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Plasmons in core-level photoemission spectra of &l11)
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The line shape and intensity of surface and bulk plasmon excitations is Ah& 2o core-level spectra of
Al(111) have been studied as functions of the photoelectron emission éfjglEor both surface and bulk
plasmons, an asymmetric line shape is observed in normal emission, which becomes more symmetric in
grazing emission. The asymmetric line shape is in good agreement with theory. The relative contributions of
the intrinsic, extrinsic, and interference processes to the surface plasmon intensity are determined from its
variation with & and from theoretical line-shape calculations. We show the importance of the interference
process in determining the intensity and line shape of the plasmons. From the intensity variation of multiple
(n=1-6) bulk plasmonsr(wp) with n, the intrinsic and extrinsic bulk plasmon probabilities are determined.
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[. INTRODUCTION found the intrinsic plasmon contribution to be about 14%.
The dependence of plasmon intensities in polycrystalline
The origin of collective plasmon excitations in the photo- Al as a function of the photoelectron emission anglehas
emission spectra of metals has been a topic of extensive ekeen studied by Bairdt al® The authors found that the sur-
perimental and theoretical investigation from the early daydace plasmon intensity is markedly enhanced at ivbut
of photoemissiori=2* Bulk plasmons are longitudinal oscil- they did not report any change in the plasmon line shape as
lation modes of the electron gas in the solid, and are given by function of0.° They determined the intensity variations of
the conditione=0, wheree is the bulk dielectric function. lw,, 2w,, and lvws, and compared them with theoretical
The surface plasmon is an oscillating sheet of charge locatechlculations based on a jellium model. The authors found
at the surface, although its energy is dictated by the bulkhat, although the trend is similar, the theoretical values are
property = —1). In the direction perpendicular to the sur- higher than the corresponding experimental vafugsad-
face, the charge distribution of the surface plasmon has shaw et al. studied the oxygen 4 core-level spectra of
monopolar character, and hence it is referred to as the mon@-17-ML oxygen chemisorbed on @11). The loss structure
pole surface plasmafi:?® The physics of plasmon excita- of O 1s showed only an Al related surface plasmon, and a
tions in photoemission is enriched by the different processebulk plasmon was not observed. On the basis of semiclassi-
that contribute to its intensity. The sudden change in theal calculations, the authors suggested that in the high pho-
potential due to the formation of a core hole attracts thetoelectron velocity limit, the intrinsic and interference con-
conduction electrons to screen the core-hole resulting, in thiibutions are independent of and that the extrinsic
intrinsic plasmorexcitation>? On the other hand, thextrin-  contribution varies as 1/si# They found a small intrinsic
sic plasmorexcitation is created by the Coulomb interaction plasmon contribution to the surface plasmon intensity.
of the conduction electrons with the photoelectron traversing Many theoretical studies have been performed to evaluate
through the solid from the photoemission site to the surfacethe contribution of the intrinsic and extrinsic processes and
Besides, arinterferenceprocess occurs due to the quantumto understand their origin in photoemissibif:*4~22Chang
interference between the intrinsic and extrinsic plasmonsand Langreth treated the inelastic plasmon losses as a many
The interference effect can be visualized as the interactiobody effect in the photoemission process, and included the
between the localized photohditrinsic) and the outgoing effects of the solid surface and the core hotéSunjic et al.
photoelectronextrinsig in which the virtual plasmons cre- used an electron-plasmon interaction model for fast electrons
ated by one is absorbed by the other. and considered the effect of localized core holes to provide a
In order to study the importance of these effects, Pardequantitative description of multiple bulk and surface plasmon
et al3 carried out x-ray photoemission spectroscopy studieprocesses in metat&!® Feibelman calculated the plasmon
on Al, Na, and Mg 2 peaks, and came to the conclusion thatintensities as a function of depth aidassuming an infinite
the intrinsic effect was almost absent using a random spatialore-hole lifetime and a smooth cutoff at the critical wave
emission model for the excitation of plasmdndhis was in  vector’® Penn discussed a three step theoretical model for
contradiction with theoretical results which predicted the explasmon losses in photoemission including the effects due to
istence of the intrinsic plasmdr:?° Fuggle et al. tried to  electron-electron scattering and plasmon dispersion, but the
resolve the issue by studying Al layers deposited on Mn, anéhterference effect was not includédPenn calculated the
found some evidence for the intrinsic plasmon, althougtplasmon line shapes and estimated the intrinsic bulk plasmon
quantitative estimates could not be extracta@n Attekum  contribution to be 26% for Af° which was much lower than
et al. studied the variation of successive bulk plasmow () 50% intrinsic plasmon contribution suggested by LundgVist.
intensity in Al 2s, and concluded that about 25% of the bulk While the earlier studiés®8°assumed a classical trajec-
plasmon intensity is due to the intrinsic plasntoBased on tory for the outgoing electron and neglected plasmon disper-
a similar study of Al 2 and X core levels, Steineetal.  sion, Inglesfield used the golden rule formalism of photo-
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emission and considered plasmon dispersion as well as thshed A(111) crystal was cleaned by repeated cycles of sput-
interference effect. Inglesfield studied the suppression of theering using 1-2 KeV Af ions and subsequent annealing at
plasmon intensities at low electron kinetic energies by calcu450 °C to regenerate surface order. The surface order was
lating the plasmon line shapes as functions of the kinetignonitored through low energy electron diffracti¢bEED),
energy and deptke) of the photoemission sifé:** The in-  and a 1x 1 LEED pattern was observed for the clean surface.
terference between the extrinsic and intrinsic plasmons wagpe analyzer angular resolution was 3°, the pass energy was
found to suppress the long wavelength plasmorget ot 5 eV, and a slit size of 6 mm diameter was used. Thus
eXC'tgg'O”SZ- “* Using a transition-matrix approach, BOse i energy resolution of the analyzexE,,) is about 0.15
et a!. 'calcuIaFed the line Shape. anq intensity of the INUNINSIC.q\/ The emission angle was varied by rotating the sample.
extrinsic, and interference contributions to both bulk and sur- _ g0 14 e spectra could not be recorded due to geo-
face plasmon_s as functions nfar_1d their results are in good metrical restrictions in the experimental chamber. Hence, in
agreement with that of Inglesfiefd. The theory by Bose . o .
et al. can be extended to the<O situation for the problem an approximate sense, we referﬁg 89 to be normal emis-
gion andf=10° to be grazing emission. It should be noted

of photoemission from adsorbed atoms on surfaces. The th . . -
oretical calculations by different grou9¢22324 predict that the change in electron propagation angle from inside the

asymmetric line shapes for both bulk and surface plasmon.cfySF"?‘l to vacuum due to refractipn effect at the §urface is not

Although plasmon excitations in photoemission have beegignificant at large photon energies and the studieahge of
known for more than three decades, and were studied bifie present experimefit.
different groups in the late 1970s and early 1980s, there still Since the spectra have been recorded with nonmonochro-
remain unresolved issues which need to be investigated. Fatic Mg a; , radiation, the features due to the Klgs,
example, a wide disagreement exists in the literature abowatellite lines have been subtracted using a routine assuming
the strength of the intrinsic bulk plasméinom 10% to 50%  that the satellites produce a replica spectrum as the main line,
in Al, which is an ideal test system for different theories but shifted and reduced in intensfy.The inelastic back-
because of its nearly free electron nature. On the basis @fround was subtracted using the Tougaard metfdde Al
plasmon line-shape calculatiofisthe importance of the in- 2s and 2 core-level spectra were fitted with the Doniach-
terference effect has been suggested, but it still remains to unijic (DS) line shap&® using a least square error minimi-
studied experimentally. van Attekuet al.reported an asym- zation routine based on the Levenberg-Marquardt algorithm.
metric plasmon line shape from photoemission; but in con4nitially, only the Al 2p main peak region69.6—78.6 eV
trast the line shape measured by electron energy loss spdginding energy; Fig. Pwas fitted in order to determine the
troscopy(EELS) was found to be symmetrit’’ The reason main peak related parameters. The Al hain peak includes
for the difference in plasmon line shapes between photoemisoth the spin-orbit components, which are not clearly re-
sion and EELS is still unexplained. The line shape of thesolved due to inadequate resolution in the present work. The
plasmons, which is expected to be asymmetric, and changexperimentally reported value of the spin-orbit splitting for
with the photoelectron velocityv() and deptte from which Al 2p is 0.411 eV, which has been determined from well
the photoemission takes place, has not been studied experesolved Al 23, and Al 2p,, peaks®* The experimentally
mentally to date. Since the relative contributions of the dif-determined intrinsic lifetime widthfull width at half maxi-
ferent processes are expected to change as functions of theum (FWHM)] of the DS line shape is reported to be 0.03
emission angle, we have studied thedependence of the eV3!In our fitting scheme, we fix the spin-orbit splitting and
plasmon excitations in the Al2and Al 2p core levels of DS lifetime broadening to be 0.41 and 0.03 eV, respectively.
Al(111) using x-ray photoemission spectroscdp{PS). The  The DS asymmetry parameter and the lifetime broadening
experimentally obtained surface plasmon line shape has bedrave been taken to be same for both spin-orbit components.
compared with theoretical results calculated following theldeally, the statistical branching ratio betweeps2 and
perturbation based method of Inglesfiétd?From the varia-  2p,;, should be 2, but this is allowed to vary since the
tion of the surface plasmon intensity with we have deter- branching ratio could be different for various reasons like
mined the different contributions to the surface plasmon orifferent bondings of the surface atoms, different radial wave
the basis of the theoretical model by Bradshewal.” Be-  functions leading to different dipole matrix elements, and
cause of the disagreement in the literature about the strengtlifference in the photoionization cross section due to a slight
of the intrinsic bulk plasmon, the intensity variation of mul- difference in the kinetic energies of the electrons from the
tiple bulk plasmonsifw,) have been studied as functions of different spin-orbit split leveld? From the fitting, we obtain
n and the intrinsic and extrinsic plasmon contributions havethe branching ratio to be 1.7. The DS asymmetry parameter
been determined based on theoretical work by Chang an@as obtained to be 0.110.01 for Al, which is in agreement
co-workerst41? with the existing literaturé!33

In order to account for the instrumental factdgi®. the
analyzer_and the photon source related broadepirthe
Doniach-$injic line shape has been convoluted with a Voigt

The experiments were performed at a base pressure of fnction. The FWHM of the Voigt function AE) for each
x 10" mbar using a commercial electron energy analyzespin-orbit component is found to be 0.6 eV. Sinad
(Phoibos100 from Specs GmbH, Germaapd a nonmono- = \/(AEZ s+ AE] 000+ AEphowon Which is the broadening
chromatic M« laboratory x-ray source. An electropol- due to the M, , source, turns out to be 0.58 eME,,

II. EXPERIMENT AND DATA ANALYSIS
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=0.15 eV). It should be noted that this value is in fair agree- loss energy (eV)
ment with the previously reported linewidth of 0.7 eV for 20 15 10 5 0 -5
MgKa; ,.3* The instrument related broadening has been ' ' ' ' 'Al 25
kept fixed while fitting the Al 3 spectra, which was re- hv e
corded with the same analyzer setting as Al 2 ﬂ;

The whole rangéas shown in Fig.  including the main grazing

peak and the plasmon region, has been fitted, and extra
weightage was given to the plasmon region. The plasmon
peaks have been fitted with asymmetric Lorentzian functions
convoluted with the instrumental broadening. The form of
the asymmetric Lorentzian function is given by

lo

L+ [(Ex ERIT(E) ' W
where the half width at half maximufHWHM), I'(E), is
equal tol'gr when Ex>E} (ER is the peak position in the
kinetic energy scaleEx) and T'(E)=T"_ when Ex<E}.
ThusI'g andI'| are the right and left Lorentzian widths,
respectively, and, is the intensity. The choice of asymmet-
ric Lorentzian for simulating the plasmon line shape is based
on results of previous theoretical calculatich$??*?*and binding energy (eV)
has been used in the literature befdr&he asymmetric

Lorentzian widths g andI"|) are allowed to vary indepen-
% ) y b mon features in the photoemission spectra of Al r2corded in

dently in the fitting routine. In the case of Alp2 the plas- ) o o = .
mon )}:/)eak is regar%ed as the sum of the contr?tzmutiong from Afearly grazing10°) and normal0?) emissions. The no-loss main
> and spin-orbit components. and two se aratepeaks in both the spectra are normalized to the same height. The
agjﬁmetrica)ﬁgrer?tzians are cznsideréd for each pFiasmosolid line through the experimental daf@pen circlej is the fitted

Qurve. The residual for the fit, which is within the statistical scatter

peak separated by the spin-orbit splitting. The widths oly¢ 40 experimental data, is shown below each spectra. The de-

thesg two compor}ents are constrained to be equal. Th_e asy@snvoluted Al % Doniach-$injic line shape(dashed lingand the
metric plasmon line shape has been convoluted with th@ejastic backgrounédot-dashed lingare also shown. The surface
same Voigt function obtained from the fitting of the Ab2  (thick solid line and bulk(thin solid line plasmon line shapes are
core-level spectrum, and the instrumental broadening parandhifted upwards for clarity of presentation. The steplike surface
eters have not been varied. Thus the deconvoluted plasm@fasmon line shape is indicated by an arrow. The inset shows the
line shapes are obtained by separating out the effect of ingeometry of the experiment.

strumental broadening through the fitting procedure.

intensity (arb. units)

140 135 130 125 120 115

FIG. 1. Comparison of the surface ¢1) and bulk (lw,) plas-

sion by a factor of 2.4 compared to normal emission. In fact,

Ill. RESULTS AND DISCUSSION the intensity of the surface plasmon is more than that of the
bulk plasmon in the grazing emission, which was not ob-
served in previous studié$. This is probably related to the

Al 2s spectra, recorded at nearly norni@8D°) and graz- clean A(111) surface in the present work, where the oxygen
ing (10°) emissions, are shown in Fig. 1. The striking differ- 1s signal is in the noise level, compared to the residual oxy-
ence is a large enhancement by a factor of about 5 in thgen contamination reported in previous studi#3hus even
intensity of the monopole surface plasmornwg) in the graz- a small amount of contamination on the surface can affect
ing emission at 128.4 eV binding ener@E) or a 10.4 eV  the surface plasmon intensity, especially in the grazing emis-
loss energy. From the deconvoluteddl line shape, it is sion geometry.
evident that besides the intensity enhancement, there is a The systematic change in the plasmon line shape and in-
drastic change in the line shape between normal and grazirtgnsity for differentd is shown in Fig. 2 for both Al & and
emissions(shifted thick solid lines in Fig. il In normal  2p core-level spectra of A111). The Al 2s (2p3,) no-loss
emission, the surface plasmon has an unusual shape withnaain peak occurs at 11§2.8 eV BE. The main peaks do
gradually decreasing intensity towards the higher loss energyot exhibit any change in the line shape within normal
(or BE) side and a steplike line shape on the lower lossemission, for both Al 2 and 2p, 1w exhibits a steplike line
energy sidgmarked by arrow in Fig. )1 The corresponding shape at 9.6 eV loss energindicated by arrows in Fig.)2
left and right Lorentzian widthd,, andI'g, obtained from  while towards the higher loss energy side a gradual decrease
the least-square fitting, are 3.6 and 0.08 eV, respectively. lin intensity is observed. A® decreases, the steplike shape
contrast, in grazing emission the surface plasmon is relabecomes smoother, as shown by the systematic variation of
tively more symmetric, although, (=1.92 eV is still larger T'g andT'| in Fig. 3. For Al 25, T'g remains small between
thanI'g (=0.84 eV). In contrast to the surface plasmon, the 80° to 40°, and for smaller emission angles increases rapidly
bulk plasmon (I,) intensity decreases in the grazing emis-to 0.84 eV[Fig. 3@)]. In Al 2p, I'y increases almost linearly

A. Experimental plasmon line shapes
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loss energy (eV) a symmetric Lorentzian line shape, while increasing the de-
2 10 0 2 10 0 viation from unity would imply a larger asymmetry. From
(a)Al2s. \ (b) Al2p |} normal to grazing emissiors decreases for both the core
levels, for example in Al 2 it decreases from 45 to about 2.
Thus in Al(111), the surface plasmon gradually changes from
highly asymmetric to more symmetric line shape with de-
creasing#, as observed for both Aland 2o core-level
spectra.
Although not as pronounced as the surface plasmon, the
bulk plasmon line shape is also somewhat asymmetric in
i Nl normal emission, e.g., for Al (2p) I';=2.0 (1.3 eV,
140 130 120 90 80 70 while I'r=0.63(0.32 eV with k=3.2(4.1). As 6 decreases,
binding energy (eV) 1w, becomes more symmetric, and in grazing emission we
obtain, for Al 2s (2p), I''=1.09 (0.99 eV, while I'g
of the emission anglés). The solid line through the experimental = 1.11(0.6) eV whenx=0.98(1.7). Thus the bulk plasmon
data(open circleyis the fitted curve. The no-loss main pedksr- @IS0 shows a similar trend as the surface plasmon of becom-
malized to same heightre truncated to show the plasmon peaksiNg more symmetric with decreasingand becomes nearly
(Lws: thick solid line; 1w, : thin solid ling in an expanded scale. Symmetric in grazing emission.
Arrows show the positions of the steplike surface plasmon line
shape. B. Surface plasmon line-shape calculation

! 60 » ,:""':‘

intensity (arb. units)
o
(=]
>

FIG. 2. (a) Al 2s and(b) Al 2p core-level spectra as functions

) In order to compare the experimental data with theory and
to a maximum value of about 0.4 eV. Thus the trend of, ayalyate the extrinsic, intrinsic, and interference contribu-
increasingl's from normal to grazing geometry is evident jong we have calculated thewl line shape following the
for both- Al 2s and 2. In contrast]I'| exhipits a decreasing perturbation based method suggested by Inglesteid.
trend with 6 and are larger thafir values[Fig. 3b)]. For Al - ngiesfield performed the calculations for normal emission
2s, I decreases from about 3.5 eV f6-=80° to about 2 yeometry using the golden rule formulation. The surface and
eV for §=10°. T for Al 2p also shows a similar trend. At ik plasmon line shapes were calculated as functions of the
higher ¢, the fact that the surface plasmon is less intdags€  jcident photon energy and depttfrom which the photo-
hence the statistical scatter in the spectra becomes more ifgiission is occurring. The final state is comprised of the
portany, compounded with the uncertainty in they param-  4ytgoing photoelectron, the localized core hole, and the pos-
eter of the bulk plasmofwith which it overlapy, enhances  gjpje plasmon excitations. The interaction of photoelectrons
the uncertainty in the surface plasmbp (Fig. 3, lower pan-  ith plasmons was treated by first order perturbation theory.
els However, despite the scatter in a few data points, thesince Al is a nearly free electron metal, a free electron model
trend in thel", values is quite clear for both Al2and Al \as ysed for the solid, and the dispersion of the plasmon
2p. We quantify the observed asymmetric line shape by afrequency with momentum was considered in the calcula-
asymmetry parametek=1I'_ /I'r. Thusx=1 would imply  tjon. Using the following expression given by Inglesfield for
1ws photocurrent? we have calculated the Al2surface
plasmon line shapéJ,.(e,»,2)] corresponding to photo-

1.0 -
08k (a) Al 28{ (b)y Al2p emission from a deptz for the 1253.6 eV incident photon
< 0.6- energy used in the present work:
© L
=~ 0.4} { 1)
< ozn { { { { ! } H i Jool €, @,2)= 5 [ Wy = Wo—Ws?, @
off 1} 11
'02 Cl 1 1 1 1 | I 1 Where
K Al2s |
st } : Al2p o 2ik, exp{—i[2e—k?1%%Z} .
- 3.0k E } N % } W1_X1+|y1_[26_kf]0.5[{[2€_kﬁ]0.5_k}2+ kﬁ]v ( )
Bast ' H Y . 2 exti — (k+ k)]
= _ Loeexp (K tiK)z
2.0+ {'% { WZ_X2+Iy2_ k2_26_2ikk“ ! (4)
1'5-| 1 1 1 -1 1 I { I %
—(k,+ik
B0 60 40 20 80 60 40 20 W32X3+iy3:exd (tik)z] )
emission angle 6 (degree) Wsk,

FIG. 3. Surface plasmon righi'g) and left C,) Lorentzian I the.above equationg is the photoelectron momentum
widths for (a) Al 2s (filled circles and(b) Al 2p (filled squaresas  andk; is the surface plasmon momentum parallel to the sur-
functions of 6. face. € is the total energy available for the excitation, i.e.,

165416-4



PLASMONS IN CORE-LEVEL PHOTOEMISSION.. .. PHYSICAL REVIEW B7, 165416 (2003

photon energy(w) minus the binding energy of the core
level. €, is the loss energy scale defined by €, , whereey
is the photoelectron energy given Bi? in atomic units.o
is the frequency of the surface plasmon Kg# 0. @5k, is the

-i-Jiot (z=0) : \

N

surface plasmon frequency given by the linear dispersion re- E} 1 »

lation w = ws+ 6k;/2.%° The total energy available for ex- > 0
citation (e¢) minus the photoelectron kinetic energy,) is % 16 14 12 10 8
equal towgy . Thusk; can be expressed in terms of loss § e — g

energy as (&) (ex— wg). Thus Jiy(e,w,2) is obtained by % o JtOtt L an;[f

computing Eq(2) for different e, values which corresponds S 4r e J,eX+J n

to particulark, values as given by the above expressidis ] int ,, 2

a constant given by/3/5vr , wherevr is the Fermi velocity O R
and is taken to be 0.72 au for A1.The above expression for - !
6 gives the correct bulk plasmon dispersion relation and con- 4r N b
sistency between hydrodynamic and quantum mechanical - ' . t ( )|
calculations® 12 11 10 9
In Eq. (2), w; andw, represent the extrinsic terms, while loss energy (eV)
wj is the intrinsic term. The final line shapé,() is obtained
by integrating expfz/\)XJ(w,2) over z, where\ is the FIG. 4. (a) The calculated surface plasmon line shapggthick

inelastic mean free path. exp#/\) is the weighting factor solid line) andJ,(z=0) (filled squaresare compared with the ex-
used for integration ovez, which implies that a photoelec- Perimental Al = surface plasmofopen circlegrecorded in normal
tron, after exciting a plasmon, can excite another plasmon ggmission. The zero of the loss energy scatet shown in the figune
be scattered through other proces¥est an Al 2s photo-  refers to the no-loss peak positidn) The calculated totalko thick
electron kinetic energy of about 1135.6 @6rresponding to  S°lid lin®), intrinsic (Jiy, thin solid ling, extrinsic U, dashed
a 1253.6 eV photon energy\ is taken to be 24 A7 The !lne_), |_nterference.aimf, dot-dash_ed I_|n)e and sum of extrinsic and
convergence of the numerical integration has been tested aff§NSic Uit Jex,, Crosseicontributions to the Al 8 surface plas-
the results are in agreement with the lower photon energ{ﬁon line shape shown in an expanded horizontal scale.
calculations performed by Inglesfietd.

The experimental Al 8 surface plasmon spectrum in nor- the experimental spectrum has a larger intensity compared to
mal emission(open circlg is compared with the calculated theory[Fig. 4@)]. To find possible reasons for this disagree-
line shape J,, thick solid line integrated over depth[Fig. = ment, we have calculated thev] line shape due to photo-
4(a)]. For the purpose of comparing the shapes, the experiemission just at the surface£0). The calculated ag line
mental spectrum is normalized to the same height as thshape[J,(z=0)] has a larger intensity on the higher loss
theoretical curve which is shifted to align with the experi- side than the integrated line shap&.). Thus a possible
mental spectrum. To take into account the finite lifetime ofreason for the disagreement could be that the contribution of
the plasmon, the theoretical curve has been broadendg by surface photoemissiofoccurring atz=0) to the surface
dependent Lorentzian function whose HWHM i&=v,  plasmon intensity is underestimated by the theoretical curve,
+gk;, whereg=1.3 eV andk, is in A"138 y_ is taken to be  J,,,. This is probably related to the choice of the weighting
almost zero, which is expected for a free electron metal likefactor expfz/\), which is based on a semiclassical approach
Al383t should be noted that a large valGe2 eV) of y,  assuming that the bulk extrinsic terms domirfate.
has been obtained from EELS experiments onf1A).%’ Another possible reason for the underestimation of inten-
Such a large discrepancy of, between theory and EELS sity by theory on the higher loss energy side could be related
has been explained in other systems like Li and Mg to beo the existence of theultipole surface plasmon, which is a
partly due to the bulk lattice potenti#l However, in Al such  higher order surface mode expected to occur around 13 eV
an effect would be negligible, and a free electron jelliumloss energy® The multipole plasmon has been identified in
model has been successful in explaining the collective exciAl by photoyield experiments, where a huge enhancement
tations in Al?° Hence the largey, for surface plasmons ob- occurs in the photoemission cross section when the incident
served in EELS(where unlike photoemission the electrons photon frequency is equal to the multipole plasmon
are incident on and reflected from the surfaeprobably  frequency!®*!In contrast to the monopole surface plasmon,
related to the enhanced scatteriisgice the electron crosses the charge distribution of the multipole surface plasmon per-
the surface twice from the defects, steps, phonons, etc.pendicular to the surface can have a node, i.e., of dipolar or
Moreover, in contrast to photoemission, intrinsic plasmonanultipolar form. Parallel to the surface, the behavior of the
are not produced in EELS and the interference effect isnonopole and mutipole modes are similar. Recently, the
absent. multipole surface plasmon mode has been observed in EELS

In agreement with experiment, the calculated surface plasexperiments on AlL11) at smallk,, and its intensity is found
mon line shapel,, is highly asymmetric, and the steplike to be about 57% of the monopole surface plasrfiohsimi-
line shape is well reproduced by the thepRjg. 4@)]. How-  lar relative intensity of the multipole plasmon may be ex-
ever, it should be noted that on the higher loss energy sidgected in photoemission. However, no theoretical calcula-
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tions exist in the literature for a photoemission-related ' ; I

B S(Al2s) A s(Al2p)

multipole plasmon line shape. The reason that a separate 0.4
feature is not observed for the Al multipole plasmon in the — Stot — Sint
present experiments could be that, unlike EELS, contribu- -~ Sext = Sintf
tions from all k,'s are observed in photoemission, which 0.2r et
probably results in a broad featureless line shape for the mul- » H‘_‘_‘H—’r*
tipole plasmon. Thus, although not decisive, the present re- 2 0.0F (a) Al 2s
sults indicate that a part of the surface plasmon intensity g
observed in photoemission could be related to the multipole E gol— T
plasmon. 14
The intrinsic i), extrinsic (e, and interference & 04l
(Jins) contributions, which add up to give the total integrated g -
surface plasmon line shagee., Jio=Jdint+ Jexit Jings), are gm 02 /

shown in Fig. 4b) in an expanded scale. These contributions
are given by

In=X5+Y3, (6)
2, 42 2.2 v2p .
Jext= X1t X5— 2X1 X2t Y1 +Y5—2Y1Y2, (7 80 60 40 20
emission angle 6 (degree)
Jint= — 2X1X3+ 2XoX3— 2Y1Y3+ 2Y5Y 3, (8)

. . . FIG. 5. Variation of the surface plasmon relative intensty
wherex; andy; (i=1,2,3) are defined in Eq$3)—(5). The  (which is normalized to the no-loss peaks function of emission
intrinsic surface plasmonJ(y) is asymmetric with a sharp angle for(a) Al 2s and (b) Al 2p. A fit to the experimental data
peak at a 9.45 eV loss energy with a 0.1 eV FWHM. The(thick solid lin® gives the intrinsic(thin solid lin®, extrinsic
surprising observation is that tidg, peak intensity is lesser (dashed ling and interferencédot-dashed linecontributions to the
than both intrinsic and extrinsic peak intensities. In fact, thesurface plasmon intensity.
area unded,,; (centered around the 9.6 eV loss energy with
a 0.7 eV FWHM is more than),,;. This is because although ajthough in normal emission and at high photoelectron ve-
both the intrinsic and extrinsic terms are positive, the inter{ocities, where the electron has less time to interact with the
ference contributionJi,s) is negative over the whole energy surface, the intrinsic plasmon is expected to dominate. It
range. It has an asymmetric inverted peak at 9.45 eV losshould be noted that in the case of the surface photoemission
energy with a 0.15 eV FWHM. The negative value of the contribution to the surface plasmon intensjifd,,(z=0) in
interference term signifies that the plasmons created by thpig, 4@)], the above ratio is drastically changés1:0.12:
outgoing photoelectrofextrinsic processis absorbed by the (.24 and the intrinsic contribution is most dominant. This
localized photohole potenti@intrinsic procesp reducing the s because the core-hole potential in the photoemission final
total intensity of the surface plasmon. In fact, at the mini-state s felt by the surface electrons more strongly when the
mum loss energy end of the plasmon feat(®et eV) the  core hole is located at the surface. This causes the enhance-
calculated plasmon intensity becomes zero due to the neggent of the intrinsic surface plasmon. The relative intensity
tive interference term. This is because the minimum loss enaf the intrinsic p|asm0n decreases for photoemission from
corresponds to thig—0 limit where the surface plasmons jnside the solid £>0) since the core-hole potential interacts
are excited by an average potential of the core hole and thgeakly with the surface electrons, and the extrinsic plasmon
photoelectron, which is zero fdg=0."> However, this is not  intensity, which increases with the path length, dominates.
valid for shorter wavelengthk(>0) surface plasmons, and a The large difference in the ratio of the different plasmon
large enhancement in intensity is observed withdggpeak  contributions betweed,, andJ,,(z=0) makes it imperative
at a 9.85 eV loss energy. For higher loss energigsn-  to determine the ratios using a different approach.
creases sinck,=2/8x (loss energy wy).?* But, the prob-
ability of exciting shorter wavelength plasmons decreases
because it involves a larger momentum transfer from the
photoelectrons, and hence the plasmon intensity decreases The relative intensitys) variation of lwg as a function of
towards the higher loss energy side. The importance of théhe emission anglé-ig. 5 can give quantitative estimates of
interference term in determining the plasmon line shape ishe intrinsic and extrinsic processes and resolve the uncer-
clear from the comparison @fy andJi,+ Jey- Jingg reduces  tainty in the ratio of different plasmon contributions dis-
the Ji+Jey iNtensity by 36%, and makes the line shapecussed aboves shows an increasing trend with decreaséhg
more symmetri¢Fig. 4b)]. for both Al 2s and 2 (Figs. 5 and 2 Bradshawet al. cal-

By calculating the area under the respective theoreticatulated the angular dependence of the Al related surface
curves, the ratio of the intrinsic, extrinsic, and interferenceplasmon intensity in the XPS spectra of oxygen adsorbed on
surface plasmon contributions is found to be 1:389, re- Al using a semiclassical approatin the limit of large pho-
spectively. Thus the extrinsic plasmon intensity is largestfoelectron velocity they found that the extrinsic tersa,{) is

C. Surface plasmon intensity variation
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inversely proportional to the perpendicular component of the F=——--—-—--_
velocity of the photoelectron. Thus in grazing emission, e R
where the perpendicular component of the photoelectron ve- T
locity decreases, the extrinsic plasmon intensity is enhanced »
and the # dependence 0§, turns out to be 1/sifA. The
intrinsic (s;,;) and interferences,;) processes are indepen-
dent of § because they do not depend on the trajectory of the
outgoing photoelectron. For high velocities of the outgoing
photoelectron, the following expression has been obtained

for s by Bradshawet al.;’

[=]
[=2)
T 1

!
/
/

o
a
T

s

N

02 m b(AI2s) & b(AIZp) -}

1u)p relative intensity, b
o
w

----- btot (F) - — biot (S) A
S$= Sint+ Sext Sintf» (9) 0.1 -~ bext (F) —— bext (F)+const
0.0 | 1 1 1
where 80 60 40 20
emission angle 6 (degree
e we? gle 6 (degree)

Sint= C1C2, and sjy= Clc3_2v .

FIG. 6. Variation of Al Z and Al 2p related bulk plasmon
relative intensityb (which is normalized to the no-loss pealas
In the above equations; is the velocity of the outgoing function of emission angle is compared with the calculations from
photoelectron with chargg andc; (i=1,2,3) are the param- Baird et al. (Ref. 6 (see the tejt
eters for the model. The deviation of from unity quantifies
the difference of the suggested model from reality;gives  (0.45 for Al 2s and 0.43 for Al ), and above=40° (25°)
the relative magnitude of the intrinsic effect aog=1 for s, becomes smaller thas,.
sufficiently highv.” The we?/2v factor is calculated to be From the present analysis, in normal emission the ratio of
0.172 and 0.169 corresponding to Ak and 2p. The ¢; intrinsic, extrinsic, and interference contributions to the sur-
parameters are obtained from the least square fitting of thface plasmon intensity turns out to be 1:6:71:3 for Al 2s
experimental data in Fig. 5 with E¢P). Although this model  (1:0.4:—0.9 for Al 2p). The intrinsic to extrinsic plasmon
is for plasmons generated by atoms adsorbed on the surfagatio obtained here is in relatively better agreement with the
we apply Eq.(9) for Al 2p and 2 related surface plasmons ratio 1:0.12 obtained from the=0 surface plasmon line
to examine whether the contribution from surface photoemisshape calculatiof,,(z=0)] rather than the 1:3.6 ratio from
sion dominates the surface plasmon intengityindicated by  the integrated  line shape J,,). This indicates that con-
[Ji(z=0)] in Fig. 4). In fact, a good fit to the experimental tribution of surface photoemission to thes] intensity is
data has been obtained using the above expressigni(  underestimated byl,,;. In grazing emission, this ratio is
Fig. 5. We obtainc;=1.01(0.87),¢c,=0.13 (0.21), and 1:3.6—1.3 for Al 2s (1:2.4—0.9 for Al 2p), indicating a
c3=0.97 (1.13) for the Al 3 (2p) surface plasmon. The 5-6 times enhancement of the extrinsic plasmon contribu-
closeness ot; to unity indicates that the model given by tion. The magnitude of the interference term compared to the
Bradshawet al. can indeed describe the angular variation ofsum of extrinsic and intrinsic contributions is as high as 76%
the Al surface plasmon in the high velocity limit{~1). It  (for Al 2s) in normal emission and decreases to 28% in
should be noted that the value of obtained by Bradshaw grazing emission.
et al. for the Al surface plasmon excited by adsorbed oxygen We propose that the experimentally observed changes in
was 0.27, resulting is;,,=0.04. This small value oy was the 1w, line shape(as shown in Figs. 193 from highly
attributed by the authors to the weakness of coupling beasymmetric in normal emission to relatively more symmetric
tween the adsorbate and substrate due to the cloud of oxygém grazing emission, could be related to the large enhance-
valence electrons, which isolates the core hole from the conment of the extrinsic surface plasmon in grazing emission.
duction electrons, making the screening less effective. The sharply peaked asymmetric line shape of the intrinsic
Thes;, values found by us for AlL11) from the fitting are  plasmon compared to the broad line shape of the extrinsic
0.13 and 0.18 for Al 8 and 2p, respectively(Fig. 5. s;yis  plasmon[Fig. 4(b)] supports this proposition. This explana-
higher for Al 2p, probably because the intra-atomic screen-tion is also supported by the observation of symmetric plas-
ing is more efficient for the deeper AlsZore level, so that mon line shape in EELS, where only extrinsic plasmons are
the free conduction electrons feel the core-hole potential lessxcited?” However, a calculation of the surface plasmon line
(hence the intrinsic plasmon intensity is lpfigan in the case shape as a function af, which does not exist in the litera-
of the shallower Al D core level. The contribution of the ture, is required for providing a definitive answer.
interference processsfy;) is found to be negativé—0.17)
for both Al 2s and 2 (Fig. 5. The magnitude o, is
comparable to the intrinsic term, and significantly reduces
the intensity of the surface plasmons. As discussed earlier, The relative intensities of thed,, bulk plasmon(b) for Al
the variation of the b intensity with 6 is because of the 2s and 2o decrease marginallffrom 0.45 to 0.4 between
extrinsic plasmon contributiofdashed lines in Fig.)svhich ~ normal and 307Fig. 6). Below §=30°, b decreases rapidly
varies as 1/si. Hence in grazing emissioss,,, dominates and is about 0.2 ai=10°. Bairdet al® calculated the varia-

Sext™ C12.75ing"

D. Bulk plasmon intensity variation
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tion of b with 6§, and we compare the present experimental loss energy (eV)
data with those resultsee Fig. 8. b,,(F) was calculated by 1 60 40 20 0
Baird et al. using the method suggested by Feibelrtfan,

o
(=]
]
o

1
which assumes infinite core-hole lifetime and a smooth cut- < 3
off at the critical wave vectordy). by(S) was calculated by 24 § N
the method suggested byugjic and co-worker€:1® which B !
assumes a finite core-hole lifetime and a sharp cutoff.at 33
Both the methods are based on jellium model and use the <]

semiclassical model of electron-electron interactiog{F)

was calculated by Feibelman’s method considering only the

extrinsic plasmon contributich.From the comparison of

theory’ and present data, although thevariation is similar,

it is clear that both the method§ and S overestimate the

intrinsic plasmon contribution. On the other hard,(F)

lies below the experimental data because the intrinsic and

interference contributions are not included in this calcula-

tion. As in the case of surface plasmons, if we consider that 0 ! . 1 .

the intrinsic and interference terms afeindependent, the 220 200 180 160 140 120

addition of a constant term tm,,(F) should be able to simu- binding energy (eV)

late the experimental data. This constant value, which gives a

quantitative estimate of the sum of intrinsic and interference F!G. 7. Wide range Al 8 core-level spectrum recorded at

contributions, turns out to be 0.14, and gives a reasonable ff 45° (experiment: open circles; fit: solid line through experimental

to the experimental daolid line in Fig. 6. This value has 923 showing multiple =1-6) bulk plasmon excitationsivy,).

been used by us to estimate the intrinsic bulk plasmon prob\_/ertlcal arrows indicate the energy positions of Fhe multiple bulk
o ) and surface plasmon excitations related to &) @/hile the slanted

ability (discussed later

: L . ... arrows show the energy positions ofg and 4w, excitations re-
In order to obtain quantitative estimates of the intrinsic,|gteq to Al 2 (see the text The deconvolutedio, line shapes

extrinsic, and interference processes in bulk plasmons, Wgoid lineg are shown at the bottom. The inset shows the variations
have studied the Al & core-level spectrum over a wide ki- f nw, left (T, filled squarg and right s, filled circle) Lorent-

netic energy range. The spectrum clearly shows the bulkian widths as functions ai.

plasmon peaks at 15.4, 30.8, 46.2, 62, 76.6, and 92.6 eV loss

energies corresponding to multiple£1—6) bulk plasmon The variation of thew,, relative intensity as a function of
(nwp) excitations(Fig. 7). The main peak is truncated to n[b(n)] has been studied by different groups to determine
show the plasmon region in an expanded scale. Besides thge relative extrinsic and intrinsic contributions to the bulk
bulk plasmon peaks,ds (at 10.4 eV loss energyand mul-  plasmon. However, the results from the different
tiple bulk and surface plasmons excitations towards highegtudied=->2are not in agreement. The combined effect of
loss energies like &, lwp+los, 20,+1ws, and 3w,  intrinsic and extrinsic plasmon in thew,, intensity variation

+ lws are indicated sequentiallfrom lower to higher loss was suggested by Langréﬁto be

energy by arrows in Fig. 7. The energies of thesg and

4w, excitations corresponding to Al2are shown with " (Bla)™

slanted arrows. We find that the intensity contribution from b(n)=a"2
Al 2p related 3o, which almost coincides with the Al m=0
main peak, to be about 6% compared to the main peak. Th@herea is the extrinsic plasmon creation probabiligjis the

fit to the experimental data, where each of the above memmeasure of probabilityP;,(n)] of the intrinsic excitation of
tioned plasmon features are fitted with asymmetric Lorentzn plasmons given by

ians, is shown by a solid line through the data points. From

the fitting we find that”, is larger thanl'g and both these B"

widths increase steeply with and shows a saturating trend Pint(n)Ze_Bﬁ- (13)

for n=5 (inset, Fig. 7. The increase in width, for example, '

for 2wy, is due to the excitation of &, photoelectrons Based on perturbation theory arguments in momentum space,
through a second plasmon excitation by lphotoelectrons. Chang and Langrethsuggested that the strength of extrinsic
Thus the 2, line shape can be approximated to be the selfplasmons fomw, should vary asx", wherea is about 0.5.
convolution of the I, line shape’ The asymmetry of the Based on Eq(10), van Attekumet al® found the Al X re-
bulk plasmon line shape, quantified kyf=1", /I'r=2.5), is  lated intrinsic bulk plasmon component to be 259 (
independent of. Thus, although the width increases with  =0.21=0.62) of the total plasmon intensity. Using a simi-
the bulk plasmon asymmetry remains unchanged. Interestar procedure, Steinest al® determined3 and « in Al to be
ingly, this is in contrast to the systematic change in asymme0.11 and 0.66, respectively, and thus the intrinsic plasmon
try (k) as a function off observed for both surface and bulk was a factor of 2 lower than that estimated by van Attekum
plasmon(as discussed in Sec. II)A et al® Neither of these studie§ considered the interference

intensity (arb. units)

m! (10
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n

Al2s no [(8—0.11)/a]™

0.6F P b(n)=a" >, (13
m=0 mI
® expt
0.4 — fit to fit the data in Fig. 8, where 0.11 is the value of the cou-

--- interference

pling constant for Al 3 photoelectrons. By varying, 8, and
¢, we obtain a good fit to the experimental déalid line in
Fig. 8 with a positive value fo3 (=0.22 anda=0.46. The
value of o obtained by us is close to the theoretically sug-

1ap relative intensity, b(n)
o
N
)

0.0 gested value of 0.5, and thus supports the perturbation theory
based model of Chang and Langrétfihe interference term
'0'27 | ! ! ! ) is negative with a decreasing contribution for higheidot-
1 2 3 4 5 6 dashed line in Fig. B The variation ofa@ and B for the
n different methods of background subtraction is about 15%,

and the contribution from the interference term is always
FIG. 8. Variation ofnw, intensity(filled circles as a function of negative.
n(n=1-6). The solid line is a fit to the data, and the dot-dashed \\je obtain the ratio of the intrinsic to extrinsic plasmon
line is the interference contribution. probabilities for kv, to be 0.18:0.4 =e #B:a from Eq.
3 . . . . (11)] and for 2w, to be 0.02:0.2f =e #B?/2!:a?]. Thus,
effect. Pardeet al.” could simulate thaw,, intensity varia- for 1wy, the ratio of intrinsic to extrinsic plasmon contribu-

tion using a random spatial emission model for the extrinsic[ion is about 1:2.6, and that for, turns out to be 1:11. This
15 . . . L0, . .

p'aS”_‘O” probability _and concluded that the Intrinsic plas- indicates that the probability of exciting two or more intrin-

mon is almost nonexistent. Based on a theory including plas

mon dispersion, Steinat al. obtained thes and e values to sic bulk plasmons is indeed small. This is also the reason
be 0.11 and 0.63 for AL.On the contrary, Lundgvist sug- why the interference contribution, whose probability is pro-

L o .,_portional to the product of intrinsic and extrinsic plasmon
gested a 50% contribution of the intrinsic plasmon whllep P P

. : robabilities, is small for multiple plasmon excitations with
0, - . . .
Penn obtained a value of 26% based on theoretical calculgy_ (Fig. 8). We would like to comment that the disagree-
tions without considering the interference eff&ét.

. . . ment in the previously reportéd® experiment based esti-
. Beqause of the d|sag.r'eement In the literature about th ates of 3 and « probably arises from the methods of data
intrinsic plasmon probability, the variation b{n) [the area

. analysis. The deconvolution of the experimental data from
Epder thle ?ecc:n\{ﬁluted_bulk plLasmbon Imet-sdha(gne:tongw_ of instrumental broadening, the use of a DS line shape for the
8'9'87.) re atfllve ? e main pegas deen S(;J 1€ thyla Igtlh d ain peak and asymmetric Lorentzians for the plasmons,
). Since the plasmon areas may depend on the metno ugaard background subtraction, and finally the introduc-
background subtraction, we have used different backgroungO

. ) n of the interference term in the Langreth equation have
substraction method&ougaard, linear, and constanfou- been used to obtain the present value$’>’g@‘nda 190r Al

gaard background subtraction, which describes the inelastic In order to further check the validity of the above result
Eackground I? man()j/ metterllls fjof reasone:b:je_aplgroxz;mé%on,-we have calculated thedd, line shape and the intrinsic, ex-
as been periormed on the gata presented in =1g. ©. urprltsr'insic, and interference contributions using the following ex-

ingly, a fit to the data with Eq(10) gives an unphysical pression derived by Inglesfiéfd based on perturbation

negative value for the intrinsic plasmon strendp), irre- h ; .
. . r i in . 1B for rf lasimon
spective of the method of background subtraction. Moreovert, eory (as discussed in Sec or a surface plaspo

attempt to fit the data assuming only extrinsic plasmon con- 202 (Kma  kidk
tribution following the method of Pardet al* did not suc- Jiot ©,2) = —7> f — |X|2, (14
ceed. Bm Jo q(ki+q°)

In order to resolve the issue of negati@eve noted that, wherek?+g2=K2__ In the above expression,is the bulk
besides the intrinsic and extrinsic plasmons, a sizable negﬁasmo‘r; momenTLTrcn ark.._is the cutoff wave Vectof0.5
tive contribution to the bulk plasmon intensity arises fromalu). Xis the combinationm?)? seven terms where the first six
the mterferencg terrft It was suggested t?y Chang_and Lan- terms correspond to extrinsic contribution and the last term
greth that_ the m'gerferenc% term can be mzclude_d in @0) corresponds to the intrinsic contributidsee Eq. 24 of Ref.
by replacingB with B+ (e“/hv)yx, wheree‘/Av is a cou-

i d d " loaitof the oh | 22) The calculated line shape is asymmetric and is in good
pling constant dependent on the veloaitt the photoelec- agreement with experimefit.The ratio of the integrated ar-

tron andy is related to the probability of the interference eas under the calculated intrinsic, extrinsic, and interference

effect!* Since the interference effect is between intrinsic an lasmon line shapes turns out to be 1:2@:35. Thus the
extrinsic plasmons, it is reasonable to assume that its prolsyngic to extrinsic bulk plasmon ratio is 1:2.4, which is in

abili_ty \.NOUId he pfoportiof‘.@' to the perUCt of intrinsic and very good agreement with the ratio 1:2.6 obtained from the
extrinsic plasmon probabilities. Hengeis taken to be fitting of the experimentahw, intensities with modified
—ca"e B8Nl 12 ITangreth gqugti(_)lﬁEq._(B)]. Moreover, using the above ra-
x—ha A (12 tio of the intrinsic to interference effe¢fi:—.35 and their
wherec is the proportionality constant. Thus we have used asum to be 0.14from Fig. 6), the probability of the intrinsic
modified Langreth equation fdy(n) given by term turns out to be 0.21 which is in good agreement with
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0.18 obtained from thew, intensity variation. The satisfy- on the basis of the semiclassical model proposed by Brad-
ing agreement of the different approaches shows the reliabishawet al.” The ratio of intrinsic, extrinsic, and interference
ity of the extrinsic and intrinsic plasmon probabilities ob- contributions is found to be 1:0.71.3 in normal emission
tained by us and the success of nearly free electron modaind 1:3.6:-1.3 in grazing emission for the Al2related
based theories in explaining the collective excitations in Al.surface plasmon.
Although not as pronounced as the surface plasmon, the
IV. CONCLUSION bulk plasmon (I,) line shape is asymmetric in normal
o emission and becomes nearly symmetric in grazing emission.
The surface plasmon (i) excitation in the core-level The Al 2s multiple bulk plasmonsr{w,) increase in width
spectra of A{111) is found to change from a highly asym- wjth n although the asymmetry of the line shape does not
metric to a more symmetric line shape from normal to graz¢npange. The importance of the interference effect in the bulk
ing emission, which is probably due to the large enhancepasmon is evident from the intensity variation b, as a
ment of the extrinsic plasmon intensity in grazing emissionynction of n, where, unless the interference term is taken
The 1w line shape has been calculated following the perturintg account, the intrinsic plasmon probability is negative.
bation based theory of Inglesflezia.'.rhe experimentally ob- An intrinsic to extrinsic plasmon ratio of 1:2.6 is obtained for
served steplike surface plasmon line shape in normal em|stp, which is in very good agreement with that obtained

sion is well reproduced by theory. However, the fom the perturbation based theoretical line-shape calcula-

disagreement on the higher loss energy side is probably dugns (1:2.4. Thus reliable estimates of the intrinsic and ex-
to the underestimation of the surface photoemission contriginsic bulk plasmons in Al have been obtained.

bution to the Iy intensity or the existence of a broad fea-
tureless multipole plasmon excitation. The interference effect
always gives a negative contribution to the plasmon intensity
and plays an important role in determining the surface plas- Professor K. Horn, Dr. B. A. Dasannacharya, and Profes-
mon intensity and line shape. For example, it reduces theor A. Gupta are thanked for support. A part of the work was
intensity and makes the line shape relatively more symmetsupported by DST Project No. SP/S2/M-06/99. A.K.S. and
ric. The variation of lng intensity with 6 could be explained S.B. are thankful to DST for financial support.
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