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Interplay between plasmons and the band structure for the M@112) surface

I. N. Yakovkin
Institute of Physics, National Academy of Sciences of Ukraine, Prospect Nauki 46, Kiev UA-03039, Ukraine

Jiandi Zhang
Department of Physics, Florida International University, University Park, Miami, Florida 33199

P. A. Dowben
Department of Physics and Astronomy and the Center for Materials Research and Analysis, Behlen Laboratory of Physics,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0111
(Received 22 September 2000; published 27 February)2001

Recent photoemission and inverse photoemission results for tHd1gosurface are discussed in the
framework of the calculated band structure. For thg M@) 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, aldngdims normal to
the surface, shows a good agreement with photoemission spectra in the position of the critical points. The
dominant surface states Btare found to have tha; symmetry, while the band alori@-? at about 0.8 eV
binding energy is found to be odd with respect to theX 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.
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[. INTRODUCTION that with Mo(112), almost all the photoemission features
combine contributions from both the surface and the bulk.
Photoemission is one of the major experimental tools forTo illustrate this suggestion, here we undertake an analysis
investigation of the surface electronic structgadong with ~ of the angle-resolved photoemissi6ARPES and inverse
inverse photoemission and more recently scanning-tunnelinghotoemission(IPES studies of the band structure, which
spectroscopy The mapping of the surface band structurehave been partly published elsewh&eand model linear
can be facilitated by enhancing the surface sensitivity of phoaugmented plane wayeAPW) film calculations of the elec-
toemission. In one approach, enhanced surface sensitivity iifonic structure for a free monolayer and for a three-layer
photoemission can be gained due to the resonant light atslab simulating the M@ 12) surface. Calculations of the bulk
sorption at the surface, that is, “optical” surface band structure along the normal to the surface is also pre-
photoeffect ™’ The surface photoeffect is closely related tosented and compared with band dispersion found from the
the excitation and the subsequent decay of the multiple suwave vector dependencek,(-dependent photoemission
face plasmons, or multipole mo8e!® This mechanism of spectra along the surface normal.
the enhancement of the surface photoemission is widely rec-
qgnized f_;md has been reported for clean surfaces and thin Il. EXPERIMENTAL AND CALCULATIONAL
films of simple metal§:**141° TECHNIQUES
The mapping of the bulk band structure, using photoemis-
sion technique$®*8can be facilitated by enhanced cross The IPES and the low-energy electron diffractifEED)
section(and therefore more intense peaks in the photoemisexperiments were undertaken separately from the photoemis-
sion spectrp through the Coster-Kronig resonant optical sion using an apparatus as described elsewiiéfd@he pho-
transitions, as allowed by the photoemission selection rulesoemissionfARPES experiments, with a resolution between
Identification of the bands, however, is complicated by sur0.10 and 0.25 eV, were carried out at the Synchrotron Ra-
face and adsorbate umklapp proce$$ed and surface re- diation Center in Stoughton, Wisconsin in an ultrahigh
constructions, in particular, well known to occur with molyb- vacuum(UHV) chamber employing a hemispherical electron
denum surface€ ! The surface photoeffect can further energy analyzer with an angular acceptance-af, which
complicate the identification of the bulk bands by the normakhas also been described elsewH€r@he photoelectrons
photoemission technique by making both height and positionvere collected with emission angles defined with respect to
of the spectral peaks dependent upon photon energy. Thesige surface normal.
complications might result in an ambiguous interpretation of The crystallographic order of the Nbl2) surface was
experimental data in absence of calculated band structuneerified by LEED and scanning tunneling microscdSyr M)
along the relevant directions in the bulk Brillouin zone. and the absence of surface contamination by photoemission
The aim of the present work is the elucidation of theas the sample was prepared using established procedures.
nature of the photoemission spectra and their relation to th&he surface of the Md12) crystal was cleaned by repeated
electronic structure of the M&12) surface. We will show annealing in oxygen and electron bombardmétashing
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and the crystal temperature was monitored with a L I I LI UL B
W-5% Re W-26% Re thermocouple with an accuracy-&f
K. Exposure of the M@12 crystal to oxygen was con-
trolled with the use of a standard UHV leak valve.
Momentum conservation can be used, in principle, to de-
termine the energy band dispersion relation with respect to
the wave vector. The wave vector component parallel to the
surface k;) can be derived from the kinetic energy and the
emission angle

ky=(2m/#i?)2E i, sin o, )

where, for IPESE,;, is the kinetic energy of the incident
electrons and is the incidence angle relative to normal in-
cidence and, for photoemissioB,;, is the kinetic energy of
the emitted photoelectron ards the emission angle relative
to the surface normal. The perpendicular component of the
crystal wave vectork, ), however, is not conserved across
the solid vacuum interface because of the crystal truncation
at the surface. Thus, the perpendicular wave vector in the

Intensity (arb. units)
Photon Energy (eV)

crystal can be determined using T T T s
4 3 2 1 0
—2m ) 1 Binding Energy (eV)
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FIG. 1. The photoemission spectra taken at normal emission
(k,=0) for photon energies 10-30 eV.
where 6 is the emission angle of the photoelectron or the
incident angle of the electron in inverse photoemission and ll. SURFACE BANDS NEAR Ef
U,, is the inner potential of the solid, which can be defined as

approximately the width of the occupied part of the conduc- The dependence of the normal-emission photoemission

. i 116,44
tion band plus the work functioff _spectra upon photon ener@yigs. 1 and 2results in signifi-

The band structures were calculated by the scalar relatlv(-:ant changes in shape and intensity of all bands. The peak
. . . . —47 . .
Istic all—electron LAPW !“e.thOd for thin filmS,™" which positions also strongly depend on photon energy except for
explores a singlénot periodically repeatgdslab of several those bands at approximately 3 and 1.5 eV binding energy
monolayers of thickness to simulate both surface and bu"fFi 3, for whichk, is weaker. When tﬁ bindina enerai
contributions. In the interior of the slab, the potential is de-dogr;ot ,choange (\:Nithipﬁotoeseenérgyoedepsndenceguepoen%hej

fined in the muffin-tin(MT) form, while in the vacuum re- L
gion the potential depends only arcoordinate(that is, nor-  Wave vector normal to the surfaég), it indicates conser-

mal to the surface Discretek, values, required for the vatio_n. Qf two dimensionality of state and syggests surface
expansion of the wave function into symmetrized p|6mesens.|t|v!ty. The fact that the states at approximately 3 and 1:5
waves in the interstitial region, are defined in accordance t§V binding energy are affected by small amounts of contami-
the film thickness, while the basis functions in vacuum arehation provides further indication that these bands have some
obtained by inward numerical integration with the energySUl’faCG weight. None of the bands exhibiting surface sensi-
parameter chosen near the Fermi level. tivity (and imperfect conservation of two dimensionality of
In the present work, the self-consistent “warped” MT statg appear to fall in a gap of the calculated bulk band
potential was recalculated for each iteration taking into acstructure(see below and are, therefore, surface resonances
count the redistribution of all core electrons. Corrections torather than surface states.
the muffin-tin potential in the interstitial and vacuum regions  Shown in Fig. 4 are the results of the band calculations for
were included through the Fourier expansion of chargehe Ma(112) monolayelfsolid curves are the bands that have
densities)’ while less important nonspherical corrections tothe zreflection (even) symmetry while dashed lines are the
the potential inside muffin-tin spheres were neglected. Thedd stateband experimental photoemission and inverse pho-
exchange-correlation potential was adopted in the local dertoemission data(partly published elsewhef® for the
sity approximation form using the improved Wigner interpo- surface-sensitive stateslenoted by the dotted lingsThe
lation formula?® The number of basis functions was adjustedbinding energies were plotted against the component of the
to provide 1 mRy convergence for the bands rear Den-  wave vector parallel to the surface determined according to
sity of stategDOS) were calculated using the triangular in- Eq. (1). The right panel of Fig. 4 presents the calculated
tegration method® DOS for the M@112) monolayer.
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FIG. 4. Surface banddeft) and DOS(right) calculated for the
Mo(112) monolayer. Solid curves are the bands that have the
zreflection(ever) symmetry while dashed lines are the odd states.
PES and IPES data for surface-sensitive sfd¢Esivoy et al. (Ref.

22)] are represented with symbols.

ous atEg. This is not the effect of limited experimental
resolution as suggested previously.

The symmetries of the surface resonances at normal emis-
sion (I') have been assigned on the basis of the light-
incidence angle dependence of the photoemission spéctra
and can be compared with our theoretical symmetry assign-
ments. The surface resonance at approximately 3.1 and the
bulk band at 2.4 eV are enhanced with a light-incidence

FIG. 2. The photoemission spectra taken at normal emissiomngle of 45° and suppressed with a light-incidence angle of

(k,=0) for photon energies 30-83 eV.

The experimentally determin%idcrossing ofEg by sur-

face bands at about midway anﬁgYis evident also in the
calculated band structure presented in Fig. 4. Here the eXnore

70°. For the band with about 1 eV binding energyl'adis-

persing towards the Fermi level at 0.45-(X)], the intensity

is enhanced with light at 70° light-incidence angle. Since
light from the synchrotron is highly plane polarized, the
normal the light-incidence angle, the more

periment and the theory are in a good agreement with regarélpolarization and the more vector poten#abf the incident

to placing the crossing ofEg

at

0.45:0.03I'-X

(experimerd and 0.43:0.030-X (calculation, respec-
tively. It is worth noting that the photoemissidARPES

light lies parallel to the surface. Since, latthe point group
symmetry isC,, , the bands observed in photoemission must
be a; (s,p;,d3z2-r2), b1 (Px,dxz), OF by (py vdy2)- The en-

and IPES data are found to belong to different bands, thubancement of the approximately 3.1-eV surface resonance in
explaining why in the experiment these data are discontinumores-polarized light indicates that these bandslay®r b,
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symmetry. The enhancement of the bands rigawith in-
creasing vector potential along the surface norfgakater
light-incidence anglesndicates that these bands argsym-
metry in character. This symmetry assignment, derived by
angle-resolved photoemission, also is in agreement with re-
sults of the calculations for the real-space distribution of
electron density for the Md12 monolayer. As seen in Fig.
5 (upper pane| the calculated symmetry of this occupied
state at—1.5 eV atl’ (with the band mapping plotted in Fig.
4) is of a; symmetry and largelyls,2_,2 in character, con-
sistent with experiment.

We also note that there must be a statdpfodd) sym-
metry (py,d,,) to provide the dispersion of a sigma-type

band alond’-Y as reported elsewheféThe bottom of this

band is at about 1 eV binding energylat(Ref. 22 and the
band dispersion is also plotted in Fig. 4. This band would

FIG. 3. The experimental band dispersion as a function of photend to diminish the enhancement of the bands rfgain
ton energy along thE(112) direction (k,=0) adapted from spectra p-polarized light. This odd symmetry band is recovered in

like those shown in Figs. 1 and 2.

our theoretical band structure as wgfig. 5, bottom panel
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FIG. 6. Surface band structuréeft) and DOS(right) for the
three-layer M@112) slab. Solid curves are the bands that have the
z-reflection(even symmetry while dashed lines are the odd states.
Note the rise of the peak at3.2 eV that indicates partly a surface
origin of corresponding peak in the normal photoemission spectra
shown in Figs. 1 and 2.

surface region: due to the open structure of the(M@)

face, the second layer indeed is a part of the surface, and the

FIG. 5. The real-space distribution of electron density for thefeature is partly surface in origin.
Mo(112) monolayer. Upper panel: The even stéatel.5 eV atl’)

shows thea; symmetry and largelyds,2_,2 character. Bottom IV. BULK Mo BAND STRUCTURE ALONG (112 AND

panel: The odd surface state1.4 eV atl'). The horizontal axis is PERTURBATIONS IN PHOTOEMISSION

along the atomic row of the M&12 monolayer(which corre-

sponds to th€111) direction, with Mo atom separation of 2.73 A Since the spectra presented in Figs. 1 and 2 are taken for
the vertical, along the normal to the surface. The contour separationormal emission ork,=0, the peaks exhibiting photon-

is 0.01 electron/unit cell, the cutoff is 0.1. energy dependencéFig. 3) can be attributed to the bulk

. . . _ ., bands dispersing witk, . In particular, the states at about

In spite of being a rather over |deal!zed model, a singley 3 5nd 2.4 eV are clearly bulk bands. As discussed
Mo(112) monolayer can reproduce the important features ofse\herd? inspite of bulklike dispersion ranging from 0.3
the surface eIectromp structure of the {M&2). Howevgr, the to 1.0 eV depending upon photon energy, the state at 0.7 eV
lower-surface-sensitive stafe-3.1 eV), also found in the oy ‘nonetheless, retain some surface character as indicated
photoemissioff cannot be treated by the monolayer model. the sensitivity of this state to contamination.
Indeed, in the calculated DOS there is no corresponding peak’ The calculated bulk bands and related one-dimensional
at this energ)(see Fig. 4, right pap}aIPresu.mably, this state pog along the112 direction (Fig. 7) are shown in Fig. 8.
may be attributed to back- and side-bonding electrons, whilgpere is a qualitative agreement between experimentally

the upper bandthe state near the Fermi leyeto the elec-  ¢,,nq dispersion of the main peaks that we assign to the bulk
trons leaking into vacuum, which may not be so sensitive g, ced featuregsee Fig. 3 and calculated dispersion for

the substrate. o occupied bandé&Fig. 8). In particular, behavior of the peak at
To verify the above limitations of the monolayer-model 5 3_1 g ev binding energy in the normal photoemission

calculations, we have performed calculation of the bands andnectra can be directly attributed to the Fermi level crossing
the density of state@Fig. 6) within the model that includes of the band at about 21% along the Brillouin zone etg6
the subsurface layer, that is, for the three-layer slab. Aiming

for a qualitative description, the unit cell has been slightly
transformed to gain the central symmetry essential for such
calculations. Apart from certain quantitative differences
(e.g., in the width of occupied part of the valence band
between the calculated band structures for the three-layer
slab (Fig. 6) and for one monolayefsee Fig. 4, agreement
with experimental dispersion of the surface bands near the
Fermi level is, again, rather good. As seen in the right panel
of Fig. 6, the inclusion of the subsurface layer leads to a peak
in the density of states at3.2 eV, absent in the density of
states calculated for the monolayeee the right panel of FIG. 7. The(112 direction in the bulk Brillouin zonéBZz) for
Fig. 4). This lower-surface resonance band at 3.2 eV stillMo (left) and its position within th¢110) plane(right). The shad-
appears to have originated from the bonding electrons in thewed portion is the part of thel10) plane within the first BZ.

[001]  [112] [001] [112]

r
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this photon energy is very close to the super Coster-Kronig
resonant photoemission involving th@4, to 4d excitation
with a threshold of 35.5 eV.

Obviously, just near the surface, the-selection rules are
no longer strictly valid, so one might expect strong absorp-
tion effected mainly by indirect transitions from the conduc-
tion bands into the unoccupiatlbands. In this region, posi-
tion and intensity of the peaks in photoelectron spectra are
determined by the density of states. Indeed, the position of
the main peaks photoemission spectra for(M@) along
wave-vector direction of the surface norntigs. 1 and 2
show a qualitative correspondence to the calculated one-
dimensional distribution of initial state$ig. 8). Identifica-
tion of all the bands by means of comparison with the bulk

DOS (arb. units)

—_—8-
k along [112]

FIG. 8. Calculated bulk bandéeft) and DOS(right) along the band structure along the surface normal is one key to under-

along the(112) direction. standing the origin of the photoemission peaks, but cannot be
used exclusively.
A~Lin the first Brillouin zone going front" to A, see Figs. 7 The photoemission intensity should also depend on the

and 8. The Fermi level crossing in Fig. 3, at 15 eV, is density of states at the final electron .ene?%Whus, when
consistent with the calculated critical point of 2.7 A(or ~ the final energy of the electrons excited from their initial
0.26 A1 in the first Brillouin zong. From this value we can States below Fermi level occurs in the region of low D@&
estimate the inner potential of 12.9 eV or a band width of 8.3" the gap that could arise from the spin-orbit coupling as
eV if the work function is close to the calculated value of 4.6"ported for tungste®) the related peak in the photoemis-
eV. The apparent Fermi level crossing at 64 eV matches witi§ion spectra might be essentially damped. Assuming the final
the calculated value of 4.62 & (or again 0.26 Alin the State as bulk-like and the matr_lx elements for the transitions
first Brillouin zone, while matching 91 eV with the critical 0 b€ independent of energwhich has been shown to be a
point 5.14 A 1 (or again 0.26 AL in the first Brillouin zong  'ather good approximation in most caSe¥~j the corre-
provides an estimated inner potential of 17.4 and 11.8 e\#Ponding changes in the spectral intensity can be qualita-
(i.e., band widths of 12.8 and 5.2 &\Wfespectively. The av- fuvel_y e_valu_ated within a S|m|c_)le model_for_ absorptlt_)n of the
erage estimate of the inner potential is 13.4 eV or a bandMPinging light. Then, for arbitrary excitatiohw, the inten-
width 8.8+ 3 eV, which is a little higher than our calculation Sity of photoemission can be evaluated simply as the product
of the bandwidth(6.7 eV) but still reasonable. Exact deter- Of the densities of initial and final states, that is,
mination of the critical points is limited by the finite resolu-
tion of our spectrometef150—250 meV in the range of pho- I(Ej,0)~n(E)n(E +hw). )
ton energies plotted in Figs. 1 andl 2
Surprising variations in the experimental inner potential Thek; conservation leads to the situation where only the
with kinetic energy are also known from dynamical LEED changes in the density of state¢E) along the(112) direc-
scattering** The inner potential for molybdenurfi00) de- tion (Fig. 8 are important for the normal photoemission.
rived from LEED (Ref. 49 was seen to vary from 18 ev While the calculated intensities of normal photoemission
(0—40 eV electron kinetic energieto about 14 eV(above spectra for various photon energi@ssing the DOS calcu-
80 eV electron kinetic energylt appears that in photoemis- lated for the extended energy rangeovide a qualitatively
sion, like in LEED, the experimental inner potential also correct description of the peak positions, the calculated spec-
generally falls with increasing kinetic energy. While our val- tra do not agree well with those experimentally observed. It
ues of the inner potential are smaller than those derived frori$ found that the agreement can be substantially improved by
LEED [for the (100) surfacd, our values remain larger than including contributions from the surface as well.
those expected from theory. To account for the enhanced yield from the surface, Eq.
It should be noted, however, that the above straightfor{3) has also been applied to treat tkg=0 spectra for the
ward interpretation of the photon-energy dependent spectréhiree-layer slab af'. Then, a “surface-induced” fraction
based on implied validity of the bulk-conserving transi- can be added to the bulk-induced calculated spectra to attain
tions, fails in explaining the apparent Fermi level crossing athe best available fit to the shape of the experimental photo-
34 eV, which gives the critical point 3.53 A (or 0.109 A emission spectrdFig. 9. The “degree” of the required
in the first Brillouin zong. This is absent in the calculated surface-induced part has been found dramatically dependent
band structurdsee Fig. 8 Moreover, at least one baridt  on the photon energy. In particular, for the light energy of 20
about 1.5 eV binding energyis insensitive to this Fermi eV, the surface photoemission yield is found to be five times
level crossing. Therefore other possible factors such as plagreater than that needed to fit to the spectra for 24 eV. The
mon excitations, in particular, harmonics of the surface plasstrong surface character of photoemission at 20 eV is sup-
mon or multipole resonance should unavoidably be includegressed in favor of more bulk-inducéblulklike) photoemis-
in modeling the experimental band structure, as discussesion at the photon energy of 24 eV, which is about the en-
below. Final-state effects must be considered as well becausegy of volume plasmon in M&f~>°
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L S B AL LA B N B is usually about 0.6—0.8 fraction of the bulk plasmon energy,
hy =20 eV hv=24 eV

is roughly determined by a local electronic density at the
Experiment surface:>*°
, P The multipole modes have been directly observed by elec-
Experiment

tron energy-loss spectroscoyELS) for surfaces of simple
metals. For transition metals, a strong decay of the plasmons
due to a high density of states provided by thkbands make
Theory the EELS spectra too involved to detect the multipole-modes
unambiguously. Thus it is not surprising that to date the sur-
face photoeffect has not yet been observed for transition-
metal surfaces.
Ly L Nonetheless, photoelectrons—electrons resulting from de-
-4 -3 -2 < 0 -4 -3 2 -1 O cay of the multipole mode—can give rise to a resonance in
E-Ep (eV) E-Ef (eV) the surface-photoemission intensities, thus, for the photon
energies close to multipole mode, the photoemission signal is
FIG. 9. Simulation of the normal photoemission spectra for twvodominated by the density of states at the surfa@dzor en-
characteristic photon energies that correspond to the surface resergies corresponding to the excitation of bulk plasmons, pho-
nance(20 eV) and the bulk plasmon enerd®4 eV). The surface  toemission has a more bulk-like origfirt® This provides the
yield, required to attain the best fit to the shape of the spectrgey to understanding the behavior of the photon-energy de-

Intensity

greater than that for 24 eV. Recall that the characteristic loss values for Mo include two
volume plasmons at 24.4 and 10.4 &7%two surface plas-
V. DISCUSSION: THE ORIGIN OF THE PEAKS IN THE mons at 14.8 eMRefs. 58 and 6Rand 9.5 e\~ and
PHOTOEMISSION SPECTRA FOR THE Mo (112 another surface mode at about 19 @Réfs. 58 and 6pthat,
) evidently, can be attributed to multipole mode.
The results of ARPES studies for the MG.Z) surface can One may eXpeCt a Sharp redistribution between the sur-

be summarized as followdi) The peaks are sensitive t0 face and the bulk yields, in photoemission, within the region
contamination, but to somewnhat different degrees dependingf resonant excitation of multipole mode and bulk plasmons,
on the band and wave vector. For example, oxygen adsorpespectively, which is clearly seen in experimental spectra
tion leads to a decrease in heights and sharpness of the pedkee Fig. 1 and further illustrated by estimation of relative
at about 3.0 eV and about 1 eV binding enef§{’ (i) For  yields shown in Fig. 9. In particular, we suggest that each
the normal photoemission, i.e., zero parallel wave vector opeak combines the surface and the bulk yields in essence
outgoing electronslk(;=0), the main peak positions notice- from two photoemission peaks closely spaced but unre-
ably changes on increasing energy, consistent with bulk bansblved. Then, due to the surface photoeffect, their relative
structure for the most partiii ) These photoemission features participation will change with photon energy, which can ap-
result in a sharp change of the spectral shape within a narropear in the spectra as a shift of the peak binding energies,
energy interval of about 24 eXsee Fig. 1 namely, having a surface peak-a0.3 eV and a wide bulk
Under proper conditions, the photoemission current fronpeak at—1 eV, under conditions of optimal surface enhance-
metal surfaces is determined mainly by the yield from thement (say at 16—20 eV photon enejgwe would see the
surface’81161 When the energy of the impinging light is photoemission “peak” close t&, while the peak binding
lower than the bulk plasmon energy, the light may be abenergy increases te1l eV at the plasmon energy 24 eV.
sorbed just in the surface region thus exciting the electrons The most challenging feature of the normal photoemis-
that give rise to the photoemission. It is a nonlocal responssion spectra for M.12) is the periodic oscillations of the
near the metal surface that makes the second term in theositions of the peaks with increasing photon energy, clearly
matrix elements in Eq3) nonzero. A detailed description of evident from the dispersion plots in Fig. 3. These oscillations
induced-electromagnetic fields near the surfémeggested are most pronounced for the photoemission band near the
by Feibelmah from a sophisticated microscopical random- Fermi energy but are noticeable for the other bands as well.
phase approximation/local-density approximation approacfhe period can be revealed by the positions of the minima in
and assuming a jellium modelas supported by photoemis- the upper band24, 48, 74 eV and again, are multiples of
sion study of simple metal surfaces and thin filifier a  about 24 eV. The explanation of the behavior of the bands is
review see Refs. 8 and 16 straightforward provided that the photon can cause excitation
It has been recently recognized that the surface photosf two, three, and more plasmoripresumably, involving
effect intimately relates to excitation and subsequent decagertain virtual states at intermediate steps of the process
of so-called multipole surface plasmons. Having an oscillat-Then enhancement and following drop of the surface photo-
ing electrostatic field normal to the surface, this mode, inemission will become periodic in photon energy thus result-
contrast to a “regular” surface plasmon, can be excited di-ing in the redistribution between the surface and the bulk
rectly by incident photons, i.e., it is strongly dipole actt/€.  yeilds, which in turn, will be observed as shifts in spectral
The multipole mode of collective excitations is extremely peaks. This shift is evident for the occupied band rear
localized within the surface region so that its energy, whichbecause of substantial difference in positions of the surface
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and the bulk peaks, while for the lower bands these peaks araatch the bulk band structure with the experimental data.
rather close to each other, so the shifts are not as praCorrections in the spectral intensities due to plasmon reso-
nounced. nances are indicated nonetheless, though future photoemis-

sion yield calculations should take into account the light po-

VI. CONCLUSIONS larization and the different surface and bulk Debye

Many experimental observations derived from the photo_temperaturegz.

electron spectra for the Md12) such as band dispersion,
Fermi level crossings, and symmetry assignments of the sur-
face states can be explained in terms of the surface and the ACKNOWLEDGMENTS
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