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Free- electron final-state model and angle-resolved photoemission from a Ag(111) surface
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Angle-resolved photoemission spectra from a Ag(111) surface exhibit a strong dependence on photon energy

for hv extending from 11.6 to 40.8 eV that clearly demonstrates the nonvalidity of the one-dimensional

density-of-states model. Trends in the positions of the peaks in the observed spectra are described within the

accuracy of our computations by the initial-state band structure and a free-election-like final state. No'

evidence is found for surface states nondegenerate vvith those of the bulk or narrowing of the bulk bands in

the vicinity of the surface.

I. INTRODUCTION

Two simplified models have been px"oposed for
which the interpretation of the angle-resolved
photoemission spectra can be made easily in terms
of the initial states. The. first, the one-dimension-
al density-of-states model (henceforth referred to
as GDDOS model) occurs when the density of final-
state bands becomes very large so that there is a,

continuum of states available along any axis of
emission into which the initial state can make an

optical transition. "' This limit can also be
brought about by a destruction of the component
of k perpendicular to the surface by an elastic
escape depth on the order of an interatomic spac-
ing. "' In these cases, the spectra axe expected to
reveal the one-dimensional density of states as-
sociated with the parallel. component of k along
the surface. Aside from the effects of photoion-
ization cross sections, the spectra ought to depend
only upon k„and not the exciting photon energy.
%'hile this model is believed to be most applicable
to the x-ray photoelectron spectroscopy (XPS)
regime x'ecent expel loleQtRl x'esults have lndlcRted

that it works well in the ultraviolet photoelectron
spectroscopy (UPS) regime for Pbs, ' Bi,' arid for
the (llo) face of Ag. '

Another simplifying case occurs when the initial
stRt68 make dlx'ect k conserving tl"Rnsltlons into
final states that are free-eiectron-like. ' ' [We
shall refer to this case as the fxee-electron-
like final-state model(FEFS)]. . In any given di-
rection of emission only a single point in k
space contributes to the spectra at a given, en-
ergy. Since the energy of the final state is given

by a free-electron dispersion, the initial-state
band structure is easily deduced fx'om the angle-
resolved kinetic-energy distributions if the inner
potential is known. Previous angle-averaged
photoemission experiments on the noble metals
have indicated that the effects of k conservation

are strong up to -40 eV, where the spectra ap-
pear to resemble the total density of initial
states. Recent experimental results'~'13 have
shown modulations with Av which suggest that the
FEFS model might apply to the angle-resolved
photoemission spectra of the noble xnetals for pho-
ton energies extending as high as a. few hundred
electron volts.

In a previous paper, "we demonstrated that the
matrix elements computed from plane-wave final-
state wave functions fail to predict the stx"ength of
the peaks in the normal emission from the Ag(ill).
surface. We also stated that atomic cross sections
such as are given by or thogonalized and augmented
plane waves (OPW's and APW's) seem to do abetter
job of describing the spectra. However, the con-
clusion that the OPW's or APW's in the final state
must be strongly mixed for hv ~ 26.9 eV is in. error
due to an underestimation of the strength of mix-
ing of the d orbitals-in the initial-state wave func-
tions. We have traced the failure of the plane-wave
flnRl stRte to desex'lbe tile photoionization step to
its inability to follow the curvature of the true
final-state wave function in the vicinity of the
atomic core. However, the momentum consexva-
tion and transporf processes depend more on the
phase vaxiation of the wave function from site to
site, and thus, the plane wave still might be aMe
to describe this feRtux'6 of the tx'ue flnRl stRte
adequately well.

In this paper, we present more detailed angl. 6-
resolved photoemission results tha. n have been pre-
sented before""" on an Ag(ill) surface in the en-
ergy regime h.v& 40.8 eV. Our results show that
there is a. strong dependence of the shape of the
angle-resolved spectra upon the photon energy up

to 40.8 eV. Within the errox's inherent in our in-
itial-state band structure, the position of the
peaks obsex'ved in over 180 spectra, can be de-
scribed by the FEFS model. %'6 find no repro-
ducible evidence for surface states nondegenerate
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with those of the bulk, nor do we find consistent
evidence for the narrowing of the local density of
states at the surface. " '

Since the basic theory of angle-resolved photo-
emission has been discussed elsewhere, we briefly
state only the points relevant toourpresentwork.

As the photon energy increases from 11.6 to
40.8 eV, the following chases are expected to
occur ' ~"". (i) The mean free path of the electron
becomes shorter, increasing the surface sensitivity
and weakening the conservation of 0, , the com-
ponent ofelectron momentum perpendicular to the
surface (i.i) The nature of the optical transitions
changes from d- p for hv&20 eV to d-f for hv
& 20 eV."

As g the polar angle of emission increases, the
following changes occur (a). The component of the
electron momentum parallel to the surface in-
creases according to

1
A~ =

l cosg;

where 8,. is the internal angle of emission, and
l is the mean free path of the photoelectron'.

According to the FEFS model, the component
of momentum inside the solid perpendicular to
the surface is

(2)

(3)

where k,. is magnitude of the momentum of the
photoelectron inside of the solid, which is given
by

k', = ko+2mW/h', (4)

where %' is the inner potential. When momentum
is rigorously conserved in the photoemission
process, the positions of the peaks in the spectra
are determined by the energy eigenvalues of the
initial states at the same value of k as the final
state.

The initial-state d band structure was calculated
in the tight-binding approximation using a basis
set consisting of five d orbitals, one s orbital, and
two spin directions. The parameters were adjusted
to bring our band structure into good, but not
perfect, agreement with those of Smith" and of
Christensen. " The energy eigenvalues were found
at the k values specified by the free-electron
formulas given above for emission from an initial
state having an energy corresponding to the middle
of the d bands and 8"=12.3 eV.

= A, sing,

where k, is the magnitude of free momentum of the ..
electron in the vacuum (b) .The uncertainty in k,
increases according to

II. EXPERIMENT

The experiments were performed on a.n angle-
resolved photoelectron spectrometer (Va.cuum
Generators ADES 400) which features a spherical
capacitor a,nalyzer mounted on a rotatable table.
The sample is mounted vertically and ca,n be
rotated in the horizontal plane in order to change
the angle of incidence of the excitation sources
or about an axis normal to its surface to change
the azimuthal angle of emission. The polar angle
of the detected electrons emitted from the sample
was altered by rotating the analyzer in the
horizontal plane.

A spark-cut Ag(ill) sample was mechanically
polished and etched lightly in nitric acid prior
to being inserted into the vacuum chamber. The
sample was repeatedly cleaned by argon-ion bom-
bardment and heated by electron-beam bombard-
ment to near the melting point. The quality and
orientation of the surface was checked by low- and
medium- energy electron diff ra ction (LE ED and
MEED) (5 keV). No contamination of the surface was
detected with x-ray photoemission. A specially
constructed cold cathode discharge lamp mounted
on an external 24-in. flange' was operated with
Ar, Ne, and He to provide photons of energy hv
=11.6, 16.8, 21.2, 26.9, and 40.8 eV at an angle
of incidence of 60'. The angular acceptance of
the analyzer was +2' and the energy resolution wa, s
0.15 eV, except for kv=40. 8 eV where it was 0.3
eV. Typical photoelectron intensities at normal
angles of emission of 3x10' counts/sec were achieved
on the d-band peaks for all photon lines except
Av= 40.8 eV, for which the count rate was 1 x 10'
counts/sec. Also, some spectrawere taken with ra-
diation emitted from a dischar ge-lamp monochroma-
tor combination'4 that provides an order of magnitude
more intensity and better resolution than the com-
bination described earlier. " Intensities of 2 x 10'
on the d-band peaks were obtained for monochro-
matrized NeO radiation with an energy resolution
of 0.3 eV. Intensities of 2x 10', 5 x 10', and
10'counts/sec were also obtained for the 30.4, 34.4,
and 38.8 eV components of the NeII spectra.

An overview of the photoelectron spectra of
electrons emerging in the 1 I TV plane taken for hv
= 26.S eV (monochromatized Nea) and a few polar
angles is shown in Fig. 1. The structure in the
spectra at first changes quickly but then more
slowly as the polar angle of emission increases.
The secondary tail shows little structure except
near the work function cutoff, indicating that
neither the density of final states nor the
excape process is contributing much on its own
to the angular dependence of the elastically emitted
electrons.
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FIG. 1. Photoemission spectra from the IL W plane
,obtained with monochromatized Ne TI radiation {kv = 26.9
eV).

In the remaining figures we present representa-
tive photoemission spectra emitted in the i"LK,
I LR', and I LU planes. We found that the spectra
exhibited a similar threefold rotational symmetry
that others have noted earlier for the noble met-
als ' and we therefore do not show sj.mila
azimuthal data. The vertical lines in the spectra
show the peak positions predicted by our tight-
binding initial-state band structure and the FEFS
model.

The spectra obtained with Ar I (hv= 11.6 eV)
radiation for the I LUX plane are shown in Fig. 2.
The peak in the s-p band region that is the most
intense for normal angles of emission grows
weaker and moves slowly with increasing polar
angle of emission. The peak occurring near the
Fermi enery for 6-60', which is very similar to
the peak observed for emission normal to the (100)
surface, " is accounted for by the FEFS model.
The spectra originating from the d bands do not
change shape very much with the angle of emj:s-
sion, in accord with the FEFS model.

The Ne I spectra in Figs. -3-5, show trends with
the angle of emission similar to those reported
earlier. "" The most dramatic change inthe spec-
tra from the I"LX and I LK planes is the rapidly
moving s-p band, which emerges through the d
bands at. 8-15 . This band goes above the Fermi
energy for 0= 50', but retreats below the Fermi
energy for the I'LUX plane at higher angles, in
agreement with the behavior predicted by the FEFS
model. The d -band portions of the spectra for the
I LW and I'LK planes do not show' a particularly
strong variation with angle. The most notable
change is that the peak at 7.1 eV becomes more in-
tense as the emission angle increases. For the
I"L5'and I LU planes, the peak at 4;5 eV splits
into two distinct peaks, the highest-energy peak
becoming as narrow as 0.3 eV.
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. FIG. 2. Photoemission spectra from the IZ. U plane
obtained with Ar I (h&=11.6 eV) radiation.

The data for 8= 80' from the I"LU plane are very
similar to those emitted normal to the (100) fa,ce
at the same photon energy. " Also, we note that
the data for the 1"LK plane at high angles are
very similar to those obtained for emission normal
to the (110) face." The clearest prediction of the
FEFS model concerning the d bands is the evolu-
tion of the spectra for the I"LK plane with in-
creasing 0 into a simple two-peak structure.

A conspicuous feature of the He I spectra for
the I"LU plane in Fig. 6 is the occurrence of two
sharp peaks which are separated by -0.6 eV
for 8-25-40'. We found that the strength of these
sharp peaks decreased by nearly 50Vo at 750 C,
indicating that they are featur'es due to direct k
conserving transitions. The emission from the
s-p-like band is much weaker than that found at
lower photon energies.

The spectra taken for Neil (hv= 26.9 eV) in Fig.
7 show structure similar to those taken at lower
photon energies. The He II- photon spectra, which
is split into two lines about 0.6 eV apart, account
for some additional broadening of the spectra and
for some additional structu're when the peaks are
sharp. A large number of final-state bands and the
decreasing mean free path of the photoelectron in-
troduces additional broadening. Part of the structure
observed in the region of the s-p-like bands is a
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pIG 4 photoemj ssjon speetr a from the I'LlV plane
obt»n~ ~it'th N & (hp=16. 9 eV) radiation

replication o ef th d-band spectra due to the higher-
r satellite lines at hv= 30.4 eV.energy sa e i

Fi . 8 exhibit con-The HeII spectra shown in Fig.
siderably less struc uret than the spectra obtained

The 0.3-eV energy res-at lower photon energies.
t' the shorter mean free paath of the elec-Olu 10n~

nd the woise k-space resolution ptron, an e w
" ectra. Inible for the broadening of the sprespolisi ' e 0

st to the NeII spectra, the HeII spconti'as 0
the I'LR'plane show' two broad pea s w

'

away from one another as pas the olar angle of emis-
sion increases an ed then begin to move back to-

r a ain f r e&55' The FEFS model revealsgether again for
that the separation of the two-pea s

ersion of the two sets ofroughly follows the dispersi
s alon the Z axis of the Brillouin zone.

bands appear to contribute to the spec ra wi
ble strengths at this photon energy,compara e s re

ss-sectionestin that the photoionization cross-8gg
e ecsaff t re not as importa. nt as ey

e beenphoton energies. imS'milar observations hav

made for the angle-averaged photoemission of

III. DISCUSSION

A. FEFS and ODDOS models

n this section, we wish to exam ine whether the
FEFS or ODDOS model provides a' es an adequate ex-

the several features observed in ourplanation for the severa
ODDOS model.Let us first dispose of the

t th ...t...illThe QDDQS model predicts tha e p
but that they ought toexhibit angular variations, bu a

'all the same shape independent of
photon e gyener for a given; clear y is m

the observed spectranot adequate for describing e o
ince the s ectra from af ll photon energies, sinceor a ince

u on thegiven plane s owh w a strong dependence p

arison of the spectra emitted from
hoton energy.

the
I LK and 1LU planes provides a goo
the extent to which either of the FEFS or the
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rom the U E planePEG. 5. Photoemission spectra from
obtained wied 'th Ne i (her=16. 9 eV) radiation.

l.d In t e limit thatt eoDDOSQDDOS model is va y . n

mo el holds, the spectra should exhibit the six-
f ld rotational symmetry of the ri0 ro
ro ected onto a plane normal to t e „he „111,axis.

A sixfold rotational symmetry r qre uires that the
the I'LE and IL U planes be iden-emissions fromt e

l The spectra emitted from these p anes o
hv= 16 eV are distinctly different, md' g

l-state bands and the~mporrtance of few or one fina -s
maintenance of a strong conservation of k, . s

s to kv=40. 8 eV, t eth hoton energy increases toe p
morespectra from t e wo ph t lanes tend to become m

similar, a oug1th h the distinct differences o-
d su est that the mean free path of the

er than an inter-photoelectron is definitely longer
4

An overview of all of the spec ra pr
shows that the FEFS model is reasonably success-

he eak ositions.f l redicting the trends in the peak posi ions.
(As we shall show in a forthcoming paper,
FEFS model, combined with atomic dipole selec-

'd a ood model for describingtion rules, provides a goo
th ak shapes and intensities. The usuallye pe

i eak posi-small ~ . -e i(0 3- V) discrepancies in locating p p
tions are attrib u e o

''b t d t inadequacies. of our sarnp

(x&)
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FIG. 6. Photoemission spectra fromom the ~1 U plane
obtained wit e rth H (A&=21.2 eV) radiation.

ribe the true initial-tight-binding scheme to describe
state bands and the plane wave to describe the

Ins ection of the band struc-
t f S 'th" and of Christensen" suggests

the least accuratethe free-electron final state is e e
near the Fermi energy, where large gaps exist
at the edge of the zone.

A eak from the s-p band for &v-=21.2 eV for
8=0' occurs at nearly the sam p

pea r
e osition as in the

The FEFS model shows that at kvArj spectra. T e
e l= 21.2 eV, it s ouh ld have receded even more deep y

into eth d bands than for the NeI spectra. The
lainedoccurrence o isf th' weak bump cannot be exp

~ t ~

by either the oFEFS or the ODDOS model, and ~ ~s

is intotherefore ue odue to an optical transition that is in o
a ban o erd th than the free-electron fina s a e.

resu-f the free-electron band structure g-Inspection o e r
contributionsgests that this peak might be due to con ri u

'

third fourth, and fifth free-electron
bands along the A axis. This sma pea i

model that weof the 'few violations of the FEFS mo e
have been able to identify.

B. Surface states and surface narrowing

It has been suggested by several wl workers that
surface states mug

'
ht be present on d-band metals



CQ
lL

I ~ J. ~ i
0 I 2 5 4 5 8 7 8 9

BINDING ENERGY (eV)
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obtained with Ne ri (k& =26.9 eV) radiation.

and that the local density of states near the surface

the Fermi energy for electrons emittedmitted normally
from a [111]axis bas been recently attributed to
surface states. We found evidence for such struc-
ture near the onset of emission, but its strength
was very sensi ive't' e to the surface conditions. How-

e also point out that since the s-p band
reaches the edge of the Brillouin zone at the p
near the Fermi energy, this p eak might be a
one-dimensional density-of-states feature of the

~ ~

bulk bands which has a nonvanishing intensity due to
the relaxation of k This model correctly predicts
that this peak disappears rapidly as the polar angle
of emission increases.

In none of our photoemission curves have we ob-
ce states thatserved any evidence for d-like surface s a es

a,re nondegenerate with those of the bulk even
as the surface sensitivity increased with polar

S 1 observations have been made for
other noble metals.

All of the spectra for kv= 16.8 and 21.2 eV21.2 eV tend
to become broader as 8 increase,s rather than
narrower. e 0Th bserved behavior can be under-
stood in terms of band-structure effects. For
emission normal to the surfac,e the strongest
direct transitions occur for regions neanear the 1

70

0 I 2 5 4 5 8 7 8 9
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FIG. 8. Photoemission spectra fromfrom the IL +' plane
obtained with He rl (h&=-40. 8 eV) radiation,

poln ~
w ere'

t, here the bands are the narrowest. Any
excursion of k away from the I point with increas-

lar angle should therefore account for a
~ I

]larger band width. Also, as mentioned previous y,
the broadening might in part be explained in terms
of band structure or an increase in the uncertainty
of k, , which allows more electron states to con-
t 'b t to the spectra. For the most grazing emis-

les the surface sensitivity for the Ne Ision ang es~
and HeI spectra increases by only -50 o ue o
fact that the maximum internal angle of emission
is -60'.

Th He II spectra at the highest polar anglese e
anfor all azimu ath 1 angles are much narrower tha

the band width. The spectra taken for Av=40. 8 eV
should be the most sensitive to the surface, since
the mean free path is the shortest and the maxi-
mum internal ang1. e of emission the greatest. It
is clear that surface narrowing effects are not im-
portan ort f 0 ~ 50' since at this angle the spectra
achieve their maximum width of 4 eV. However,
since the narrowing of the spectra observed for
1 lar angles is consistent with the pre-large po ar
dictions of the FEFS model, it is not evidence for
narrowing due to surface effects.

IV. SUMMARY AND CONCLUSIONS

The experiments presented here sho w that the
angle-resolve photoemission spectra from Ag
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depend strongly upon the photon energy. The lack
of structure in the secondary electron tail indicates
that the. escape process and the final electron
states cannot account by themselves for the ob-
served angular variations. Except for a few minor
peaks, the FEFS model does provide an adequate
description for explaining the observed trends inthe
positions of the peaks in the spectra over the entire
photon-energy range.

Combining this observation with our previously
reported results, "we conclude that only a single
region in the initial Brillouin zone makes the dom-
inant contribution to the spectra emitted in any
given direction. This suggests, but does not
prove, that the final electron state is described by
a single APW or OPW. A calculation of peak in-
tensities appears to be needed to test this pos-
sibility further. "

We believe that the region of validity of either the
FEFS or ODDOS model is strongly material de-

pendent. We suggest that the ODDOS model will
be valid near the onset of emission for those ele-
ments on the right-hand side of the Periodic Table,
where the larger number of valence electrons en-
sures that a larger number of final-state bands
exists near the threshold of emission and the
stronger pseudopotential mixes the OPW's
thoroughly.

No conclusive evidence has been found for the
existence of s-like or d-like surface states nor
narrowing of the bulk bands. near the surface.
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