direction{ The prob]em of samp1ing_the'
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first BZ reduceS-to two dimensiOns (the'k -Q ky"p1ane) However the
area sampled in the k ;- ky p]ane does not 1ncrease by 1ntroduc1ng

momentum broaden1ng in the k d1rect1on Thus, a]though a re1at1ve]y

‘ 1arger fract1on of the first BZ is samp]ed in the momentum broadenlng

case, an acceptance ang]e of +6° does not appear to be sufficient at
h = 85 eV toprovide access to the who]e two- d1mens1ona1 BZ Even if
we assume for the sake of argument that the most 1mp0rtant parts of

the f1rst BZ are be1ng samp]ed the plane wave descr1pt1on of the

_f1na] state at such 1ow photon energ1es still needs to be Just1f1ed

On the bas1s_of atom1c cons1derat1ons one wou]d in general expect the

interaction between the photoemitted e1ectron.and the ion-core potential

to lead to more compTicated (energy dependent ) angular distributions -

_ than those predicted by a p]ane.wave final state. For photoemission

from d-orbitals the angular distribution of the electrons is determined

‘ by the p and f partial-wave fina]—state channe]s One important quan-

tity wh1ch is a good 1nd1cat1on of the strength of the 1nteract1on of

the photoe1ectron and the 1on core, and hence of the validity of the

38

p]ane -wave f1na1 state descr1pt1on, is the phase sh1ft Although

we do not claim that the plane wave final state descr1pt1on is valid

.'for Cu at hv = 85 eV, we note that phase sh1fts for Cu are cons1derab1y

smaller than for Au. 39

For th1s reason one would not expect to see
the same energy and angu]ar dependences for the Cu and Au PED's in the

surface sen51t1ve reg1on The Cu spectra around 85 eV m1ght resemble

the t29 and eg proaect1ons because both cr1ter1a 1) and 2) ment1oned

above are approx1mate1y sat1sf1ed
One 1nterest1ng question that arises in the 1ntermed1ate photon

energy regime concerns the effects of surface versus bulk photoemission.
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In general, surface sensitivity may be achieved if either the initial
or final state‘wavefunction.is strongly localized at the surface.‘_Such
a situation is encountered for'states_atlthe surface whosehenergy
corresponds to a'band gap in the bu]k’].' Several studies in the:“
u1trav101et regime of photoem1ss1on were concerned w1th the study of

40

such surface states at c]ean metal surfaces. For Cu, the ex1stence

of surface states has been postu]ated on exper1menta1 grounds by

Gart]and and S]agsvo]t ol

A peak at 0.4 eV below the Fermi Tevel
occur1ng in the PED's from Cu (111) at‘hv 6.6 eV was interpreted as'

a surface band w1th1n the s- p band gap A s1m11ar structure was a]so
observed by I]ver and Nﬂsson]9 at hv = 16 8 eV However, these authors
‘po1nted out an a]ternat1ve exp]anat1on in terms of 1ntraband exc1tat1ons
by the 1ong1tud1na1 e]ectr1c field. 42 Our exper1menta] resu]ts do not
prov1de any new format1on on the above prob]ems, s1nce 1n most cases
"the S- band is qu1te weak and thus structures are not easily seen For
the d band reg1on of Cu no exper1menta1 ev1dence for surface states 1s

40,43

ava11ab1e from prev1ous photoem1ss1on stud1es A ca1cu1at1on for

the (001) surface predicts a max1mum 1n the dens1ty of surface states

around 4. 6 eV below the Ferm1 1eve1 43

The quest1on arises whether

the peak at m5 eV BE which shows a broad resonance around 100 eV for

Cu [001] corresponds to the ca]cu]ated dens1ty of surface states The
spectra in F1g 6 taken at hv = 90 eV, indicate that th1s is not the
case. ‘The so]1d 11ne in Fig. 6a shows a spectrum taken at a norma] _

' take-off angle (o = 90°) from a (001) face The dashed line in F1g 6b

corresponds to a take-off angle of o = 35° from a (001) face (1 e. the

[111] direction on the (001) face). Since the surface contribution
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44 a peak associated

to the PED's 1is enhanced at Tow take—oft and]es,
with the density of surface states should be 1ncreased at o = 35°
relative to o = 90°. However, the opposite is observed in Fig. 6,
thus- indicating that the peak‘at‘NS eV BE arises from bulk or bulk-Tike
bands. It appears that, for Cu, the strond overtap of the bulk density
of states with the density of surfdce stetes precludes one from gainihg.
detailed information on the 1atter_ftom;these data. |

Besides photoemission from sukface‘states there hasvbeen consider-
‘able theoretieal'interest recently in studying the modification of

45 The most 1nterest1ng resu]t of such

bulk states near the surface.
ca]culat1ons is the prediction of a narrowing of the d band density

of states near the surfaee.45 In a simple phys1qa1 picture such-a
behavior 1s'expected because the reason fot broadening atomic levels
into so]id-state‘bands is partly removed at the surface. We be{;eve
that we have observed this effect experimente11y. As shown in Fig. 6
the experimental PEb's along both the [001] dnd [111] dikections

become narrower when the take-off angle is'changed from 90° to 35°.

The above change in engle corresdonds to a decrease in effective escape
depth normal to the surface by a factor df 2. Thus in the low take—
_off-ang]e (a = 35°) case the surfate derived contribution to the spec-
trum is considerably enhanced The fact that the escape depth is

11,36 makes us be11eve that we are largely

already short at Hv = 90 eV
sampling the outermost 1ayer of the crysta] 1n the 1ow take- off ang]e
case. The narrow1dg of the d-band width is accompan1ed by an increase
of the central peak (w3.7 eV BE),which coincides with the center of

gravity of the d-band. This is expected because of 1ncreased atomic
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type behavior at the surface.
B. Au |

The photon energy dependehce of photoemissibn from po]ycrysta]iiné

Au was studied by Freeouf et al.%® in the range 15 eV < hv < 90 eV.

Above hv = 40 eV the spectral features in the observed PED's did not
change sfgniffcantly; This was discussed by Feibelman and Fastman2®
in terms of momentum broadening in the final state. Measurements by

Lindau et a].]o

up to 200 eV revea]ed dramatic changeé_in the shape

of the Sd va]gnce band in the range aboVé 100 eV. For example, the
intensity ratio of the Tow (13.5 eV BE) and high (6.5 eV BE) peak
decreased from a value of 1.5 at hv'= 100 eV.to 1;b:at'hv = 120 eV.
Lindau et al. discussed several possible exp]ahatibﬁs for the observed
modu1atﬁon‘effects and favored an explanation fn termé of an afdﬁfc;
type cross-sécf%on effeét. In pértfcu]ér, they aésocfated the‘éwd"
main VB_peéks with‘the spin-ofbit-sp]it'components 5d5/2 and 5dé/21u\
and argued that the respective croés-sections may vary dffférently
with photon enérgy. We can exclude thfs explanation on the basis of

4 An atomic type cross-section effect should

our experimenta] results.
also be seen in angle-resolved photoemission, i.e. in the range

100 eV < hv < 120 eV for both Au [001] and Au [111]. &nspection of‘
ng. 7 or Fig. 8 revea]é that this is not the case fd} Au t001]: The
above Argument also excludes an atomic cross-section éffect bf fhe
Cooper-Fano ;:ype48 as»being résponsib]e for the observed modu]étion
effect in Au; This.is indepeﬁdenfly”tdnfirmed by thé photon eneféy
dependenCe of the total Au 5d;band intensity (Wﬁich is in gooa appfox-

imation propdrtiona] to the 5d cross-section) shown in'Fig. 9. 1In
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12,49 which exhibits

contrast to the case of the 4d 1ntens1ty in Ag,
a.pronounced Cooper-m1n1mum (cp. Fig. 9), the var1ation'of the Au 5d
intensity is not strong enough to s1gn1f1cant1y 1nf1uence the shape

of the va]ence band - We note that the PED s for Au [111] show a change
in peak amplitudes for 100 eV < hv < 120 eV (cp Figs. 7 and 8) which

10 In

‘goes in the same d1rect1on as those observed by L1ndau et a]
fact, the Tow BE peak decreases by a factor of 1.6 from hy = 100‘ev
to hv = 120 eV.» Similar to the ARP resu]ts obtained for Cu, band
structure induced cross section effects (i.e. final state plus matrix
e]ement effects) are thus found to be important for angle resolved
:photoem1ss1on from Au above 100 eV In-the 11ght of ‘the present results.
preferrent1a] or1entat1on of the crysta]]ftes in evaporated Au films
. may cause modu]at1on effects similar to those observed in reference 10.
In fact, such effects were observed for evaporated Au samp]es by
Koyama . and Hughef at 1ower photon energies. v

At the highest photon energies the Au spectra for photoemission
-along the [001] and [111] directions have not converged to the XPS '
11m1t3 (a1so compare F1g 12). D1rect trans1t10n effects still appear
to be 1mportant In contrast to the case of Cu, the PED's for Au [001]

and Au [111] do not revea] any resemb]ence to the e and t projections

g 29
of the 1n1t1a1 dens1ty of states (cp Fig. 12) in the surface sensitive

36 This f1nd1ng does not necessar11y lead

energy range_around 90 eV.
‘to the conclosion that'the resemblence of the ARP spectra for~Cu with
the 1n1t1a1 state projections is- acc1denta1 in th1s energy range but
rather may 1mp1y that the case of Au is more comp11cated Complications

may arise from interference effects in the final state due to the
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photoelectronfion core_interaction39 and the larger spin-orbit coupling.
VI. CONCLUSIONS | | o -

In th1s paper we have shown that, 1n contrast to ang]e integrated |
photoem1ss1on measurements ARP spectra have not converged to the XPS
limit at the highest photon energ1es stud1ed Th1s 1s attributed to
the importance of d1rect trans1t1ons wh1ch restr1ct trans1t1ons to
occur in only part of the Br1]]ou1n Zone In the case of Cu the PED S
taken around hv = 85 eV along the [001] and [1]1] d1rect1ons are found
to resemble the eg and tZg prOJect1ons of the 1n1t1a1 3d densaty of
states, s1m11ar to the spectra taken at XPS energ1es 3,35 Momentum
broadening in the f1na1 state due to a short 1ne1ast1c mean free path
~in this energy region is d1scussed as a poss1b1e reason for such be-
hav1or At hv = 90 eV a narrow1ng of the Cu PED's taken a]ong equ1va-
lent symmetry directions is observed when the take off ang]e is 1owered
from 90° to 35°. Th1s is attr1buted to a preferrent1a1 samp11ng of
the surface 1oca1 dens1ty of states by using an appropr1ate photon
energy and a low take-off ang]e For Au, the cross sect1on of the 5d
valence band has been measured as a funct1on of photon energy Th1s
is the first measurement of th1s k1nd for a 5d 1n1t1a] state wave-
funct1on Furthermore we have presented new 1nformat1on on the modu-
lation effects of the 5d va]ence band peaks above hv = 100 eV, wh1ch
were previously reported for photoem1ss1on from po]ycrysta]11ne Au. 10
~We hope that the present exper1menta1 resu]ts w111 st1mu1ate a detai]ed
theoret1ca1 ca]cu1at1on which may cast more 11ght on the comp]ex ro]e

of cross- sect1on versus surface effects in the trans1t1on reg1on be-

tween UPS and XPS.
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~ Table I. EXPERIMENTAL GEOMETRY FOR PHOTOEMISSION FROM SINGLE CRYSTALS OF Cu -AND Au _

cu [0017° cu (112 || Au fom17P Au [1117°
. . | ©=27.5° 0 =27.5° ||o=27.5° o = 30.0°
E VECTOR » IR
6 = 45° - 6 = 45° ¢ = 60.0° 6 = 26.5°
2 0=20° 0 =54.5° [|o=0° 0 = 54.5°
DETECTOR .
(along z axis) ¢ = 45° (along z axis) ¢ = 45°

b) Electrons were taken off normal to the (001)

" respectively.

a) A1l values have been rounded to the nearest 0.5°.

and (111) crystal faces,

-LZ_



Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.
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FIGURE CAPTIONS

Experimenta] geometry for angle resolved photoemission studies

of Cu and Au single crystals. A cylindrical mirror analyzer
(CMA) is modified by means of a s1it aperture (shield) to~a11ow
measurements with an angular reso]ﬁtioﬁ of m£6°;: “
Experimental orientation of thé x-ray beam, E vector'and detec-
tor relative to the fourfo]d cubic crystalline axes X,y,Z.

The polar (©) and azimuthal (¢) ahgle;.define the orientatfon
of the E vector in the cﬁofdinéte'éyétem X,¥>Z. The crysta1
could be rotated about a vertical axis.  The x-ray'beah,lﬁ g
vector and detector‘posifions were'fixed in é 1aboratory;vv
frame of reference and lay in the horizontal plane. _
Photoemission energy distributions from Cu singfe crysté]s in
the range 32 eV < hv < 200 eV. The Cu [001] and Cu_[]T]]I-"
spectra_we#; obtained by tak%né'e1ec£rons_o¥f‘Hdrmal to thé_
(001) and (111) single crystal faces (compare Figs. 1 and 2
and TabTe’I). The specfra éfe?aTso shown en]aréed arouhd thé
férmf energy. » ’. - |
Comparison of photoemission 'spectra taken along the .Cu [001]‘
and [111] directions (dashed. and solid 1§nes,:respective1y):
for various photon energfesf  fhe.egperihentaf geometry wasix
the same as for Fig. 3. | | i

Photoemission from a Cu (001) face at hv = 120 eV into the

" normal [001] direction (0 = 27.5°) and into a direction 4°

off the normal take-off direction (0 = 23.5°). 0O is defined



Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9.
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in Fig. 2a' infhdth cases 6 = 45°. The dashed Spectrum
corresponds to a detector orientation of 9 °, oy = 225°

in the frame x,y z. | o
a) Comparison of photoem1551on spectra of Cu taken for
electrons propagating a]ong a [001] direction norma] to a
(001) crysta] face (ak- 90°) and at a take- off angie of

« = 35° from a (111) crysta] face The soiid 11ne corresponds
to 0 = 27.5° and ¢ = 45° 1n Fig 2a, the dashed Tine to
0= 27.5°, ¢ = 225° in ng 2b. -

b) Spectra taken along a Cu [111] direction norma1 to a (111)

crystal face (e = 90°) and at a take off ang]e of o = 35° from

a (001) crysta] face The soiid 11ne corresponds to 0 = 27.5°,

¢ 45° in Fig. 2b the dashed 11ne to 0 = 82 5° and ¢ 45°

\1n Fig 2a

Photoem1551on spectra from Au single crystals in the range
32 eV < hv < 130 eV. The Au [001] and Au [111] spectra
correspond to photoe]ectron'propagatibn normai to the (001)

and (117) single crystal faces (cp. Fig. 1 and 2 and Table I).

~ Comparison of photoemission energy distributions along the -

[001] and [111] direction of Au (dashed and solid Tines) in
the range.32 eV < hv < 120 eV. The spectra were taken from
Fig. 7 |

Reiative 1nten51ty of the 4d valence band of Ag (reference 12)

and the 5d valence band of Au as a function of photon energy.

The Ag and Au valence band 1nten51t1es were normalized with

respect to each other at hv = 40 eV;
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a) (010) projection of the three dimensiona] Bri]]ouin Zone
of a fcc 1attice The K axes are those of the 1nf1n1te
three- d1mens1ona1 crysta] o

b) Photoem1ss1on along the [001] d1rect1on assum1ng an angu-

1ar reso]ut1on of +6° (dashed area) The dashed area w1th1n

-the various zones 1nd1cates the fraction of 1n1t1a1 states
| samp]ed in the f1rst Br111ou1n Zone if the f1na] state con-
tains the respect1ve @ vector

Total valence band (vB) dens1ty of states and the tZg and—eg
_proaectlons for Cu 3d ca1cu1ated in a t1ght b1nd1ng interpola-

'_t1on seheme‘asbd1scussed 1n the‘text The dens1ty of states

histograms were'convoluted with a Gauss1an of FWHM = 0.5 eV.

Total va]ence bands (VB) dens1ty of states and the t29 and eg

prOJect1ons for the 5d band in Au Ca}eq]at1ons were carried

‘out as for Fig. 11, with a spin orbit coup]ing-constant of

0.048 Ry inc]dded A Gaussian of FNHM 0. 8 eV was used to

convo]ute the dens1ty of states h1stograms
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
‘any legal liability or.responsibility for the accuracy, comp]etehess
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe priVately
owned rights.
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