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Interplay between plasmons and the band structure for the Mo„112… surface
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Recent photoemission and inverse photoemission results for the Mo~112! surface are discussed in the
framework of the calculated band structure. For the Mo~112! surface, the main photoemission features combine
contributions from both the surface and the bulk. Except for those photon energies near to excitations of the
bulk and multipole surface plasmons, the comparison of the bulk band structure, along thek points normal to
the surface, shows a good agreement with photoemission spectra in the position of the critical points. The

dominant surface states atḠ are found to have thea1 symmetry, while the band alongḠ-Ȳ at about 0.8 eV

binding energy is found to be odd with respect to theḠ-X̄ mirror plane. The surface-induced enhancement of
photoemission—the surface photoeffect—is indicated and is shown to be responsible for dramatic changes in
the spectra when the photon energy falls into the region of the multipole surface plasmons.

DOI: 10.1103/PhysRevB.63.115408 PACS number~s!: 68.35.Bs, 73.20.At
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I. INTRODUCTION

Photoemission is one of the major experimental tools
investigation of the surface electronic structure~along with
inverse photoemission and more recently scanning-tunne
spectroscopy!. The mapping of the surface band structu
can be facilitated by enhancing the surface sensitivity of p
toemission. In one approach, enhanced surface sensitivi
photoemission can be gained due to the resonant light
sorption at the surface, that is, ‘‘optical’’ surfac
photoeffect.1–7 The surface photoeffect is closely related
the excitation and the subsequent decay of the multiple
face plasmons, or multipole mode.8–13 This mechanism of
the enhancement of the surface photoemission is widely
ognized and has been reported for clean surfaces and
films of simple metals.3,11,14,15

The mapping of the bulk band structure, using photoem
sion techniques,7,16–18 can be facilitated by enhanced cro
section~and therefore more intense peaks in the photoem
sion spectra! through the Coster-Kronig resonant optic
transitions, as allowed by the photoemission selection ru
Identification of the bands, however, is complicated by s
face and adsorbate umklapp processes19–21 and surface re-
constructions, in particular, well known to occur with moly
denum surfaces.22–41 The surface photoeffect can furthe
complicate the identification of the bulk bands by the norm
photoemission technique by making both height and posi
of the spectral peaks dependent upon photon energy. T
complications might result in an ambiguous interpretation
experimental data in absence of calculated band struc
along the relevant directions in the bulk Brillouin zone.

The aim of the present work is the elucidation of t
nature of the photoemission spectra and their relation to
electronic structure of the Mo~112! surface. We will show
0163-1829/2001/63~11!/115408~8!/$15.00 63 1154
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that with Mo~112!, almost all the photoemission feature
combine contributions from both the surface and the bu
To illustrate this suggestion, here we undertake an anal
of the angle-resolved photoemission~ARPES! and inverse
photoemission~IPES! studies of the band structure, whic
have been partly published elsewhere,22 and model linear
augmented plane wave~LAPW! film calculations of the elec-
tronic structure for a free monolayer and for a three-la
slab simulating the Mo~112! surface. Calculations of the bul
band structure along the normal to the surface is also
sented and compared with band dispersion found from
wave vector dependence (k'-dependent! photoemission
spectra along the surface normal.

II. EXPERIMENTAL AND CALCULATIONAL
TECHNIQUES

The IPES and the low-energy electron diffraction~LEED!
experiments were undertaken separately from the photoe
sion using an apparatus as described elsewhere.22,42The pho-
toemission~ARPES! experiments, with a resolution betwee
0.10 and 0.25 eV, were carried out at the Synchrotron
diation Center in Stoughton, Wisconsin in an ultrahi
vacuum~UHV! chamber employing a hemispherical electr
energy analyzer with an angular acceptance of61°, which
has also been described elsewhere.43 The photoelectrons
were collected with emission angles defined with respec
the surface normal.

The crystallographic order of the Mo~112! surface was
verified by LEED and scanning tunneling microscopy~STM!
and the absence of surface contamination by photoemis
as the sample was prepared using established procedu22

The surface of the Mo~112! crystal was cleaned by repeate
annealing in oxygen and electron bombardment~flashing!
©2001 The American Physical Society08-1
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and the crystal temperature was monitored with
W-5% Re W-26% Re thermocouple with an accuracy of65
K. Exposure of the Mo~112! crystal to oxygen was con
trolled with the use of a standard UHV leak valve.

Momentum conservation can be used, in principle, to
termine the energy band dispersion relation with respec
the wave vector. The wave vector component parallel to
surface (ki) can be derived from the kinetic energy and t
emission angle

ki5~2m/\2!1/2Ekin sinu, ~1!

where, for IPES,Ekin is the kinetic energy of the inciden
electrons andu is the incidence angle relative to normal i
cidence and, for photoemission,Ekin is the kinetic energy of
the emitted photoelectron andu is the emission angle relativ
to the surface normal. The perpendicular component of
crystal wave vector (k'), however, is not conserved acro
the solid vacuum interface because of the crystal trunca
at the surface. Thus, the perpendicular wave vector in
crystal can be determined using

k'5
22m

\2 @Ekin@cos~u!#21U in#1/2, ~2!

where u is the emission angle of the photoelectron or t
incident angle of the electron in inverse photoemission
U in is the inner potential of the solid, which can be defined
approximately the width of the occupied part of the cond
tion band plus the work function.16,44

The band structures were calculated by the scalar rela
istic all-electron LAPW method for thin films,45–47 which
explores a single~not periodically repeated! slab of several
monolayers of thickness to simulate both surface and b
contributions. In the interior of the slab, the potential is d
fined in the muffin-tin~MT! form, while in the vacuum re-
gion the potential depends only onz coordinate~that is, nor-
mal to the surface!. Discrete kz values, required for the
expansion of the wave function into symmetrized pla
waves in the interstitial region, are defined in accordance
the film thickness, while the basis functions in vacuum
obtained by inward numerical integration with the ener
parameter chosen near the Fermi level.

In the present work, the self-consistent ‘‘warped’’ M
potential was recalculated for each iteration taking into
count the redistribution of all core electrons. Corrections
the muffin-tin potential in the interstitial and vacuum regio
were included through the Fourier expansion of cha
densities,47 while less important nonspherical corrections
the potential inside muffin-tin spheres were neglected. T
exchange-correlation potential was adopted in the local d
sity approximation form using the improved Wigner interp
lation formula.46 The number of basis functions was adjust
to provide 1 mRy convergence for the bands nearEF . Den-
sity of states~DOS! were calculated using the triangular in
tegration method.48
11540
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III. SURFACE BANDS NEAR EF

The dependence of the normal-emission photoemiss
spectra upon photon energy~Figs. 1 and 2! results in signifi-
cant changes in shape and intensity of all bands. The p
positions also strongly depend on photon energy except
those bands at approximately 3 and 1.5 eV binding ene
~Fig. 3!, for which k' is weaker. When the binding energie
do not change with photon energy~no dependence upon th
wave vector normal to the surfacek'), it indicates conser-
vation of two dimensionality of state and suggests surf
sensitivity. The fact that the states at approximately 3 and
eV binding energy are affected by small amounts of conta
nation provides further indication that these bands have s
surface weight. None of the bands exhibiting surface se
tivity ~and imperfect conservation of two dimensionality
state! appear to fall in a gap of the calculated bulk ba
structure~see below! and are, therefore, surface resonanc
rather than surface states.

Shown in Fig. 4 are the results of the band calculations
the Mo~112! monolayer@solid curves are the bands that ha
the z-reflection~even! symmetry while dashed lines are th
odd states# and experimental photoemission and inverse p
toemission data~partly published elsewhere22! for the
surface-sensitive states~denoted by the dotted lines!. The
binding energies were plotted against the component of
wave vector parallel to the surface determined according
Eq. ~1!. The right panel of Fig. 4 presents the calculat
DOS for the Mo~112! monolayer.

FIG. 1. The photoemission spectra taken at normal emiss
(ki50) for photon energies 10–30 eV.
8-2
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The experimentally determined22 crossing ofEF by sur-
face bands at about midway alongḠ-X̄ is evident also in the
calculated band structure presented in Fig. 4. Here the
periment and the theory are in a good agreement with reg
to placing the crossing of EF at 0.4560.03Ḡ-X̄
~experiment22! and 0.4360.03Ḡ-X̄ ~calculation!, respec-
tively. It is worth noting that the photoemission~ARPES!
and IPES data are found to belong to different bands, t
explaining why in the experiment these data are discont

FIG. 2. The photoemission spectra taken at normal emis
(ki50) for photon energies 30–83 eV.

FIG. 3. The experimental band dispersion as a function of p
ton energy along theḠ^112& direction (ki50) adapted from spectra
like those shown in Figs. 1 and 2.
11540
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ous atEF . This is not the effect of limited experimenta
resolution as suggested previously.22

The symmetries of the surface resonances at normal e
sion (Ḡ) have been assigned on the basis of the lig
incidence angle dependence of the photoemission spec22

and can be compared with our theoretical symmetry ass
ments. The surface resonance at approximately 3.1 and
bulk band at 2.4 eV are enhanced with a light-inciden
angle of 45° and suppressed with a light-incidence angle
70°. For the band with about 1 eV binding energy atḠ @dis-
persing towards the Fermi level at 0.45 (Ḡ-X̄)#, the intensity
is enhanced with light at 70° light-incidence angle. Sin
light from the synchrotron is highly plane polarized, th
more normal the light-incidence angle, the mo
s-polarization and the more vector potentialA of the incident
light lies parallel to the surface. Since, atḠ the point group
symmetry isC2v , the bands observed in photoemission m
be a1 (s,pz ,d3z22r 2), b1 (px ,dxz), or b2 (py ,dy2). The en-
hancement of the approximately 3.1-eV surface resonanc
mores-polarized light indicates that these bands areb1 or b2
symmetry. The enhancement of the bands nearEF with in-
creasing vector potential along the surface normal~greater
light-incidence angles! indicates that these bands area1 sym-
metry in character. This symmetry assignment, derived
angle-resolved photoemission, also is in agreement with
sults of the calculations for the real-space distribution
electron density for the Mo~112! monolayer. As seen in Fig
5 ~upper panel!, the calculated symmetry of this occupie
state at21.5 eV atḠ ~with the band mapping plotted in Fig
4! is of a1 symmetry and largelyd3z22r 2 in character, con-
sistent with experiment.

We also note that there must be a state ofb2 ~odd! sym-
metry (py ,dyz) to provide the dispersion of a sigma-typ
band alongḠ-Ȳ as reported elsewhere.22 The bottom of this
band is at about 1 eV binding energy atḠ ~Ref. 22! and the
band dispersion is also plotted in Fig. 4. This band wo
tend to diminish the enhancement of the bands nearEF in
p-polarized light. This odd symmetry band is recovered
our theoretical band structure as well~Fig. 5, bottom panel!.

n

-

FIG. 4. Surface bands~left! and DOS~right! calculated for the
Mo~112! monolayer. Solid curves are the bands that have
z-reflection~even! symmetry while dashed lines are the odd stat
PES and IPES data for surface-sensitive states@McAvoy et al. ~Ref.
22!# are represented with symbols.
8-3
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In spite of being a rather over idealized model, a sin
Mo~112! monolayer can reproduce the important features
the surface electronic structure of the Mo~112!. However, the
lower-surface-sensitive state~23.1 eV!, also found in the
photoemission22 cannot be treated by the monolayer mod
Indeed, in the calculated DOS there is no corresponding p
at this energy~see Fig. 4, right panel!. Presumably, this stat
may be attributed to back- and side-bonding electrons, w
the upper band~the state near the Fermi level!, to the elec-
trons leaking into vacuum, which may not be so sensitive
the substrate.

To verify the above limitations of the monolayer-mod
calculations, we have performed calculation of the bands
the density of states~Fig. 6! within the model that includes
the subsurface layer, that is, for the three-layer slab. Aim
for a qualitative description, the unit cell has been sligh
transformed to gain the central symmetry essential for s
calculations. Apart from certain quantitative differenc
~e.g., in the width of occupied part of the valence ban!
between the calculated band structures for the three-l
slab ~Fig. 6! and for one monolayer~see Fig. 4!, agreement
with experimental dispersion of the surface bands near
Fermi level is, again, rather good. As seen in the right pa
of Fig. 6, the inclusion of the subsurface layer leads to a p
in the density of states at23.2 eV, absent in the density o
states calculated for the monolayer~see the right panel o
Fig. 4!. This lower-surface resonance band at 3.2 eV s
appears to have originated from the bonding electrons in

FIG. 5. The real-space distribution of electron density for
Mo~112! monolayer. Upper panel: The even state~21.5 eV atḠ)
shows thea1 symmetry and largelyd3z22r 2 character. Bottom
panel: The odd surface state~21.4 eV atḠ). The horizontal axis is
along the atomic row of the Mo~112! monolayer ~which corre-
sponds to thê111& direction, with Mo atom separation of 2.73 Å!,
the vertical, along the normal to the surface. The contour separa
is 0.01 electron/unit cell, the cutoff is 0.1.
11540
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surface region: due to the open structure of the Mo~112!
face, the second layer indeed is a part of the surface, and
feature is partly surface in origin.

IV. BULK Mo BAND STRUCTURE ALONG Š112‹ AND
PERTURBATIONS IN PHOTOEMISSION

Since the spectra presented in Figs. 1 and 2 are taken
normal emission orki50, the peaks exhibiting photon
energy dependence~Fig. 3! can be attributed to the bulk
bands dispersing withk' . In particular, the states at abou
4.3 and 2.4 eV are clearly bulk bands. As discuss
elsewhere,22 inspite of bulklike dispersion ranging from 0.
to 1.0 eV depending upon photon energy, the state at 0.7
may, nonetheless, retain some surface character as indic
by the sensitivity of this state to contamination.

The calculated bulk bands and related one-dimensio
DOS along thê112& direction ~Fig. 7! are shown in Fig. 8.
There is a qualitative agreement between experiment
found dispersion of the main peaks that we assign to the b
induced features~see Fig. 3! and calculated dispersion fo
occupied bands~Fig. 8!. In particular, behavior of the peak a
0.3–1.0 eV binding energy in the normal photoemiss
spectra can be directly attributed to the Fermi level cross
of the band at about 21% along the Brillouin zone edge~0.26

on

FIG. 6. Surface band structure~left! and DOS~right! for the
three-layer Mo~112! slab. Solid curves are the bands that have
z-reflection~even! symmetry while dashed lines are the odd stat
Note the rise of the peak at23.2 eV that indicates partly a surfac
origin of corresponding peak in the normal photoemission spe
shown in Figs. 1 and 2.

FIG. 7. The^112& direction in the bulk Brillouin zone~BZ! for
Mo ~left! and its position within the~110! plane~right!. The shad-
owed portion is the part of the~110! plane within the first BZ.
8-4
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INTERPLAY BETWEEN PLASMONS AND THE BAND STRUCTURE FOR . . . PHYSICAL REVIEW B 63 115408
Å21 in the first Brillouin zone going fromG to A, see Figs. 7
and 8!. The Fermi level crossing in Fig. 3, at 15 eV,
consistent with the calculated critical point of 2.7 Å21 ~or
0.26 Å21 in the first Brillouin zone!. From this value we can
estimate the inner potential of 12.9 eV or a band width of
eV if the work function is close to the calculated value of 4
eV. The apparent Fermi level crossing at 64 eV matches w
the calculated value of 4.62 Å21 ~or again 0.26 Å21 in the
first Brillouin zone!, while matching 91 eV with the critica
point 5.14 Å21 ~or again 0.26 Å21 in the first Brillouin zone!
provides an estimated inner potential of 17.4 and 11.8
~i.e., band widths of 12.8 and 5.2 eV!, respectively. The av-
erage estimate of the inner potential is 13.4 eV or a ba
width 8.863 eV, which is a little higher than our calculatio
of the bandwidth~6.7 eV! but still reasonable. Exact dete
mination of the critical points is limited by the finite resolu
tion of our spectrometer~150–250 meV in the range of pho
ton energies plotted in Figs. 1 and 2!.

Surprising variations in the experimental inner poten
with kinetic energy are also known from dynamical LEE
scattering.44 The inner potential for molybdenum~100! de-
rived from LEED ~Ref. 49! was seen to vary from 18 eV
~0–40 eV electron kinetic energies! to about 14 eV~above
80 eV electron kinetic energy!. It appears that in photoemis
sion, like in LEED, the experimental inner potential al
generally falls with increasing kinetic energy. While our va
ues of the inner potential are smaller than those derived f
LEED @for the ~100! surface#, our values remain larger tha
those expected from theory.

It should be noted, however, that the above straight
ward interpretation of the photon-energy dependent spe
based on implied validity of the bulkk-conserving transi-
tions, fails in explaining the apparent Fermi level crossing
34 eV, which gives the critical point 3.53 Å21 ~or 0.109 Å21

in the first Brillouin zone!. This is absent in the calculate
band structure~see Fig. 8!. Moreover, at least one band~at
about 1.5 eV binding energy! is insensitive to this Ferm
level crossing. Therefore other possible factors such as p
mon excitations, in particular, harmonics of the surface p
mon or multipole resonance should unavoidably be inclu
in modeling the experimental band structure, as discus
below. Final-state effects must be considered as well bec

FIG. 8. Calculated bulk bands~left! and DOS~right! along the
along the^112& direction.
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this photon energy is very close to the super Coster-Kro
resonant photoemission involving the 4p3/2 to 4d excitation
with a threshold of 35.5 eV.

Obviously, just near the surface, thek'-selection rules are
no longer strictly valid, so one might expect strong abso
tion effected mainly by indirect transitions from the condu
tion bands into the unoccupiedd bands. In this region, posi
tion and intensity of the peaks in photoelectron spectra
determined by the density of states. Indeed, the position
the main peaks photoemission spectra for Mo~112! along
wave-vector direction of the surface normal~Figs. 1 and 2!
show a qualitative correspondence to the calculated o
dimensional distribution of initial states~Fig. 8!. Identifica-
tion of all the bands by means of comparison with the b
band structure along the surface normal is one key to un
standing the origin of the photoemission peaks, but canno
used exclusively.

The photoemission intensity should also depend on
density of states at the final electron energy.50 Thus, when
the final energy of the electrons excited from their init
states below Fermi level occurs in the region of low DOS~or
in the gap that could arise from the spin-orbit coupling
reported for tungsten,51! the related peak in the photoemi
sion spectra might be essentially damped. Assuming the fi
state as bulk-like and the matrix elements for the transiti
to be independent of energy~which has been shown to be
rather good approximation in most cases50,52–55! the corre-
sponding changes in the spectral intensity can be qua
tively evaluated within a simple model for absorption of t
impinging light. Then, for arbitrary excitation\v, the inten-
sity of photoemission can be evaluated simply as the prod
of the densities of initial and final states, that is,

l ~Ei ,v!;n~Ei !n~Ei1\v!. ~3!

The ki conservation leads to the situation where only t
changes in the density of statesn(E) along the^112& direc-
tion ~Fig. 8! are important for the normal photoemissio
While the calculated intensities of normal photoemiss
spectra for various photon energies~using the DOS calcu-
lated for the extended energy range! provide a qualitatively
correct description of the peak positions, the calculated sp
tra do not agree well with those experimentally observed
is found that the agreement can be substantially improved
including contributions from the surface as well.

To account for the enhanced yield from the surface,
~3! has also been applied to treat theki50 spectra for the
three-layer slab atḠ. Then, a ‘‘surface-induced’’ fraction
can be added to the bulk-induced calculated spectra to a
the best available fit to the shape of the experimental ph
emission spectra~Fig. 9!. The ‘‘degree’’ of the required
surface-induced part has been found dramatically depen
on the photon energy. In particular, for the light energy of
eV, the surface photoemission yield is found to be five tim
greater than that needed to fit to the spectra for 24 eV.
strong surface character of photoemission at 20 eV is s
pressed in favor of more bulk-induced~bulklike! photoemis-
sion at the photon energy of 24 eV, which is about the
ergy of volume plasmon in Mo.56–59
8-5
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V. DISCUSSION: THE ORIGIN OF THE PEAKS IN THE
PHOTOEMISSION SPECTRA FOR THE Mo „112…

The results of ARPES studies for the Mo~112! surface can
be summarized as follows:~i! The peaks are sensitive t
contamination, but to somewhat different degrees depen
on the band and wave vector. For example, oxygen ads
tion leads to a decrease in heights and sharpness of the p
at about 3.0 eV and about 1 eV binding energy.22,60 ~ii ! For
the normal photoemission, i.e., zero parallel wave vecto
outgoing electrons (ki50), the main peak positions notice
ably changes on increasing energy, consistent with bulk b
structure for the most part.~iii ! These photoemission feature
result in a sharp change of the spectral shape within a na
energy interval of about 24 eV~see Fig. 1!.

Under proper conditions, the photoemission current fr
metal surfaces is determined mainly by the yield from
surface.7,8,11,61 When the energy of the impinging light i
lower than the bulk plasmon energy, the light may be
sorbed just in the surface region thus exciting the electr
that give rise to the photoemission. It is a nonlocal respo
near the metal surface that makes the second term in
matrix elements in Eq.~3! nonzero. A detailed description o
induced-electromagnetic fields near the surface~suggested
by Feibelman6 from a sophisticated microscopical random
phase approximation/local-density approximation appro
and assuming a jellium model! was supported by photoemis
sion study of simple metal surfaces and thin films~for a
review see Refs. 8 and 16!.

It has been recently recognized that the surface ph
effect intimately relates to excitation and subsequent de
of so-called multipole surface plasmons. Having an oscil
ing electrostatic field normal to the surface, this mode,
contrast to a ‘‘regular’’ surface plasmon, can be excited
rectly by incident photons, i.e., it is strongly dipole active.8,16

The multipole mode of collective excitations is extreme
localized within the surface region so that its energy, wh

FIG. 9. Simulation of the normal photoemission spectra for t
characteristic photon energies that correspond to the surface
nance~20 eV! and the bulk plasmon energy~24 eV!. The surface
yield, required to attain the best fit to the shape of the spe
~shown by dashed line!, for 20 eV photon energy is five time
greater than that for 24 eV.
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is usually about 0.6–0.8 fraction of the bulk plasmon ener
is roughly determined by a local electronic density at t
surface.6,8,16

The multipole modes have been directly observed by e
tron energy-loss spectroscopy~EELS! for surfaces of simple
metals. For transition metals, a strong decay of the plasm
due to a high density of states provided by thed-bands make
the EELS spectra too involved to detect the multipole-mo
unambiguously. Thus it is not surprising that to date the s
face photoeffect has not yet been observed for transit
metal surfaces.

Nonetheless, photoelectrons—electrons resulting from
cay of the multipole mode—can give rise to a resonance
the surface-photoemission intensities, thus, for the pho
energies close to multipole mode, the photoemission sign
dominated by the density of states at the surface.8,16 For en-
ergies corresponding to the excitation of bulk plasmons, p
toemission has a more bulk-like origin.8,16 This provides the
key to understanding the behavior of the photon-energy
pendence of the photoemission peaks in the Mo~112! spectra.
Recall that the characteristic loss values for Mo include t
volume plasmons at 24.4 and 10.4 eV,58–61two surface plas-
mons at 14.8 eV~Refs. 58 and 62! and 9.5 eV,58–61 and
another surface mode at about 19 eV~Refs. 58 and 62! that,
evidently, can be attributed to multipole mode.

One may expect a sharp redistribution between the
face and the bulk yields, in photoemission, within the reg
of resonant excitation of multipole mode and bulk plasmo
respectively, which is clearly seen in experimental spec
~see Fig. 1! and further illustrated by estimation of relativ
yields shown in Fig. 9. In particular, we suggest that ea
peak combines the surface and the bulk yields in esse
from two photoemission peaks closely spaced but un
solved. Then, due to the surface photoeffect, their rela
participation will change with photon energy, which can a
pear in the spectra as a shift of the peak binding energ
namely, having a surface peak at20.3 eV and a wide bulk
peak at21 eV, under conditions of optimal surface enhanc
ment ~say at 16–20 eV photon energy!, we would see the
photoemission ‘‘peak’’ close toEF , while the peak binding
energy increases to21 eV at the plasmon energy 24 eV.

The most challenging feature of the normal photoem
sion spectra for Mo~112! is the periodic oscillations of the
positions of the peaks with increasing photon energy, clea
evident from the dispersion plots in Fig. 3. These oscillatio
are most pronounced for the photoemission band near
Fermi energy but are noticeable for the other bands as w
The period can be revealed by the positions of the minima
the upper band~24, 48, 74 eV! and again, are multiples o
about 24 eV. The explanation of the behavior of the band
straightforward provided that the photon can cause excita
of two, three, and more plasmons~presumably, involving
certain virtual states at intermediate steps of the proce!.
Then enhancement and following drop of the surface pho
emission will become periodic in photon energy thus res
ing in the redistribution between the surface and the b
yeilds, which in turn, will be observed as shifts in spect
peaks. This shift is evident for the occupied band nearEF
because of substantial difference in positions of the surf

so-

ra
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and the bulk peaks, while for the lower bands these peaks
rather close to each other, so the shifts are not as
nounced.

VI. CONCLUSIONS

Many experimental observations derived from the pho
electron spectra for the Mo~112! such as band dispersion
Fermi level crossings, and symmetry assignments of the
face states can be explained in terms of the surface and
bulk band structure. In particular, the symmetry of the st
at the surface Brillouin zone center, about 1–1.5 eV bind
energy, are found to havea1 symmetry in both experimen
and theory, while the band alongḠ-Ȳ at about 0.8 eV bind-
ing energy is found to be odd with respect to theḠ-Ȳ mirror
plane in both experiment and theory.

From a comparison of the calculated bulk band struct
and the experimental data, we find that the band width
Mo~112! is about 6.7 eV~theory! and 8.8 eV~experiment!.
Taking into account the derived inner potential, we c
of
lis

k-
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n
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i,

d

11540
re
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-

r-
the
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e
f

n

match the bulk band structure with the experimental da
Corrections in the spectral intensities due to plasmon re
nances are indicated nonetheless, though future photoe
sion yield calculations should take into account the light p
larization and the different surface and bulk Deb
temperatures.62
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