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Abstract

"Photoemission from noble metals and adsorbates using synchrotron

radiation. D. A. Shirley, J. Stohr, P: S. Wehner, R. S. Williams,
and G. Apai (Materials ana Molecular Reéearch Division, Lawrence
Berkeley Laboratory and Department of Chemistry, University of
California, Berkeley, California 94720 U.S;A.).

Physica Scripta (Sweden).

With the advent of synchrotron radiation in the 32—280 eV range at the
Stanford Synchrotron'Radiation Project, it has become possible.fo eluci-
date the transition from ultraviolet to x-ray induced photoemission.
This has been accomplished by studies of noble metals. Polycrystalline
copper shows a valence-band (VB) profile that approaches the x—ray
induced shape at hv v 100 eV. In polycrystalline silver, the 4d cross-—
section folloWs the atomic curve, with a reversal of VB peak intensities
near hv = 110 eV. Stroﬁgly anisotropic behavior is obsérved in copper
single crystals, using angle-resolved photoemission (ARP). Normal ARP
spectra from Cu(100), (110), and (111) crystals follow the band dis-
persion through the Brillouin Zone, including a dramatic resonance
between the Fermi level (EF) and 2 eV binding energy for hv = 43-52 eV.

High temperature and high photon energy studies demonstrate the impor-

- tance of the Debye-Waller factor in photoemission leading to a break-

down of the direct transition model. 1In adsorption studies of CO on
Ni and Pt, CO is shown to stand ﬁp withvoxygen out. For Pt, electrons
. orbitals near E
2g

50 binding energies are reversed relative to the gas phase. ' At higher

are found to flow from t to CO, and the CO 17 and

F
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.photon energies, hv = 150 eV, the CO orbitals are very prominent on a
Pt substrate. An inversion of the angular distribution of these orbitals

and energy-dependent resonances in their intensities provide evidence L

for final state scattering effects at photon energies above 40 eV.
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1. Intréduction

| ﬁistdrically, the available 1aﬁoratory photéﬁ sources caused an
artificial division of photoelectron spectroscopy into an ultraviolet
(UPS) regime and an x-ray (XPS) regime. While ﬁPS (hv < 41 eV) employed
gas discharge lamps, XPS (hv > 1254 eV) made use of characteristic
x-ray lines. The spectrai range between these‘energies remained essen-
tially untouched until the high-intensity éontinuum of synchrotron
radiatibn'was utilized. [1] In this paper we report photoemission
studies'éarried out in the transition region between UPS and XPS ener-

gles using synchrotron radiation emitted by the'storage ring SPEAR at

‘the Stanford Linear Accelerator Center. [2] It is our purpose to pre-

sent a unified description of a series of investigations that bridge

the UPS-XPS gap. To this end we present a considerable amount of new
data and also summarize briéfly othér work published‘elsewhere. Besides
facilitating experiments in a previously inexcessible energy range,
synchrotrqﬁ radiafion offers other advantages; i.e., continuous tuna-
bility ahd a high degree of polarization. [1] Wé have utilized these
features to study photbem1551on from valence levels of Group IB metals
(Cu; Ag, and Au) and adsorbates on catalytic substr#tes_(i.e., CO on

Ni and Pt). .

A goal of this work is to elucidate the tréqsition in valence
band_(Vﬁ) photdemission spédtra of noble metals ffoﬁ éhafply structured
direct-transition features at UPS energies to denéify?of—states like
épectra at XPS energies. We also discuss various types of photon-
energy-; polarization- and emission—angle—dependént cross section

effects for d-band metals and adsorbate systems. Section 2 deals with
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the resolUtioo, inténsity, and spectfal range of monochromatic radia-
tion used in the prescntvexperiments. Section 3:preSents results on
atomic croso—éection effects in Cu(3d), Ag(4d),kand'Au(5d) valence .
‘bands and their role in the evolution froﬁ UPS to XPS spectral behavior.
Section 4 discusses band structure effects observed io both angle—} .
integrated and angle-resolved photoemission from copper. These results
demonstrate for the first time that energy-dependcnt normal cmission

from 1ow—indéi single crystal faces in the newly available energy

range hv = 32-280 eV maps out the’band structure aiong symmetry lines
throughout.the entire Brillouin Zone (BZ). They also shov the impor-

tance of photoelectron refraction at the sorface in non-normal emission.

The influence of the Debye-Waller factor on valence-band photoemission

spectra is discussed in Section 5, and we show that indirect transi-

tions become important at high temperatures and high photon energies.

Section 6 reports angle- and energy-dependent studiés of CO adsotbed

on Ni(111l) and Pt(111l) surfaces. Angle—integrated photoemission is

shown to yield the relative intensities of adsorbace and substrate

valence levels as a fuﬁction of photon energy. Angle-resolved'photo-

emission provi&es furthervinformation on molecular bonding and orienta- ~

tion. Finally we present experimental data which appear to indicate

final state scatte:ing effects in angle-resolved photoemission from

CO on Pt(111). Section 7 summarizes the conclusions drawn from this

work.



.2. The fhotoh Source
A nﬁmber of electron storage ;ings’that'can provide synchrotron

radiation for photoemission studies are now évailable or under con-
structién‘throughout'the world. [1] Among these, a smaller group of
intermediate- and high-energy machines afford the.possibility of bridg-
ing the entire gap between ultraviolet and x—ra& energies available
from labofafory sources. The Stanford Synchrotron Radiation Project
(SSRP) [2] has the capability of doing ultra-high vacuum photoemission
studies up fo and somewhat beyond the carbon K-edge energy of 280 eV.
No facility has the capability at present to do photoemission at higher
energies; i.e., all the way up to x-ray energies. The work reported
here was carried out in the 32-250 eV range using the 4° port on Beam
Line I at SSRP. |

| fhe.grazing incidencevmonochromator ("grasshopper") installed on
the 4° port [3] is equipped with a 600 £/mm grating,yielding high inten-
sity radiation with sufficient resolution (<1 eV) for photoemission
studies between 32 and about 280 eV.‘ Above 280 eV the intensity de-
creases dramatically due to ubiquitous carbon contamination on the
reflecting surfaces. Figufe 1b shows the transmission of the grass-
hopper monochromatof measured as the photocurrént of an A1203 photo~-
diode [4j (fig. la) as a function of photon energy. To obtain ﬁhe
absolute flux out of the monochromator; the curve shown in Fig. 1b
must be corrected by the photoyield of AlZO3 which,‘unfortunately, is
known only fof hv < 160 eV. [5] Figure 2 shows the quantum efficiency
of our detectdr in the range 10 eV < hv < 160 eV. [5] Since the quan-

tum efficiency varies by less than *20% between 40 and 160 eV, Fig. 1b
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should describe the energy variation of the photoﬁ flux fairly accurate-
ly. Table I.lists the photon flux (photons sec—lmA-lmrad-l) emerging
from the mbnochromator in the energy range 32-290 eV [6], calculated N
from the‘cathode current of the photodiode utilizing the_Alzo3 qQantum
efficiency values (also in Table I).
In order to compare the photon flux emitted by the stqrage ring
SPEAR to that emerging from the monochromator, thévrésolution of the
monochromator must be considered. The monochromatorvbandwidth AE (in

eV) is theoretically given by the relation [7]

AE = 8 x 1070 E2 )

where E 1is the photon energy in eV. Values for.AE in the range 32-

290 eV are listed in Table I. Integrating the réspective AE/E values

to yield a 10% bandwidth (AE/E = 0.1) we obtain the photon flux valueé

listed inrthévlast column of Table 1. These values can now be directly

compared to the flux emitted by SPEAR as shown in Fig. 3. During the

course of 6ur experiments SPEAR operated at 3.3 GeV producing a phqton

flux of 2-5 x 1012 photons sec 'mrad 'ma™! (107 bandwidth) " (see Fig. 3)

in the energy range 30-300 eV. fhus, for maximum monochromator trans—-

missién (hv = 150 eV) the efficiency of the optical system (consisting .
Aof A’ﬁirror.reflections and the diffraction grating) is about 0.15%. .
This is actqally.an upper limit since contributions from higher order -
harmonics and scattered light to the transmitted radiation have been

ignored. Also we have assumed that the bandwidth of the monochromator

is given by Eq. (1), which is the optimum value achievable.
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3. Atomic Cross-Section Effects in Noble MEtéls

3.1 Total d-band Intensity

Cooper and Fano [8] predicted minima in the atomic photoemission
cross—seéﬁiqﬁ if the initial state wavefunction exhibits a radial node.
In such cases the cross-section may vary strongly over a small energy
range. We have investigated whether such effects can be observed in
pﬁotoemissioh from VB in solids. We have studied the energy dependeﬁce
of the d-Baﬁd int;nsity in Cu (3d, no radial node), Ag (4d, one radial
node), and‘Au (5d, two radial nodes) in the range 40 eV < hy < 250 eV.

Results for Cu, Ag [9] and Au [10] are shown in Fig. 4. The
energy dependence of the d-band intensity is significantly differént
for the three metals. The d-band intensity varies the least for Cu,
with a maximum around 130 eV. For Ag a strong.intensity variation is
observed,witﬁ a maximum around 60 eV and a minimum at 140 eV. The
intensity changes most dramatically, by a factor of 10, between 1OQ eV
and 130 eV. The Au valence band also exhibitSvits1maximum intensity |
at low photon-energy ($40 eV) with a ﬁronounced decrease, by a factor
of 30, betweén 70 eV and 160 eV. Unfortunately, our measurements for
-‘Auextend only to 190 eV, because the low photon-flux (see Fig. 1) com-
bined with the small d-band cross-section did not allow us to obtain
spectra at higher.enérgy.

As discussed in Ref. 9 the measured d-band intensities should be |
approximately proportional to the photoionization cross-sections for
the 34, Zd, and 5d levels in atomic Cu, Ag, and:Au, respectively. The
selection rules.for electric dipole transitions.(Al = *1) connect a d

initial state: to p— and f-partial-wave final states. The important
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- variations in Fig. 4 can be discussed in terms of.the d > f channel,
which is dominant (relative to d-p) at high energies (>20 eV). [8]
Above thréshold the d-band intensities first exhibit maxima which
6ccur in the order Au 5d (<40 eV), Ag 4d (=60 eV),Iand Cu 3d (=130 eV).
Such maxima have also been observed in absorptioﬁ measurements above
the d-threshold. {11] The reason for this shift iﬁ maximum cross-
section is thét, close to threshold, the £ radialﬂfinal state function
is restrained to be far from the nucleus by the centrifugal barrier
2(2+1)/r2; thus little overlap is possible with.the initial state d-
function. As the kinetic energy increases the gf’wavefunction begins
to have greater'overlép with the d-function, creating a larger cross-
section. Because the orbital radial expectation values decrease in

the order 5& }.Ad > 3d, maximum overlap, and’hende a maximum in cross-
section beyond threshold, will occur in the same order, as observed.

At higher enéfgies ﬁhe d-band intensity decreases‘steéply'to a minimum
for Ag and Au. These so-called Cooper minima arise from a change of
sign in the rédial diﬁole matrix element ;ésociated with the d» f
channel. The photoexcitation cross section, which is proportional to
the sum of the squares of the p and f channel radial matrix elements,
will exhibit é minimum at the energy for which ohe of the matrix ele-
ﬁents vanishes. In general, a minimum in the cross-section can occur
provided the initial state wavefunction has at léast one node. As com-
pared to the 4d function in Ag (one node) the 5d function in Au has two
"radial nodes and the 5d+ef matrix element approaches zero more gradual-

ly. In this case the Cooper minimum is smeared out.
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3.2 Effect on the d-band Fine Structure

The atomic cross section effects discussed above can also influence
the detailgd shape of the valence band spectra aﬁd'hence play an impor-
tant rolé'in the ﬁransition from UPS to XPS-like VB spectra. Because
atomic cross section effects are most pronounced'for 4d initial states,
we shall discuss Ag as an example. [9]

Figure 5 shows high resolution spectra obtained from the VB of Ag
in the eﬁergy range 60 eV < hv < 150 eV. Charécteristic features are
the flat s-ﬁand extending beyond 3 eV binding énérgy (EB) below the
Fermi leVei (EF) and the two prominent d-band peaks centered at 4.8 eV
and N6.3 eV‘EB, respectively. The d-band peak positions remain unshifted
with photon energy and only the relative peak heights change. The most
noticeable éhanges occur in the photon energy rénge'110-130 eV, where
the relative heights of the two leading d-peaks are inverted in compari-
son to that observed at the other photon energies. Finglly,atthe lowest
and highest photon energies the d-band stfuc;ure resembles the XPS (Al Ka
1486.6 eV) spectrum shown at the top of the figﬁre.

Comparison of Figs. 4 and 5 reveals a close correspondence between
the slépe bf the curve in Fig. 4 and the intensify fatio of the two
prominent:valence band peaks in Fig. 5. In the range of steepest slope,
i.e., for 160 eV < hv < 130 eV, changes of approximately 207% in cross |
section occur over an energy interval of AE v 2 eV, which is approxi-
mately the separation of the two prominent VB péaks (Fig. 5). Figure
6 shows schematically, for 120 eV photon excitétion; the consequences
of this variation. The higher EB peak is predicted ﬁo have a larger

cross section than the lower EB peak and thus increase in relative
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intensity; in agreement with experiment. Thus, for the case of poly-
crystalline silver, we conclude that the transition from an UPS—like
to an XPS-like VB spectrum is not achieved before‘photon energies of
at least 150 eV. Similar behavior is expected for other 4d-group (and
for 5d-group [12]) elements. |

4. Band Structure Effects in Copper

4.1 Polycrystalline Cu

" The ooble ;etals have been the subject of nomerous‘investigations
using both oltraviolet {13] and x-ray photoemissloo. [14] The UPS spectra
dlsplay structure characteristic of the energy distribution of the, joint
 (initial and final) densities of states, [13] whereas XPS measurements are
generally acknowledged to reflect the*initial_deosities~of'states. {14]
'We have recently investigated the transition from UPS to XPS spectra
.'by studies of the valence bands of polycrystalline Cu in the. photon
energy range 40 eV < hv < 200 eV. We present first'our angle-integrat-~
ed photoemission (AIP) results on polycrystalline copper. [15].

Typlcal results obtained from thenvalence baods of polycrystalline
Cu are shown in Fig. 7. All spectra have in common the three peaks
at 2.5 eV, 3.6 eV, and 4.7 eV EB relative to the EF. The most dis-
tinct chaoges in the shape of the VB spectra occur between 50 and 70 eV;
" while the peak positions in this range remain virtually unchanged, the
- relative intensity of the peak at 3.6 eV EB increases with photon
energy. This trend continues above 70 eV in a less spectacular way,
resulting in a slightly broader overall structure which, at photon’

energies above 90 eV, strongly resembles the spectrum observed with

Al Ko radiation, shown at the top of Fig. 7.
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. This rapid tranmsition from the UPS regime to the XPS limit arises
from severei‘factors:-l) an increase in the number of allewed ditect_
transitions due to the increase in.the number of final states available;
2) a more complete sampling of the first BZ arising.frqm an uncertainty
in the final state momentum, and 3) an increase.ih the number of in-

direct (i.e., phonon-assisted) transitions at the higher photon energies.

The last effect, however, under the experimental conditions employed

here, has'been demonstrated by angle-resolved work performed on_siegle
crystals to be negligible. This will be discussed‘below.

To determine the relative importance of,theifirstvtwo effeets,
theoretical spectra were calculated using two different models. 1In
the first set of ealculations a direct transitioﬁ (i.e., i—conserving)
model of ﬁhotoemission was tested. 1In this apﬁrokimatiqn,vthe phote-

electron energy distribution PED is given by [13]

N(E h\))oc/dk E|(¢(r)|Ap|¢> (r))l G(k 1,‘khv’6)x
X s(E'f'(Ef)'- E; (k) - hv) 8(E - Ei(ic'i)) @

Here ¢f(¥) and ¢i(¥) are the electron wavefunctions of an initial state
, .
of wavevector ﬁi and energy Ei and a final state of wavevector kf and

energy Ef,'respectively, The 8-functions represent the requirements

" of momentum (wavevector) and energy conservation in the excitation pro-

cess, with that for momentum resulting from a sum over lattice sites.
- : .
kh is the photon wavevector and G is a rec1proca1 lattlce vector.

Spectra measured for various detector positlons are 1dent1ca1 (apart

from possible changes caused by surface effects at low take—off angles)
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In this case one can envision the photoeffect in the following way.
Any transitipn that conserves energy and momentum produces.a photo-
electron which can be detected. The PED is thus determined by all

-

possible exéi;ations (sum over the BZ).
In order to evaluate Eq. (2) detailed knowledgg of both the initial
and final state band structures is required. Unfortunately, the des-
cription of the final state band structure is difficult for excitation
energies gfeater_than 40 eV; very few band strucéure calcu1ations have
been made at Such high energies. Therefore, we havé‘assumed that the

" free electron dispersion relationship [16]
E,® = aiom) |k + 82, o (3)

where k is the crystal momentum in the reduced'zoné‘scheme, adequately
describes the final-state band structure. The zero of the free elec-
tron bands w&s taken to coincide with the bottom of the 4s-like band

in the initial-state Cu band structure, Ei(f). Smith's [17] parameteriza-
tion oé the tCAO interpolation scheme of Hodges, Ehrenreich, and tang [18]
was used to generate Ei(ﬁ). Effects due to matrix eleménts, as con-

tained invthe tefm.
ot Ik-plota@n 12 | “)

were neglected except in relation to the relative cross éection"of 4s
and 3d wavefunctions. In each case when an allowed transition was

found, it was weighted by the sum of the squares of the coeffici~

ents multiplying the five atomic d-functions in the normalized LCAO

> : : '
wavefunction ¢i(r). The s contribution to the initial-state wave-
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functioh was given zero Veight to account, at least partially, for the
large difference between s- and d-photoemission cross sections. Details
of the i—integrations are given in Ref. 15, A similar calculation was
made in Ref. 15, but it differed in that an attempt was maée to evalu-
ate angle-dependent matrix eleménts, as noted at the end of this sub-
section.> ' o
Thé seéond calculation differed only in that the requirement of
strict i—conservatipn for a transition was reiaxed to account for un-
certainty in the final-state momentum. As discﬁssed in detail by
Feibelman and Eastman, [19] and recently by Feuerbacher and Willis, [éO]
an uncertainty ér smearing in the.final state momentum normal to the
surface results when the source region of the photocurrent is restrict-

ed near the surface, as is the case in the present study [21,22] (see

Fig. 8). To incorporate this uncertainty in the final-state momentum (Z)
in our caléulations, all final states with wévevectors ; énd energy Ef(§)=
(h2/2m) |;|2 which satisfied (k + ) - % 2 < ; < x + 0 + % % for a
given free electron final state K+ E_in Eq. (3),.were allgwed. To
estimate the magnitude of K, the uncertainty principie (AkAx = %) was
invoked, and values for Ax were those determined for the mean free path
of an electron in copper as a function of’final—étate energy (see
Fig. 8). The maximum amount of smearing (broadening) calculated>in
this fashﬁbn corresponds to only 53,‘102 of the width of the first'BZ,
and can be as small as 3% for the lowest-energy pﬁofoelectron spectré_
reported here.

Regults of the calculation assuming direct transitions (model I),

convoluted with a 0.5 eV FWHM Gaussian, are shown in Fig. 9a. Comparison
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of these calculated PED's with the exberimental eurves in Fig. 9b
reveals thatJfair agreement exists at hv ? 50 eV. For photon energies
greater than 50 eV, however, the caleulated PED's coﬁpare very poorly
with experiment. For example, at.hv = 60, 90, 150, and 200 eV, four
peaks are predicted, whereas only three are observed. Other points

of disagreement are found in the detailed Shape.of‘the épectrum; for
example, the highér EB peaks at hv = 60 and 70 eV are predicted to be
too intense;ewhile at hv = 175 eV they are predicted to be too weak.

The most serious discrepancy between theory and experiment, however, is

the failure>of the calculated curves to converge to a limit as the
photon energy is increased.

In Fig:. 9¢c we present the results of the calculations (convoluted
with a 0.5 eV 'FWHM Gaussian function) in which final-state momeneum
broadening was included (model II). The amount.of broadening IKI at
each energy.ie given in the figure. The_calculations predict essen-
tially conetant peak.positions, at 2.5 eV,'¢3.5 ev, and NG .6 eV EB
over the entire photon energy range, in complete'agreement with experi-
ment. When compared to the experimentai results in Fig. 9b>good_agree-
ment of trends,in peak intensity with energy is also found to exist
over the entire photon energy range; for exemple, the buildup of the

peak at V3.5 eV E_ as the photon energy increases from 50 to 70VeV is

B
correctly predicted. Similarly, above 90 eV the spectra are predicted

to be uniform in shape and are virtually identical to the density of states
(compare top of Fig. 9c), in agreement with experiment. Indeed, the

calculated PED's are found to correspond vefy well with the experimental

spectra except for the slightly exaggerated peak structure. This
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difference; howevér, arises mainly from the initial—state band structure,
as illusgrafed at the top of Fig. 9, where the Cu 3d density of states
(column (c)) is compared to the experimental PED measured with Ai Ko
radiation (éolumn (b)).‘ In particular, the peak structure is génefally
too prondunced and the middle peak is too high; .Thus for polycrystalline
Cu, uncertainty in the final state momentum is crucial in determiniﬁg
the photon energy at which the XPS limit is reacﬁed, consistent with
previous predictions. [19] |

The cénclusion drawn above is the same conclusion given in Ref. 15:
viz, that mbmentum broadening is needed to fit the polycrystalline Cu
d-band photoemiséion spectra in thevdirect transition model. However,
the details of the two calculations are quite different, and the differ—
ences are important. In Ref. 15, we‘included "matrix-element" integrals
(Eq. (4)).in the orthogonalized plane-wave final. state approximation
in the expeétation that this would be be;ter than ignoring matrix-
element effects altégether. However, the description of the final
state wa&efﬁhction is still a majof ptéblem in the calculation of photo-
emission épeqtra. It appears from the calculaﬁions of Janak, et’al.
[23]‘and Wagner, et al. [24] that for copper comparable or better fits
to the spectra are obtained if matrix element effects are completely
omitted. Furthermore, it is difficult to include momentum broadening
in the evaluation of the transition matrix element. vWe therefore feel
that the present approach of assuming constantvmatrix elements is more

appropriate than that of Ref. 15.




~14-

4.2 AngleQResolved Photoemission From Cu(001), (110), and (111) Single
Crystals ; '

Iﬁ contrast to the results for polycrystélline Cu preseﬁted ébové,
angle—resolved.spectra obtained from the three low-index crystal faces ~
of Cu; i.éf;'the (001), (110), and the (111) faces, are found to be
very rich in structure. [10,251 This is illistrated iﬂ Fig. 10, where
we show representative spectréﬂacquiréd.from the'threeblow—index faces
in normal emission for 32 eV < hv < 160 eV. Conéiderable variations
in both peak_intensities and positions occur throughout the energy
range studied; In Part 4.21 of this section, we'wiii demonstrate how
variation in peak positibns can be related directly to the bulk band
struéture using a direct transition model of photoéﬁission. In Part
4.22 we treat the problem of non—norﬁal emission with particular empha-

sis on the matching conditions at the surface.

4.21 Normal Emission

The interpretation of ARP spectra in terms of electronic band
structure_has'suffered from a lack of detéiled information on how the
crystal momentum a of.the.photoexcited electron‘insidé the crystal is
related to thé moﬁentum ; of the free électron outside the crystél.
Normal phbtoemission avoids this problem because electron refraction
at the surface is zero and the propagation'direction of the electron ot
inside and outside tﬁe cfystal is tﬁe same. Thus the detailed rela- .
tionship between E and ; need‘not be.considered.

Typical results obtained from the three low—ihdek faces of Cu iﬁ
normal emission for 32 eV < hv < 160 eV are shown in Fig. 10. Several
important features to note in these épectra are: 1) the distinct differ-

ences in spectra taken at the same photon energy but along different
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directioﬁé; 2) the absence of an s-p band (EF'< EB < 2 eV) at certain
photon energies, e.g., between hv = 70 eV and hv =‘100 eV in the [110]
direction; 3)‘the strong "'s-p resonance'" at EB v~ 0.5 eV in the [110]
directionvat hv = 45 eV, and 4) the variation in the d-band spectral

width (2 eV.< E,L < 6 eV) as a function of photon energy, e.g., varying.

B
from V1.3 eV wide at hv = 32 eV to V3.5 eV wide at hv = 100 eV in the
[oo1}] sﬁeétfum..

Compariéon of the spectra in Fig. 10 to thosé obtained from poly-
crystalline Cu (Fig. 7) shows that the angle-resolved spectra exhibit
substantially different structure ana evolution of features than do
the polycrystailine results. Thé increased riéhness in the angle-
resolved speétra can be traced to two sources: 1) the orientation of
the elec;riC’field vector (f) of the light relative to the crystalline
axés, and 2) the position of the detector relative to the crystalline
axes. |

For éngle integrated'photoemission from polycrystalline samples
the effects of incident light polarization relative to crystalline
axes are aVeraged out because all crystalline orientations relative
to the electric field vector occur with equél prdbability. On the
other hand, for ARP from single crystals there is a unique orientation
of the E vector with respect to the crystalline axes; thus, ARP spectra
are sensitive to 5oth the photoelectron ﬁomentum and the radiation
polarization, with respect to the crystalline axes. Having noted the
importance of polarization effects in ARP, we refer to the work of

others on this subject. [26] The main thrust of our work has been the

elucidation of point 2 above.
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The spectra measured in ARP depend on the detector position rela-
tive to the érystalline axes. This follows because among the allowed
transigions only those are sampled for thch the.photoelectron moment um
vector poiﬁts‘into the detector. As a‘result, only a small fractién
of the initial and final states in the BZ contribute to the spectrum.

" For example; consider emission in the [001] direction from a siﬁgie'
crystal, as shown schematically in Fig. 1lb. Hé;e we have assumed.an
angular resolution of +5° and the direct transiﬁion model discussed
above. The constraints of conservation of momentum and the diregtion—
ality of the photoelectron momentﬁm'vector (a must point toward the
detector) severely limits the amount of the firéthZ (to a section of
a sphericai surface) which can contribute to the photoemission.spectrum.
If uncertainty in the final state momentum is included a slightly

" larger portion of the BZ can contribute (see Fig. 1llc). Thus, yaria—
tions in the ARP spectrum with angle or energy arise in this model
because different parts of the first BZ are being sampled,

_Calcdlations'using Eq.. (1), where the sum.ovef ﬁf has been restrict-
ed to just those ﬁf—valueswhichcan be observed but neglecting matrix
elements and the uncertainty in [ﬁfl, have been‘berfprmed by Wagner,
et al. [24] for emission in the [001] and [111] directions and by our
“-group [25] for -emission in the [110] direction. .In both sets of calcu-
lations there is excellent agreement with all major'changes in structure
occuring as functions of photon energy. The positions and overall |
widths of most of the peaks were also reproduced well in the calcula-
tions. An example of the type of agreement obtainéd is shown in Fig.

12 where we present the results of a calculation for photoemission
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in the [110] direction at a photon energy of 4§'ev. As seen in the figure,
the overail.concurrence in peak positions and widths is very good; note, |
in particulaf, that the pronounced "s-p resonance" observed exﬁerimental-‘
ly is predicted in the calculations. |
Perhaps a more instructive way of viewing the results is showﬂ in
Fig. 13.v Here the experimental peak positions»Eex(K) are compared with
Burdick's [27] band structure of Cu. The locations of the experimental
points in the figure were derived as follows. 'From the measured ﬁeak

positions, relative to the E the final state energy Ef = Eex(ﬁ) + hv

F)

was calculated. The magnitude of the final state wave vector was then

->
determined from the free electron dispersion relationship ]q[

(2mEf/h2_1/2, where the zero of the free electron scale was taken to
be the bottom of the free-electron-like bands in Burdick's band struc-
ture. The relations ﬁh = 0 and ai = ﬁi + |0 whefe ¢ is a reciprocal

lattice vecter, then yield K in the first BZ and the corresponding
values Eex(ﬁ) are plotted as bars in the figuref -The inset at the
bottom of each panel establishes a eorrespondence between photon energy
and the_ﬁart of the BZ sampled. |

Comparison of our experimental peak Eositions'with'Burdick's band
structure in Fig. 13 reveals generally good agfeement. In particular,
the pronounced "s—-p resonance' for photoemission in the [110] direction
at hy = 45 eV is fully explained in terms of bulk transitions arising
from a well-defined part of the BZ (points near k= (—0.5,.-0.5; 0)).
The appearance of an s-p band at only certain photon energies is ex-
plained as well. Only when photoemiesion occurs in a paft of Ehe eone

where a band exists near the E_ is an s-p band observed, e.g., for

F
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photoemission in the [111] direction at hv = 70 eV,‘statés near L are
sampled (see Figs. 10c and 13c). Finally, the vnriation in. the width

of the d-band is also easily understood in terms of the dispersion of

the bands across the zone.

To illustrate further the direct relation between photoemission spec-
tra and band‘structuré for copper in thié energy fange, it is instructive
to compare Fig. 10a with Fig. 13a. Both pertain_to the [001] direction,
Varying the photon energy from 32 eV up to 160 eV yields first a narrow
peak, evolving into two widely-spaced peaks, then back to a relatively
narrow peak again (Fig. 10). But this is exactly as expected in going
from I' in the second zone through X to I' in the third zone (Fig. 13).

A closer examination of Figs. 10 and 13, however, reveals two
interesting facts: 1) in all three directions studied, a band exists
between 6 eV < E; < 9 eV in the band structure but no peaks are observed
at a E, greater than 6 eV; and 2) for photon enefgies near 130 eV and

B

emission in the [110] direction, the same nortion of the BZ is sampled
as at hv ¥‘45 eV but, in contrast to the hv = 45 eV spectrum, no strong
peak is observed in the s-p region of the spectrum. The first observa-
tion is readily expiained by the relative cross section of 4s and 3d
wavefunctions, as discussed in Part 4.1 (a tight binding calculations
shows the conposition of the states spanning the range 6 eV < EB <9 ev
to be almost Completély "s" in character). The sécnnd observation can
be attributed fo the increased volume sampled in-tne BZ because of

the smaller inelastic mean free path in the 130-140 eV region (AeﬁJB A)

as compared to that around 45 eV (Ae“JS A) (Fig. 8), and the increased radius

of the cylinder detected in k space (Fig. 11). Whilé this broadening
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is small for electron energies near 45 eV (pnly n3% of 2m/a), it amounts
to Vv10%Z of the width of the BZ in the range 130-140 eV. This amount of
broadening is sufficient to smear out the sharp peak (an intense should-
er is obsefved) in the s-p band because of the steepness of the band
from which this structuré ariseé (see Fig. 13b).v Indeed, momen;um
broadening in the final‘’state ﬁoées a sefious problém in the use of
photon—energy—dependént ARP studies (as employed here) to map out the
details of the bulk band structure. |

We clbse this subsection by noting that the effective photon énefgy
in which dispersion relatibns can be determined is rather narrow. At
the lowest energies (NIO eV) band—structufe effects‘distort‘the free-
electron nature of the final states. There isva usablé.rEgion (rbughly”
20—80 eV) in which the electroh mean free paths are still relativel& loné
(see Fig. 8), permitting sharp féatureé to be observed. Af higher energies
(100 eV) fﬁe broad minimum>in the electron—mean—free—paéh relafion
is approached, and i—broadening obviates sharp structureAin the:épec—
trum. Fortunately the infermediate region is usﬁally Wide'ehough to

permit studying the entire first BZ.

4.22 Non-normal Emission
' ' ' . ' > > .
For non-normal emission the relation between q and p must be con-
sidered explicitly, because the propagation directions of the electron
inside and outside the crystal need not be the same due to the presence
of a potential barrier at the surface. With a simple free-electron
description of the final state and the assumption of specular boundary

conditions, the following relationships between 3 and ; foliow [28]:
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g > .
P" = q" )

2 2
_-Iql| I

= IP.L + 2mVO . o . , . (5)

where m 15 the mass of the electron and VO is thevianer poaential.

To dete;mine the accuracy of this expressian for describing non-
ideal systams, we have performed ARP expériments on (001), (110), and
(111) Cu single crystals, in all cases at a photoﬁ_energy of 45 eV and
in a [110]aemission di;ection (for (001) and (lil) crystal faces, [110]
directions fall at 45° and 35° away from the normal, respectivel&).
These particular experiments were chosen due to the presence of an
extremely sharp resonance in the s-p band of Cu at this energy (see
Fig. 10),-which is very sensitive to the exact portion ofvthe BZ being
sampled.; This peak (the "band 6 peak') arises onl?_thfough transitians
from the 6th valence band which goes steeply througﬁ EF between T ahd
K as shown in Fig. i3. |
/ In Fig. 14 we present the results of thié'studf.v Here the relative
area under the band 6 peak is plotted as a functian of the emission angle
®, measured.from the sample normal. Resulta obtained from (110)
crystals, Figs; 14b and 14d, show that the maximum in intensit& of the
band 6 peak oécurs for normal emission, i.e., along'thab[llO] direction.
The diffefence in the detailed shapes of the two curves arises from
the fact that the E vector of the incident light.does not lie in the
same crystalline plane. Inspection of Figs. l4a-and l4c show tﬁat

this maximum in intensity is shifted from the bulk [110] crystalline

direction for emission from (001) and (111) single crystals, indicating
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refraction of the photoemitted electrons at the crystal-vacuum inter-
face. The resulting refraction angles are n15° and "12° for emission

in the [110] direction from the (001) and the (111) crystal, respective-
ly. | |

Cqmﬁarison of these refraction angles to tﬁose determined using
Eq. (5), which yields values of 10° and 7° for emission in the [110]
direction from (001) and (111) single crystals,.reSPectively, shows
that fair‘agfeement is obtained. There is, howéver, a.discrepancy of
5°, the calculated values being smaller than ﬁhoSe observed experi-
mentally. This discrepancy .is not yet understood and is under further
study. A longer manuscript is under preparation [29] which will be
devoted to refraction effects. However, we can already conclude that
the preliminary results reported here establish for tﬁe first time
that free-electron matching conditions at the sdrféce provide an'ade—
quate first approximation to the relationship between the propagation
direction of the electron inside‘the crystal and that outside the
crystal.

5. Thermal Disorder and Indirect Transitions in éhotoemission.

This section deals with the breakdowﬁ of the direct-transition
model discussed above. Shevchik [30] pointed out that the photoemis-
sion cross-section from a solid must contain a Debye~Waller factor,
and he predicted that this would favor indirect (i.e., phonon-assisted)
photoelectron excitation at high temperatures or photon energies.‘ We
have observed this effect for the first time. [31] These results show
that high-temperature or x-ray induced photoemission dﬁes not follow

the direct transition model but rather samples much of the BZ.
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The temperature and energy dependence of the momentum conservation
rules for elastically scattered radiation (e.g., x-rays, neutrons or

_ electrons) by a crystal lattice is governed by the Debye-Waller factor _ ..
v > > 2 ' :
f = exp [- ((q-Ar)™)] . ' (6)

Here 3 = Kf - E_ is the difference between the wavevectors of the inci-

+
dent (k,) and scattered (Ef)'radiation and Ar is the instantaneous

i
thermal displacement of an atom from the equilibrium lattice position.
In a simple one-electron picture, photoemission can be viewed as a
scattering process. The initial state involves a photon with wavevector
> . : . > >

kh and a bound (e.g., a valence) electron with wavevector ki (kj-=

ﬁhv + ki)’ while the final state is characterized by the photoelectron

with wavevector ﬁf. The diffraction law ﬁf - ﬁj ='E, where E is a

reciprocal lattice vector describing the elastic scattering of radia-

tion by a.>crystal lattice, also describes the direct transition

requirement in photoemission (Eq. (2)). Hence,.one would expect the

intensity of direct-transition features in ARP séeCtra to exhibit a {
temperature and energy dependence in accordance with Eq. (6).

" In this approximation, the indirect transition channel in. photo-
emission cofrespondS‘closely to x-ray temperature;diffpse scattering.
[32] The connectibneﬁetween”xéray diffraction and ARP is revealed by
an evaluation of the photoexcitation matrix element from Eq. (2),

including the time average over the atomic thermal displacements,
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f > > > .1~ 2 > > > '
Ko (@) |A-plo () |7~ £ 0, pCke) [6(q -6 +
/ > > 312 >4 2 )
 <1 - 6(q - G)) [¢l e (kBT) +.¢2[q| (kBT) + ...] }
- lq - ¢ |
(7
This expfession was derived assuming an LCAO tight-binding initial-state
and plane—wéve final-state wavefunctions. Here, Oif(Kf) is an atomic-
type matrix element, kB the Boltzmann constant,vand T the temperature.
The quantities d1 and ¢2 involve sums over phonon'modes familiar from
first- and second-order temperature-diffuse scattering. [32]. It is
assumed\iﬁ-this expression that the temperature is high enough for

equipartition to hold for the phonon modes.

The importance of the direct (a = &) relative to the indirect

transition terms in Eq. (7) depends on both temperature and photon

energy. Although the photon energy does not expiicitly occur in Eq. (7)
it is contained in ]E[, since with increasing photon énergy the photo-
electron wavevector Kf (and hence E_= Kf - Kj) increasés. Iﬁe decrease
of'the Debye-Waller factor (Eq. (6)) is predicted to occur in discrete .
steps as a function of energy; As the photoelectroh final-state crosses
a zone boundary (with inéreasing energy); a new (longer) G-vector enters
the momehtuﬁ conservation conditions, causing a déérease'in the inten-
sity ofkthe éirect—transition contribution to tﬁé photoemission spec-
tr@. . |

To elucidate theveffect of temperature oﬁ the ARP spectrum we

again consider normal photoemission from a Cu(l110) single crystal.

At room temperature we found that photoemission from Cu in the ultra-
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violet (ﬂPS)vregime is dominated by direct transition processes (see
Subsectionv4l2 and fig. 13). The band 6 peak at EB“JO.S eV for hv =
45 eV is an extremely sensitive indicator of the direct transition
channel because it can only originate from transitions in a very small
region of .the BZ. As phonon-assisted processes bec0me more important
with increasing temperature, ‘this peak (Flg '15) decreases dramatically
1nlintensity, as expected. In Fig. l6a we have plotted the band 6
resonance inten31ty versus temperature. Also shown are plots of £ (n=
l,2,3), where the values of (Arx) used were bulk;mean—square’dlsplace~
ments for copper measured by x—ray‘temperature diffuse scattering. {33]
The effective mean-square displacement seen in photoelectron spectra
will be 1arger than the bulk ualue, however, duevto the short electron
mean-free path at thls energy. For Cu the (110) interplanar spacing
is l 3 A (half the nearest—neighbor distance), which indicates the
photoelectron spectra of Fig. 15 are only sensitive to four (110)
planes. Calculations for a (110) surface of Ni [34] have shown that
’mean—square displacements normal to the surface for a surface layer
are as much as three tines the bulk value, and decay exponentially-
to the bulk ralue bp the fifth layer. Further calculations [35] indi-
cate that the ratio of surface to bulk mean-square displacements
increases wlth lncreasing temperature. Our data are_consistent with
these expectations; Fig. 16a.shows the decrease:in the band 6 resonance
intensity corresponds to 2 > n > 1 near room temperature and n > 2
at elevated temperatures. |

Inspectfon of Fig. 15 shows that as the'temperature is rafsed

the shape of the d-band changes as well; the d-band peak becomes
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asymmetric, with more intensity at the top of the,baqu, until, at
800°C, the spectrum resembles that of poljcrystalline copper for hv =
40-50 ev. [15] For cbpper, a single electron—phbhon interaction can
change the electron wavevector from the T point to anywhere within the
BZ with ﬁb more than a 30 meV [36] change in the electron energy, thus
allowing more of the kK states in the BZ to be sampled without greatly

disrupting'their energy digtribution. Iﬁ Fig. 16b the ratio of in-
direct to direct transitions is plottedxas a function of temperature;
assuming two different values for the ratio af foom gemperature. This
plot bears out the temperature dependence prediéted ﬁy.Eq. (7.

It follows that the direct-transition ﬁodel déscribes ARP studies
at ultraviolet energies only if the temperature_is low enough to suﬁ—
press phonon—assisted indirect transitions. Thermal mééﬁ—sqhare dis-
_placements of atoms in crystais approaéh their iimiting zéro—temperature
values fqr températures somewhat below the Debye temperaturevof the
material in question. Thus, a general rﬁle for.aséuming a minimum
amount of tﬁgrmal momentum broadening is to colléct ARP spectra at
temperatures'below the surface Debye temperature. |

Because the Debye-Waller factor determines the fraétion of the k-
;onserving direct transitions, the direct transition précess is less
important at x-ray energiesvthan at UPS.energies. In fact, siﬁce Ial
is about 5 times larger at.hv = 1486.6 eV (Al Ka.radiétion) than at
hv = 45 éV, it is expected from Eq. (6) that room teiperature-XPS
spectra are dominated by the phonon-assisted indirect transition pro-
cess. Indeed, angle~-resolved XﬁS spectra exhibit.a‘CQnsiderably weaker

angular.dependence than UPS spectra. [37] Furthermore, valence-band
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spectra of}Au'Single crystals yield identical results at hv = 1253.6 eV
(Mg Ka) and'1486.6 eV for photoemission aiong the [601] and - [111] direc-
tions. [38] These experimental findings lead to #he conclusion that

the entire BZ is being sampled at high (21000 eV) phéton energies.
' The angular dependence observed in XPS spectra ariées from the photo-

excitation matrix element Oif(ﬁf) in Eq. (7). [39].

6. Angle- and Energy-Dependent Studies of CO on Ni and Pt

6.1. Cross Section Effects for CO on Ni, Pd, and Pt

In this secfion we report photoemission studies of €O on Pt(111)
in the range 40-150 eV [40] and interpret earlier studies by Gustafssqn,
et al. [41] of CO on Ni and Pd. Our main goal is to discuss the value
of pﬁotoemission experimenté on an adsorbate-substrate systém using
variable pho;on energies not accessible with laboratdry sources.
Another pﬁrpose of this study was to learn how the photoemission sﬁec-
trum of CO 6n d—band metals is modulatedbby cross-section effects as a
continuation of the studies on clean d-band metalé.in Section 3, and
to select the most'apprbpriate energy‘range for aﬁglé—resolved,studies
on adsorbates,'discussed below.

Experimental results for clean Pt(ill) and Pt(iil) + 5L CO are
displayed iﬁ‘Fig. 17 as solid and dashed curves, respectively. (1L =
1 Langmuir = 1 x 10-6 torr sec exposure). Common féatures of all spec-
tra are the ﬁwo éeaks at 8.7 eV-and n11.8 eV EB.relative to the EF’
attributed to thé (506 + 1m) aﬁd 40 CO molecular ofbitals, respectively.

The CO spectral intensity relative to the Pt VB, whilé low for hw <

100 eV, increases steeply at higher energies and is about a factor of



o
L ]
.
i
o
o
L
.
wfdd
B

-27-
3

4 strohger'at 150 eV than around 80 eV. Figuré 18 shows  quanitatively
how the intensity ratio of the (50 + 1w) CO ‘peak and the Pt 5d VB
chénges with photon energy.

| We attribute this adsorbate relative intensitf enhancement aﬁove
100 eV to the steep decrease of the Pt 5d intensity between 100 eV and
150 eV;basvshown in Fig. 19. The energy dependenée of the Pt VB inten-
sity was meaSured‘in the same way as that of Cu, Ag, and Au discussed
above, and the Au (cf. Fig. 4) and Pt 5d cross sections show a very
similar deendehce. In Fig. 19 we have also plotted the theoretical
differeﬁﬁial photoionization cross section of the kSo + 1m) molecular
orbitals of,CO as a function of inCideht'phOton‘enérgy. Although we
realize the limitations ofa ﬁléne-wave (PW) final state calculation
for CO fo; quantitative comparison &ith‘experimental cross=-sections,
we have used the PW CO cross-sections [42] showh in Fig.'19, for lack-
of any mbre reliable theoretical values, to.predict the ratio of the
integrated (50 + 1m) CO peak intensity relative to the Pt 5d VB inten-
sity. The fesults, shbwn inserted on a 1inear sCale in Fig. 19, are~
in qualitative agreement with Ehe experimental fesnlts in Fig. 18.

The abo?e approach can also account qualitatively for the rela-
tive éross-sections of CO on Ni and Pd. Gustafssoh, et al. [41] found
that thé relative adsorbate signal falls off muéh'mofe rapidly for CO
on Ni thén for CO on Pd.- Ni is a 3d VB metal and should exhibit an
increase in photoemission intensity to hv ~ 120 eV, then a more gradual
monotonic decrease in photoemission intensity with increasing phofqn

zehergy, ﬁuch like Cu (see Fig. 4). For this casé fhe CO spectral

intensity falls off more rapidly than the Ni VB intensity, particularly
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for hv < 120 eV, giving a steep monotonic decrease of thevadsorbate
signal relative to that of the substrate. On the éther hand Pa is a .
4d VB metal with a radial node in the 4d wavéfunctidn and should exhi-
bif a Cooper minimum similar to the 4d VB of Ag (see Fig. 4). We
attribute the increase in relative adsorbate emissiog:for Pd at hv >
80 eV ta thié Cooper minimum. The restriction of their photon energy to
hv < 100 eV precludes Gustafsson, et al. from observing fhe full extent
of MO-enhancement. Fig. 20 compares the e#perimentﬁl data (hv < 100 eV)
of Gustafsson, et. al for the ratios GCO(}N + SG)/ONi(3d) and Oco(ln +
50)/0Pd(4d) with the ratios derived from PW theoteﬁical CO cross-
séctions [42] and our experimental intensities for ¢lean Cu and Ag

(Fig. 4).  The data have been normalized at hv = 40 eV. The agyeement
over the photén energy range 40-100 eV substantiatés the.qualitative
arguments'we'have previously invoked. An extension of the calculated
ratio for Ag and CO cross sections allow us to predict enhahced CO/Pd
ratiO'resulfs for photon energies up to 150 eV, as éhbwn in Fig. 21.

Our results indicaté that studies of:mblecﬁlar orbitals of adsorbates
such as CO on 4d or 5d VB substrates will benefit from synchrotron
studies at high photon energies because of the enhancement of relative
adsofbate spectral intensity.

6.2 Bonding of CO on Pt(111)

The adsorption of a molecule on a metal surface affects the bond-
ing orbitals of both the adsorbate and substrate. Hénce, by compariﬁg
phliotoemission spectra of the adsorbate-substrate system with‘those pf
the adsérbate and substrate alone, the bonding méchanism may be studied.

We report below such a study of CO on Pt(1ll).
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When CO ghemisorbs on the (111) face of'Pt, the valence band peak

nearest the E_ always decreases in intensity relative to the other peaks

F
in the Pt'valence band. Figure_ZZ shows the decrease of this intensity
in spectra ét two different photop energies, for which the total spec-
tral intensities of clean Pt and Pt + CO have been normalized with
rgspect to photon flux. The effect is even more_Striking in the.angle—
resolved épectrum at 40.8 eV (Hell radiation)'sboﬁn in Fig. 23a, which
was recorded‘for electron emission 40° away from the sample normal (see
Fig. 23b)f »This indicates that the states ne;rest thevEF donate elec-
trons to the CO molecule as it chemisorbs.. This:observatioq is sup-
ported by work-function measurements.[43]

To dgtermipe the composition of the statés néare;t the.EF we have
calculated the band structure of Pt using Smith's [44] parameteriza-
tion of the Hodges, Ehrenreich, and Lang [18] tight binding interpola-
tion scheme;. Figure 24 shows the calculated total VB density of states
and its decomposition into the t2g and eg‘domponents, The peak nearest
the E_, is seen to arise mostly from t

F 2g

surface sensitivity [21] .of photoemission spectra at hv = 70 eV and

orbitals. Because of the high

hv = 150 eV, these spectral features arise largely from sufface Pt
atoms. . Calculations by Desjonquéres, et al._[AS] show that modifica-

tion of the bulk bands at the surface does not change the basic t28

character of the valence band near EF' The dramatic decrease in inten-

sity of-this peak on chemisorption of CO thus indicates the involvement

of surface t, orbitals in the chemisorption bond(s).

2g
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The'moiecdlar orbital béaks of chemisofbed:molecules in photo-~
emission speéfra shift différeﬁtly depending upon whether or not they
vare 1nvolVed:in,tﬁé chemical bonding to the surface. Tﬁe biﬂdiﬁg energy
of adsorﬁaté valeﬁce‘orbitals is in géneral'lowered relative to the gas-
phase valuevbyra relaxaﬁion energy'originating from poiarization of
the substrate Qélence electrons to screen the adsorbate hole state.
in additioh_éd this final stafé effect bonding orbitals exhibit a
shift tovhighéf binding enefgyvdue to their polariiation toward the
substrate (initiél-state effect). - o

Figure 25 shows angle—resolved"spectré of CO on Pt(111l) at Hell
energy, recorded in the experimental geometry shown in Fig. 23b. With
'increasing angle G between the surface nérmél And‘the photoemission
direction the the Eﬁ (%9’eV) CO peak splits into a doublet leading to
three CO péakslat 8.1 eV, 9.3 eV, and 11.7 eV EB_ét O = 60°. Calcula-
tion of tﬁe differential photoemission c¢ross section t46] for a CO
molecuie.étahding up‘on the substfate (see seétion 6;3 below) favors
lﬁ orbital intensity at ﬁigh'@ values. We therefore assign the lowest
EB peak at 8.1 eV to‘the 17 molecular orbital. Thus, the ordering of
the 17 and 50 orbitals is revérsed from that of CO:gas [47] due to a
shift of the_Sd bonding orbital to'higher binding eﬁérgy. This reversal
waé predictedvin feceﬁf theoretical céICulationsvby Batra and Bagus [48]
and by Bégﬁs and.HérmAnn [49] and was observed experiméntally by other

groups for Ni(1il) [50] and Pd(111) [51] substrates.
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6.3 Orientation of CO on Ni(11l) and Pt(111)

Da#enport [46 | preéentéd scattered-wave (SW) Xa calculations of
.photdéléctrbﬁ éngular distributions from the molecular orbitals of
oriented CO molecules and pointed out that chemisorbed CO should dis-
play similar angular distributions provided thaﬁvthe molecular wave-
functions_afe ndt strongly perturbed by the substrate. In this sec-
tion we discuss photoelectron angular distribﬁtiqns'ac hv = 40.8 eV
from COvadsorbed on Pt(111) and Ni(111) surfaéés in terms of Davenpoft's
theoretical calculations. [52]

In Fig. 26c we have plotted the change of the peak 40/1m + S50) -
intensity ratio as a function of polar photoemission angle O defined
in Fig. 26a, for CO chemisorbed on Ni(111) and Pt(111) surfaces.
Comparison 6f this ratio for the adsorbate—subétrate systems (Fig. 25c)
with the scaléd theoretical intensit& ratio for an oriented CO molecule
(Fig. 26d) strongly favors the configuration where CO stands up, with
the C boﬁded to the substrate. Note in particular that the configura-
tion with 0 bonded to the substrate can be excluded because tﬁe 4o/ (1m+
5¢) ratio vanishes fof angleslé = 20°; The overall good agreement
between the experimental curves in Fig. 26c and the solid curve in
Fig. 26d is not expected to be pérfect in detail, mainly because the
56 orbital is expected to_be perturbed through its interaction with
the substrate [48] as discussed in the previous section. |

6.4 Final—Sfate Scattering Effects

Low energy electron diffraction (LEED) has been the technique of
choice to characterize the crystallographic structure of clean and

adsorbate-covered surfaces. [53] However, several factors have kept
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this techﬁique in most cases from being more_thén a surfacelcharacteri—
. zation tooi1 _First, LEED studies Qf adsorbed,molec@lesrhayg been
hampered by'radiation‘damage and dissociation of adsorba§g§.byvthe
electron beam. [54] Electrons tend to be more damaging than Phopons
because they have high probabilities per incident*particle of exciting
a valence eleétron, the. beams have a greater_flug, and the radiation
is concentrated closer to the surface, with a high deg:ge of collima—
tion. [53] Secondly, LEED scattering requires.ofderéd domains V500 A
. : :
in diameter.beéause of limitations on the coherence width of the elec-
tron beam. Thus studies of 1ow-coverage_adsorbate overlayers and
amorphous ér disordered materials afe difficult.  The most severe pro-
blem, however, lies in the analysis of the scattered LEED intensities
- due to strong multiple-scattering effects.

Some of these problems are eliminated -by studyiﬁg ;hotoelectron
diffractioh-[55,56] rather than LEED. As illustrated in Fig. 27 for
the case of CO on‘a substrate in a classicial.picture, a photoelectron
can makes its way to the detector either directly (channel 1) or by
scattering from the atoms of the substrate (chanhel 2). Quantuﬁ—
_mechahically,-the two channels correspond to the primary photoelectron-
wave and the backscattered wave from the substrate. It has been pre-
dictedvtheoreﬁiéally that interference of these waves can significantiy
~alter the photoémission angular distributions. It»is clear that photo-
electron diffraction not only avoidé the radiation damage problem of LEED
but is also applicable to isolated adsorbate units or matefialé lacking
long-range order. Furthermore, by using synchrotrém radiation the

photoelectron kinetic energy may be tuned to maximize either channel 1
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or 2. This way photoemission -from valence orbitais‘of adsorbates may
yield the bonding coordination via channel 1 and the site geometry via
channel 2;1 Photoemission from adsorbaté core levels provides an addi-
tional cheqk of the site geometry via channel 2 and,in the case of an
adsorbed molecule,rmay also determine the moleéglar orientation via
channel ‘1 through polarization selection.rules. [57) As yet, photo-
electron diffraction has not beeﬁ applied experiméntally to this purpose,
but in the following we present some data for CO on Pt(11ll) which

appear to indicate for -the first time the-impdrtance of final-state
interference effects.

Several angle-resolved photoemission spectra for Pt(1l1ll) + 4L CO
are shown in Fig. 28. Common features of all spectra are the two peaks
at 9.2 eV (A) and ~11.8 eV (B) which are assigned to the (1m + 50)
and 40106 molecular orbitals, respectively. Peéks A and B show strong
variatioﬁs with O, the angle between the crystalvnormal and the photo~
‘electron propagation direction. The polafized’ﬁature of synchrotron
radiation leads to an enhancement -of the angular dependence at hv =
40 eV. This is clearly shown in Fig. 29, which also gives details of
the crystalline orientation with respect to the photon beam and the
detéctor (Fig. 29b,¢). Figure 29 shows that the molecular orbitals
of CO are not only more intense with,fespect to the VB at 150 eV than
at 40 eV but also that there is a dramatic reversal in the,angﬁlar
variation of relative MO peak intensities.

Figure 30 shows the relative peak intensities and the ratio
bo/(Am + 50)‘for normal photoemission and for a 45° electron take—off

angle over the entire 40-150 eV range. For normal emission, the 4¢
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and the 1m + 50 peak intensities show modulations in the range 40—150 eV,
while the energy dependence is relatively smooth for a 45° electron .
take-off angle.

The observed modulations indicate the importance of final state
interference effects, which have theofetically been shown to vary strong-
ly with both energy and photoemission angle. [56] For a molecule on a
.substrate, however;'final—state interference effects exiét not.only
between channeis 1 and 2, but channel 1 itself contains interference
effects resulting from intramolecular scattering within the molecule.
Intramolecular final-state interference effects are included in SW.Xu
éaiculations and have been found theoretically [46] and experimentally
[58]‘to lead to cross-section resonances at energies not too far (v10-
20 eV) above threshold. Without a detailed SW Xa calculation for an
‘oriented (gas phése) molecule at higher (>40 eV) ehergies, the origin
of the reﬁbnanées in Fig. 30 and ﬁhe reversal in angular photoemission
distributioﬁs in ?ig. 29 therefore cannot be interpreted quantitatively.
Analysis of the observed intensities should yield information about
the conformétion of CO on Pt(11ll) and improve our general -understanding
of'final4staterécattering effects.

7. Conclusions

This péper summarizes a program that has been designed to charac-
terize phdtoemission in a new energy range, particularly between 32 eV
and 200 eV. The féllowing major original conclusions about photo-
emission in this energy range havé been derived from this program;

‘1. Atomic cross-section effects can modulate photoemission

intensities of d-band metals and alter the valence-band spectra.
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2. Photoemission spectra of polycrystalline copper can be

understood in terms of the direct-transition model if k-

broadening is taken into account, and the x-ray photoemis-
sion limit is reached at hv v 100 eV.
3. Angle-resolved normal photoemission from copper makes it

possible for the first time to determine the band dispersion

" relations throughout the entire Brillouin Zone.

4. FElectron refraction effects have been observed directly

for the first time, using the band 6 resonance in copper.

5. Thermal disorder effects in photoemission have been ob-

served and studied quantitatively. Zero-phonon photoemission

v . N
- corresponds to k-conserving transitions, while phonon-assisted

N .
transitions do not conserve k, but instead sample more of the
Brillouin Zone. Thus temperature is an important parameter

in photoemission.

. 6. At intermediate photon energies (hv v 150 eV) adsorbate

molecular orbital peaks may be intense relative to substrate
peaks. -

7. Shifts and changes of intensity of adsorbate and substrate
peaks are related to details of chemical bonding.

8. Carbon monoxide stands up, with‘oxygen out, when adsqrbed
on Pt(111) and Ni(111).

9. At energies of 150 eV, where the photoelecfron de Brogliev

wavelength is comparable to interatomic distances, photoelec-

tron diffraction effects have been observed for CO on Pt(lll).'



Table I.

Photon Flux and Energy Resolution for SSRP 4° Line Monochromator

. . o , o , Monochrumtord o

Photon energy - Quantum efficiency photons rand bandwidth - : photons. 9

(eV) of detector sec-mA-mrad (10°) AE (eV) Sec-mA-mrad-10% bandwidth (107
32 0.112% 0.5 0.008 2.0
50 0.079% 1.6 0.02 3.9
70 0.062% 2.7 0.04 4.8
90 0.060" 4.0 . 0.07 5.6
110 0.070% 5.7 0.10 6.5
130 0.067% 7.6 0.14 7.3
150 0.060% 9.0 0.18 7.5
170 0.05° 8.6 0.23 6.3
190 0.05° 6.4 0.29 4.2
210 0.05° 5.7 0.35 3.4
230 0.05 4.9 0.42 2.6
250 0.05° 4.4 0.50 2.2
270 0.05° 3.5 0.60 1.6
290 0.05° 0.8 0.70 0.3

_98_

b}
el
d)

See reference 5

In lack of measured values for the. quantum eff1c1en(,y above 155 eV we -have assumed a constant value
See reference 6.

Calculated according to Equatlon (1)

of 0.05.
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FIGURE CAPTIONS
a) Schematic illustration of an NBS-Al,0, photodiode..
b5 ;Transmission’function of the monochromator located on the -
4° port on Beam Line I at SSRP measured as the photocurrent
from an NBS—A1203 photodiode. To obtain the absolute flux
out of the monochromator, the curvé must be correctéd by the
quaﬁtum efficiency of AlZO3 in this energy. range.
Quantum efficiency of A1203 in the phoﬁon energy range}lO—l60
eV (cf. Ref. 5).
Spectral distribution of synchrotron radiation emitted from.
the_storage ring SPEAR as a function of the éiectron beam
energy.
Relative d-band intensity of Cu, Ag, and Ap as a function of
photon:energy. Curves have beeﬁ corrected for the collecting
efficiency of the cyiindrical mirror analyzer, the transmission
of the monochromator, and inelastic backgro;ﬁd.
Photbemission spectra‘of polycrystalline Ag valence bands.
Expgrimental resolution was 0.35 eV for the spectra between
60 eV < hv < 150 eV and 0.6 eV at 1487 eV. No correction has
been made for inelastic background. : L.
Schematic illustration.of the effect of the total Ag 4d photo-
emissibn cross section on the detailed shape of the Ag valence
band spectrum at hv = 120 eV. The higher binding energy peak

is predicted 'to have a 207% higher cross section than the lower

binding energy peak and thus increase in relative intensity. -



Fig. 7

Fig. 8 ..

Fig. 9

Fig. 10
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Valence band photoemission spectra obtained from polycrystalline

. Cu for a series of photon energies. Experimental resolution

was 0.35 eV for the spectra between 40 and 200 eV and 0.6 eV

for the XPS spectrum. No correction for inelastic background

,hés been made.

Photoelectron mean free path in Cu as a function of kinetic
énergy. The values between 30 and 100 eV were obtained from
Ref. 21 and those above 200 eV from Ref. 22. The region be-
tween 100 and 200 eV is shown as a dashed line because no
experimental or theoretical results are available in this
region.

a) PED's calculated for Cu assuming strict k and energy

(Ef(ﬁ) —-Ei(ﬁ) - hv € 0.1 eV) conservation. The calculated
curves are convoluted with a‘Q.S eV FWHM Gaussian function.

b) Experimental results for polycrystalline Cu. The original
data in Fig. 7 have been corrected for inelastic background.

c) PED's, convoluted with 0.5 eV FWHM Gaussian function, cai—
culated for Cu assuming an uncertainty in the final state
momentum. The amount of uncertainty ]K{ is in units of 2m/a
where a (3.615 A) is the lattice constan;.of Cu. The theoreti-
cal density of states (DOS) is shown at the top of colummn c.
Photoemission spectra obtained from the three low-index crystal
faces of Cu using angle-resolved normal photoemission; a) (dOl);
b) (110); c¢) (110). The angular resolutién was "vt5° and the

energy resolution was < 0.2 eV.



Fig.

Fig.

Fig.

11

12

13

~44-

a) (010) projection of the three-dimensional Brillouin Zone

(BZ) of a fcc lattice.
b) Photoemission at hv & 150 eV along the [001] direction
assuming an angular resolution of *5° and free electron final

states. Only a small fraction of the first BZ (a section of

. o o
"~ a spherical surface) can give rise to photoemission (q vectors).

into the detector due to momentum conservation.
c) Photoemission at hv ~ 150 eV along the [001] direction
: -

assuming an uncertainty in the final state momentum (q) of
\15% of 2m/a. All states in the dashed area can give rise

to photoemission into the detector due to the uncertainty in

=

la].

Comparison of a calculation (dashed curve) for photoemission

" in the {110] direction at a photon energy of 45 eV and an angu-

lar resolution of iS? to the experimentally observed spectrum
(solid line). The calculation was convoluted with a 0.5 eV
FWHM Gaussian function to simulate experimental resolution.
Comparison of experimental peak positions with Burdick's band
structure of Cu [27] for the three directions investigated.
The inset at the top of each panel shows the propagation
direction of the photoelectron in the extended éone scheme.
The bottom inset establishes a correspondence between photon
energy and the part of the Brillouin Zone sampled; a) Cu[00l];

b) Cu[l110]; c) Cuflll]. Note different scales.
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Relative area under the band 6 peak compared to the total Cu

"valence band area (as a function of the emission angle

measured from the sample normal) for hv = 45 eV. The azi-

" muthal orientation of the crystalline axes defining the

.detection plane for the data presented in Fig. l4a and c were

requivalent to Fig. 14b and d (insets), respectively. The

 angular acceptance was *5° and the energy resolution 0.2 eV.

Fig. 15

Fig. 16

Fig. 17

Temperature dependence of the angle-resolved normal photo-
emission spectrum from a Cu(l10) crystal at hv = 45 eV. The
angular resolution was #5°.

a) Experimental intensity of the peak at 0.5 eV binding
energy in Fig. 15 as a function of temperafure (full circles

connected by a dashed line) as compared to the Debye-Waller

‘factor £ (solid lines). The different curves for £ corres-
‘pond to calculations assuming a mean—squafe displacement of

n times the bulk value.

b) Ratio of indirect to direct transitions as derived from

the spectra in Fig. 15 versus temperature. For the data

points shown as squares and triangles we have assumed that

at room temperature the main d-band peek is composed of 100%
and 857 direct transitioms, respectivelyf

Phetoemission spectravof c;ean Pt(111) ahd Pt(111) + 5L €0
in the energy range 40 eV < hy < 150 év} Experimeptal reso-
lution was 0.8 eV. Note increase in the'intensity of the CO
derived peaks (at 8.7 eV and 11.8 eV EB) as hv is increased

to 150 eV.



Fig. 18

Fig. 19

Fig. 20

Fig. 21

Fig. 22

Fig. 23

46—
Relative intensity.of the (50 + lﬂ)_CO_peak at ﬂ8.7réV'EB to
the Pt valence band intensity as a function of photon energy.
Plot of the theoretical CO (50 + 1m) cross section from Ref.
42 and the experimental Pt valence band intensity (Ref. 40).
The fesultant ratio is plotted as a functibn of photon energy
in the insert on a linear scale.
The experimental results from Ref. 41 for the ratio of the
CO peak (50 + 1m) with respect to the Ni.VB and Pd VB (tri-
angleé) are compared with the ratio formed from the theoretical
50 + iﬂ cross sections from Ref. 42 and the experimental
Cross seétions for Cu VB and Ag.VB presented in Section 3.1
(solid curves).
The relative cross section of the Ag VB (Ref. 9) and the CO
50 + 17 molecular orbitals (Ref. 42) in the photon energy
range 40 eV < hv < 180 eV. The resultant ratio is plotted
as a function of pﬁoton energy in the insert on a linear
scale.
Photoemission spectra of CO adsorbed on Pt(l1ll) at 70 &V and
150 eV photon energy. Note the enhancement of the CO derived
peaks at hv = 150 eV as compared to 70 eV and the decrease in

intensity of the Pt valence band near E_, at both energies.

F
a) Angle-resolved photoemission spectra of clean Pt(111l) and
Pt(111) + 4L CO at an emiésion angle of 40° from the sample

normal and for hv‘= 40.8 eV. The experimental resolution was
0.2 eV. Note the large decrease in emission from the Pt val-

ence band peak near E_ and the splitting in the CO derived

F



Fig. 24

Fig. 25

Fig. 26

' péak at 8.7 eV E
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b) Detailed experimental geometry for}thg spectra abovg.
The angular resolution was #5°.
Total valence band density of states and the t2g and eg pro-
jections for Pt calculated using a tight-binding interpolation
scheme as discussed in Ref. 44. The density of states histo-
grams were convoluted with a 0.5 eV FWHM Gaussian function.
Angle-resolved photoemission spectra ofth(lll) + 4L CO at
hv = 40.8 eV as a function of the angle 0 befween the surface
normal and the photoelectron propagation direction. The ex-
perimental resolution was 0.2 eV. The experimental geometry
is that shown in Fig. 23b.
a) Experimental arrangement of the photon beam and detector
with respect to the crystal normal. O‘is defined positive for
clockwise rotation, negative for counterclockwise rotation of
thé crystal normal with respect to fhe fixed photoelectron

propagation direction into the analyzer.

vb) Experimental orientation of the Ni aﬁd Pt crystals in the

(111) plane.

c) Intensity ratio of the two CO derived peaks 4o/ (1lnm +‘50)
as a8 function of the angle © for CO adsorbed on Ni and Pt.

O is defined in Fig. 26a.

d) Calculated intensity ratio 4o/1lm + 50), scaled to best

fit experiment, for three orientations of.the CO molecule with
respect to the surface as a function of O. © is defined in

Fig. 26a.



Fig. 27

Fig. 28

Fig. 29

Fig. 30
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Schematic illustration of two processes which may contribute
to the photoemission process: 1) photoelectrons originating

from the molecule and making a direct path of the detector,

and 2) indirect emission after backscattering from the.sub-

strate.
Comparison of experimental spectra of CO on Pt(1l1ll) using
150 eV and 40 eV synchrotron radiation and .40.8 eV Hell radia-

tion as a function of the photoemission angle O, as defined

in Fig. 29b and c. ©Note the strong variation in the CO peak

intensity of A and B with a change in angle or photon energy.
Plot of the measured intensity ratio 4o/(lm + 50) for two dif-
ferent light sources (HeIl and synchrotron) and photon energies
(40 eV and 150 eV). All spectra were taken in the same:

geometry as shown in Fig. 29b and c. .The difference between

- the intensity ratio derived from Hell and synchrotron radia-

tion spectra is due to the polarized nature of thetsynchfotron
light. The dramatic inversion of the ratio 4o/(1m + 50)
between 40 eV and 150 eV may indicate the importance of fihél—
state scatteriﬁé effects. |

a) Integrated intensity from CO (1m + 50) and CO 40 adsorbate
MO 1evéls as a function of photon energy. The geometry is

the same as described in Fig. 29b.and c. . The right hand panel
shows the,éatio for 40/(1lm + 50) as a_function.of photon energy,

Photoelectrons were measured at a normal emission angle.
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b). Integrated intensity from CO (17 + 50) and CO 40 adsorbate
MO levels as a function of photon energy for a 45° electron

take-off angle. The right hand panel shows the ratio similarly

to Fig. 30a.
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