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Plasmons in core-level photoemission spectra of Al„111…
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The line shape and intensity of surface and bulk plasmon excitations in Al 2s and 2p core-level spectra of
Al ~111! have been studied as functions of the photoelectron emission angle~u!. For 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 u 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
(n51 – 6) bulk plasmons (nvp) with n, the intrinsic and extrinsic bulk plasmon probabilities are determined.
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I. INTRODUCTION

The origin of collective plasmon excitations in the phot
emission spectra of metals has been a topic of extensive
perimental and theoretical investigation from the early d
of photoemission.1–24 Bulk plasmons are longitudinal osci
lation modes of the electron gas in the solid, and are given
the conditione50, wheree is the bulk dielectric function.
The surface plasmon is an oscillating sheet of charge loc
at the surface, although its energy is dictated by the b
property (e521). In the direction perpendicular to the su
face, the charge distribution of the surface plasmon ha
monopolar character, and hence it is referred to as the m
pole surface plasmon.25,26 The physics of plasmon excita
tions in photoemission is enriched by the different proces
that contribute to its intensity. The sudden change in
potential due to the formation of a core hole attracts
conduction electrons to screen the core-hole resulting, in
intrinsic plasmonexcitation.1,2 On the other hand, theextrin-
sic plasmonexcitation is created by the Coulomb interacti
of the conduction electrons with the photoelectron travers
through the solid from the photoemission site to the surfa
Besides, aninterferenceprocess occurs due to the quantu
interference between the intrinsic and extrinsic plasmo
The interference effect can be visualized as the interac
between the localized photohole~intrinsic! and the outgoing
photoelectron~extrinsic! in which the virtual plasmons cre
ated by one is absorbed by the other.2

In order to study the importance of these effects, Par
et al.3 carried out x-ray photoemission spectroscopy stud
on Al, Na, and Mg 2s peaks, and came to the conclusion th
the intrinsic effect was almost absent using a random sp
emission model for the excitation of plasmons.15 This was in
contradiction with theoretical results which predicted the
istence of the intrinsic plasmon.1,2,20 Fuggle et al. tried to
resolve the issue by studying Al layers deposited on Mn,
found some evidence for the intrinsic plasmon, althou
quantitative estimates could not be extracted.4 van Attekum
et al.studied the variation of successive bulk plasmon (nvp)
intensity in Al 2s, and concluded that about 25% of the bu
plasmon intensity is due to the intrinsic plasmon.5 Based on
a similar study of Al 2p and 2s core levels, Steineret al.
0163-1829/2003/67~16!/165416~11!/$20.00 67 1654
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found the intrinsic plasmon contribution to be about 14%
The dependence of plasmon intensities in polycrystall

Al as a function of the photoelectron emission angle~u! has
been studied by Bairdet al.8 The authors found that the su
face plasmon intensity is markedly enhanced at lowu, but
they did not report any change in the plasmon line shape
a function ofu.8 They determined the intensity variations
1vp , 2vp , and 1vs , and compared them with theoretic
calculations based on a jellium model. The authors fou
that, although the trend is similar, the theoretical values
higher than the corresponding experimental values.8 Brad-
shaw et al. studied the oxygen 1s core-level spectra of
0.17-ML oxygen chemisorbed on Al~111!. The loss structure
of O 1s showed only an Al related surface plasmon, and
bulk plasmon was not observed. On the basis of semicla
cal calculations, the authors suggested that in the high p
toelectron velocity limit, the intrinsic and interference co
tributions are independent ofu and that the extrinsic
contribution varies as 1/sinu. They found a small intrinsic
plasmon contribution to the surface plasmon intensity.

Many theoretical studies have been performed to evalu
the contribution of the intrinsic and extrinsic processes a
to understand their origin in photoemission.1–2,14–23Chang
and Langreth treated the inelastic plasmon losses as a m
body effect in the photoemission process, and included
effects of the solid surface and the core hole.2,14 Šunjić et al.
used an electron-plasmon interaction model for fast electr
and considered the effect of localized core holes to provid
quantitative description of multiple bulk and surface plasm
processes in metals.18,19 Feibelman calculated the plasmo
intensities as a function of depth andu, assuming an infinite
core-hole lifetime and a smooth cutoff at the critical wa
vector.16 Penn discussed a three step theoretical model
plasmon losses in photoemission including the effects du
electron-electron scattering and plasmon dispersion, but
interference effect was not included.20 Penn calculated the
plasmon line shapes and estimated the intrinsic bulk plasm
contribution to be 26% for Al,20 which was much lower than
50% intrinsic plasmon contribution suggested by Lundqvis1

While the earlier studies7,15,18,19assumed a classical trajec
tory for the outgoing electron and neglected plasmon disp
sion, Inglesfield used the golden rule formalism of pho
©2003 The American Physical Society16-1
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emission and considered plasmon dispersion as well as
interference effect. Inglesfield studied the suppression of
plasmon intensities at low electron kinetic energies by ca
lating the plasmon line shapes as functions of the kin
energy and depth~z! of the photoemission site.21,22 The in-
terference between the extrinsic and intrinsic plasmons
found to suppress the long wavelength plasm
excitations.21,22 Using a transition-matrix approach, Bos
et al.23 calculated the line shape and intensity of the intrins
extrinsic, and interference contributions to both bulk and s
face plasmons as functions ofz, and their results are in goo
agreement with that of Inglesfield.22 The theory by Bose
et al. can be extended to thez,0 situation for the problem
of photoemission from adsorbed atoms on surfaces. The
oretical calculations by different groups20,22,23,24 predict
asymmetric line shapes for both bulk and surface plasm

Although plasmon excitations in photoemission have b
known for more than three decades, and were studied
different groups in the late 1970s and early 1980s, there
remain unresolved issues which need to be investigated.
example, a wide disagreement exists in the literature ab
the strength of the intrinsic bulk plasmon~from 10% to 50%!
in Al, which is an ideal test system for different theori
because of its nearly free electron nature. On the basi
plasmon line-shape calculations,23 the importance of the in-
terference effect has been suggested, but it still remains t
studied experimentally. van Attekumet al. reported an asym
metric plasmon line shape from photoemission; but in c
trast the line shape measured by electron energy loss s
troscopy~EELS! was found to be symmetric.5,27 The reason
for the difference in plasmon line shapes between photoe
sion and EELS is still unexplained. The line shape of
plasmons, which is expected to be asymmetric, and cha
with the photoelectron velocity (v) and depthz from which
the photoemission takes place, has not been studied ex
mentally to date. Since the relative contributions of the d
ferent processes are expected to change as functions o
emission angle, we have studied theu dependence of the
plasmon excitations in the Al 2s and Al 2p core levels of
Al ~111! using x-ray photoemission spectroscopy~XPS!. The
experimentally obtained surface plasmon line shape has
compared with theoretical results calculated following t
perturbation based method of Inglesfield.21,22From the varia-
tion of the surface plasmon intensity withu, we have deter-
mined the different contributions to the surface plasmon
the basis of the theoretical model by Bradshawet al.7 Be-
cause of the disagreement in the literature about the stre
of the intrinsic bulk plasmon, the intensity variation of mu
tiple bulk plasmons (nvp) have been studied as functions
n and the intrinsic and extrinsic plasmon contributions ha
been determined based on theoretical work by Chang
co-workers.14,17

II. EXPERIMENT AND DATA ANALYSIS

The experiments were performed at a base pressure
310211 mbar using a commercial electron energy analy
~Phoibos100 from Specs GmbH, Germany! and a nonmono-
chromatic MgKa laboratory x-ray source. An electropo
16541
he
e
-

ic

as
n

,
r-

e-

.
n

by
ill
or
ut

of

be

-
ec-

is-
e
ge

ri-
-
the

en

n

th

e
nd

f 6
r

ished Al~111! crystal was cleaned by repeated cycles of sp
tering using 1–2 KeV Ar1 ions and subsequent annealing
450 °C to regenerate surface order. The surface order
monitored through low energy electron diffraction~LEED!,
and a 131 LEED pattern was observed for the clean surfa
The analyzer angular resolution was 3°, the pass energy
set at 5 eV, and a slit size of 6 mm diameter was used. T
the energy resolution of the analyzer (DEana) is about 0.15
eV. The emission angle was varied by rotating the sam
u590° and 0° spectra could not be recorded due to g
metrical restrictions in the experimental chamber. Hence
an approximate sense, we refer tou580° to be normal emis-
sion andu510° to be grazing emission. It should be not
that the change in electron propagation angle from inside
crystal to vacuum due to refraction effect at the surface is
significant at large photon energies and the studiedu range of
the present experiment.8

Since the spectra have been recorded with nonmonoc
matic MgKa1,2 radiation, the features due to the MgKa3,4

satellite lines have been subtracted using a routine assum
that the satellites produce a replica spectrum as the main
but shifted and reduced in intensity.28 The inelastic back-
ground was subtracted using the Tougaard method.29 The Al
2s and 2p core-level spectra were fitted with the Doniac
Šunjić ~DS! line shape30 using a least square error minim
zation routine based on the Levenberg-Marquardt algorith
Initially, only the Al 2p main peak region~69.6–78.6 eV
binding energy; Fig. 2! was fitted in order to determine th
main peak related parameters. The Al 2p main peak includes
both the spin-orbit components, which are not clearly
solved due to inadequate resolution in the present work.
experimentally reported value of the spin-orbit splitting f
Al 2 p is 0.411 eV, which has been determined from w
resolved Al 2p3/2 and Al 2p1/2 peaks.31 The experimentally
determined intrinsic lifetime width@full width at half maxi-
mum ~FWHM!# of the DS line shape is reported to be 0.0
eV.31 In our fitting scheme, we fix the spin-orbit splitting an
DS lifetime broadening to be 0.41 and 0.03 eV, respectiv
The DS asymmetry parameter and the lifetime broaden
have been taken to be same for both spin-orbit compone
Ideally, the statistical branching ratio between 2p3/2 and
2p1/2 should be 2, but this is allowed to vary since th
branching ratio could be different for various reasons l
different bondings of the surface atoms, different radial wa
functions leading to different dipole matrix elements, a
difference in the photoionization cross section due to a sli
difference in the kinetic energies of the electrons from
different spin-orbit split levels.32 From the fitting, we obtain
the branching ratio to be 1.7. The DS asymmetry param
was obtained to be 0.1160.01 for Al, which is in agreemen
with the existing literature.31,33

In order to account for the instrumental factors~i.e. the
analyzer and the photon source related broadenings!, the
Doniach-Šunjić line shape has been convoluted with a Vo
function. The FWHM of the Voigt function (DE) for each
spin-orbit component is found to be 0.6 eV. SinceDE
5A(DEana

2 1DEphoton
2 ), DEphoton, which is the broadening

due to the MgKa1,2 source, turns out to be 0.58 eV (DEana
6-2
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50.15 eV). It should be noted that this value is in fair agre
ment with the previously reported linewidth of 0.7 eV fo
MgKa1,2.34 The instrument related broadening has be
kept fixed while fitting the Al 2s spectra, which was re
corded with the same analyzer setting as Al 2p.

The whole range~as shown in Fig. 2!, including the main
peak and the plasmon region, has been fitted, and e
weightage was given to the plasmon region. The plasm
peaks have been fitted with asymmetric Lorentzian functi
convoluted with the instrumental broadening. The form
the asymmetric Lorentzian function is given by

I o

11@~EK2EK
p !/G~E!#2 , ~1!

where the half width at half maximum~HWHM!, G(E), is
equal toGR when EK.EK

p (EK
p is the peak position in the

kinetic energy scale,EK) and G(E)5GL when EK,EK
p .

Thus GR and GL are the right and left Lorentzian widths
respectively, andI o is the intensity. The choice of asymme
ric Lorentzian for simulating the plasmon line shape is ba
on results of previous theoretical calculations,20,22,23,24and
has been used in the literature before.5 The asymmetric
Lorentzian widths (GR andGL) are allowed to vary indepen
dently in the fitting routine. In the case of Al 2p, the plas-
mon peak is regarded as the sum of the contributions from
2p3/2 and 2p1/2 spin-orbit components, and two separa
asymmetric Lorentzians are considered for each plasm
peak separated by the spin-orbit splitting. The widths
these two components are constrained to be equal. The a
metric plasmon line shape has been convoluted with
same Voigt function obtained from the fitting of the Al 2p
core-level spectrum, and the instrumental broadening par
eters have not been varied. Thus the deconvoluted plas
line shapes are obtained by separating out the effect o
strumental broadening through the fitting procedure.

III. RESULTS AND DISCUSSION

A. Experimental plasmon line shapes

Al 2s spectra, recorded at nearly normal~80°! and graz-
ing ~10°! emissions, are shown in Fig. 1. The striking diffe
ence is a large enhancement by a factor of about 5 in
intensity of the monopole surface plasmon (1vs) in the graz-
ing emission at 128.4 eV binding energy~BE! or a 10.4 eV
loss energy. From the deconvoluted 1vs line shape, it is
evident that besides the intensity enhancement, there
drastic change in the line shape between normal and gra
emissions~shifted thick solid lines in Fig. 1!. In normal
emission, the surface plasmon has an unusual shape w
gradually decreasing intensity towards the higher loss ene
~or BE! side and a steplike line shape on the lower lo
energy side~marked by arrow in Fig. 1!. The corresponding
left and right Lorentzian widths,GL andGR , obtained from
the least-square fitting, are 3.6 and 0.08 eV, respectively
contrast, in grazing emission the surface plasmon is r
tively more symmetric, althoughGL ~51.92 eV! is still larger
thanGR ~50.84 eV!. In contrast to the surface plasmon, t
bulk plasmon (1vp) intensity decreases in the grazing em
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sion by a factor of 2.4 compared to normal emission. In fa
the intensity of the surface plasmon is more than that of
bulk plasmon in the grazing emission, which was not o
served in previous studies.7,8 This is probably related to the
clean Al~111! surface in the present work, where the oxyg
1s signal is in the noise level, compared to the residual o
gen contamination reported in previous studies.7,8 Thus even
a small amount of contamination on the surface can af
the surface plasmon intensity, especially in the grazing em
sion geometry.

The systematic change in the plasmon line shape and
tensity for differentu is shown in Fig. 2 for both Al 2s and
2p core-level spectra of Al~111!. The Al 2s (2p3/2) no-loss
main peak occurs at 118~72.8! eV BE. The main peaks do
not exhibit any change in the line shape withu. In normal
emission, for both Al 2s and 2p, 1vs exhibits a steplike line
shape at 9.6 eV loss energy~indicated by arrows in Fig. 2!
while towards the higher loss energy side a gradual decre
in intensity is observed. Asu decreases, the steplike sha
becomes smoother, as shown by the systematic variatio
GR andGL in Fig. 3. For Al 2s, GR remains small between
80° to 40°, and for smaller emission angles increases rap
to 0.84 eV@Fig. 3~a!#. In Al 2p, GR increases almost linearly

FIG. 1. Comparison of the surface (1vs) and bulk (1vp) plas-
mon features in the photoemission spectra of Al 2s recorded in
nearly grazing~10°! and normal~80°! emissions. The no-loss mai
peaks in both the spectra are normalized to the same height.
solid line through the experimental data~open circles! is the fitted
curve. The residual for the fit, which is within the statistical scat
of the experimental data, is shown below each spectra. The
convoluted Al 2s Doniach-Šunjić line shape~dashed line! and the
inelastic background~dot-dashed line! are also shown. The surfac
~thick solid line! and bulk~thin solid line! plasmon line shapes ar
shifted upwards for clarity of presentation. The steplike surfa
plasmon line shape is indicated by an arrow. The inset shows
geometry of the experiment.
6-3



o
nt

t

i

th

a

de-

e
.
m
e-

the
in

we

om-

nd
bu-

ion
nd
the

the
os-
ns
ry.

del
on
la-

or

-

ur-
.,

s
l

ks
.
lin

BISWAS, SHUKLA, BANIK, AHIRE, AND BARMAN PHYSICAL REVIEW B 67, 165416 ~2003!
to a maximum value of about 0.4 eV. Thus the trend
increasingGR from normal to grazing geometry is evide
for both Al 2s and 2p. In contrast,GL exhibits a decreasing
trend withu and are larger thanGR values@Fig. 3~b!#. For Al
2s, GL decreases from about 3.5 eV foru580° to about 2
eV for u510°. GL for Al 2 p also shows a similar trend. A
higheru, the fact that the surface plasmon is less intense~and
hence the statistical scatter in the spectra becomes more
portant!, compounded with the uncertainty in theGR param-
eter of the bulk plasmon~with which it overlaps!, enhances
the uncertainty in the surface plasmonGL ~Fig. 3, lower pan-
els! However, despite the scatter in a few data points,
trend in theGL values is quite clear for both Al 2s and Al
2p. We quantify the observed asymmetric line shape by
asymmetry parameter,k5GL /GR . Thusk51 would imply

FIG. 2. ~a! Al 2s and ~b! Al 2 p core-level spectra as function
of the emission angle~u!. The solid line through the experimenta
data~open circles! is the fitted curve. The no-loss main peaks~nor-
malized to same height! are truncated to show the plasmon pea
(1vs : thick solid line; 1vp : thin solid line! in an expanded scale
Arrows show the positions of the steplike surface plasmon
shape.

FIG. 3. Surface plasmon right (GR) and left (GL) Lorentzian
widths for ~a! Al 2s ~filled circles! and~b! Al 2 p ~filled squares! as
functions ofu.
16541
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a symmetric Lorentzian line shape, while increasing the
viation from unity would imply a larger asymmetry. From
normal to grazing emission,k decreases for both the cor
levels, for example in Al 2s it decreases from 45 to about 2
Thus in Al~111!, the surface plasmon gradually changes fro
highly asymmetric to more symmetric line shape with d
creasingu, as observed for both Al 2s and 2p core-level
spectra.

Although not as pronounced as the surface plasmon,
bulk plasmon line shape is also somewhat asymmetric
normal emission, e.g., for Al 2s (2p) GL52.0 ~1.3! eV,
while GR50.63~0.32! eV with k53.2 ~4.1!. As u decreases,
1vp becomes more symmetric, and in grazing emission
obtain, for Al 2s (2p), GL51.09 ~0.98! eV, while GR
51.11 ~0.6! eV whenk50.98 ~1.7!. Thus the bulk plasmon
also shows a similar trend as the surface plasmon of bec
ing more symmetric with decreasingu and becomes nearly
symmetric in grazing emission.

B. Surface plasmon line-shape calculation

In order to compare the experimental data with theory a
to evaluate the extrinsic, intrinsic, and interference contri
tions, we have calculated the 1vs line shape following the
perturbation based method suggested by Inglesfield.21,22

Inglesfield performed the calculations for normal emiss
geometry using the golden rule formulation. The surface a
bulk plasmon line shapes were calculated as functions of
incident photon energy and depthz from which the photo-
emission is occurring. The final state is comprised of
outgoing photoelectron, the localized core hole, and the p
sible plasmon excitations. The interaction of photoelectro
with plasmons was treated by first order perturbation theo
Since Al is a nearly free electron metal, a free electron mo
was used for the solid, and the dispersion of the plasm
frequency with momentum was considered in the calcu
tion. Using the following expression given by Inglesfield f
1vs photocurrent,22 we have calculated the Al 2s surface
plasmon line shape@Jtot(ex ,v,z)# corresponding to photo
emission from a depthz for the 1253.6 eV incident photon
energy used in the present work:

Jtot~ex ,v,z!5
vs

d
uw12w22w3u2, ~2!

where

w15x11 iy15
2ik i exp$2 i @2e2ki

2#0.5z%

@2e2ki
2#0.5@$@2e2ki

2#0.52k%21ki
2#

, ~3!

w25x21 iy25
2 exp@2~ki1 ik !z#

k222e22ikki
, ~4!

w35x31 iy35
exp@2~ki1 ik !z#

vs,ki

. ~5!

In the above equations,k is the photoelectron momentum
andki is the surface plasmon momentum parallel to the s
face. e is the total energy available for the excitation, i.e

e

6-4
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photon energy~v! minus the binding energy of the cor
level. ex is the loss energy scale defined bye2ek , whereek

is the photoelectron energy given by1
2 k2 in atomic units.vs

is the frequency of the surface plasmon forki50. vs,ki
is the

surface plasmon frequency given by the linear dispersion
lation vs,ki

5vs1dki/2.35 The total energy available for ex

citation ~e! minus the photoelectron kinetic energy (ek) is
equal tovs,ki

. Thus ki can be expressed in terms of lo

energy as (2/d)(ex2vs). Thus Jtot(ex ,v,z) is obtained by
computing Eq.~2! for different ex values which correspond
to particularki values as given by the above expression.d is
a constant given byA3/5vF , wherevF is the Fermi velocity
and is taken to be 0.72 au for Al.22 The above expression fo
d gives the correct bulk plasmon dispersion relation and c
sistency between hydrodynamic and quantum mechan
calculations.36

In Eq. ~2!, w1 andw2 represent the extrinsic terms, whi
w3 is the intrinsic term. The final line shape (Jtot) is obtained
by integrating exp(2z/l)3Jtot(v,z) over z, where l is the
inelastic mean free path. exp(2z/l) is the weighting factor
used for integration overz, which implies that a photoelec
tron, after exciting a plasmon, can excite another plasmo
be scattered through other processes.22 At an Al 2s photo-
electron kinetic energy of about 1135.6 eV~corresponding to
a 1253.6 eV photon energy!, l is taken to be 24 Å.37 The
convergence of the numerical integration has been tested
the results are in agreement with the lower photon ene
calculations performed by Inglesfield.22

The experimental Al 2s surface plasmon spectrum in no
mal emission~open circle! is compared with the calculate
line shape (Jtot , thick solid line! integrated over depthz @Fig.
4~a!#. For the purpose of comparing the shapes, the exp
mental spectrum is normalized to the same height as
theoretical curve which is shifted to align with the expe
mental spectrum. To take into account the finite lifetime
the plasmon, the theoretical curve has been broadened bki

dependent Lorentzian function whose HWHM isg5go
1gki , whereg51.3 eV andki is in Å21.38 go is taken to be
almost zero, which is expected for a free electron metal
Al.38,39 It should be noted that a large value~'2 eV! of go
has been obtained from EELS experiments on Al~111!.27

Such a large discrepancy ofgo between theory and EELS
has been explained in other systems like Li and Mg to
partly due to the bulk lattice potential.38 However, in Al such
an effect would be negligible, and a free electron jelliu
model has been successful in explaining the collective e
tations in Al.25 Hence the largego for surface plasmons ob
served in EELS~where unlike photoemission the electro
are incident on and reflected from the surface! is probably
related to the enhanced scattering~since the electron crosse
the surface twice! from the defects, steps, phonons, e
Moreover, in contrast to photoemission, intrinsic plasmo
are not produced in EELS and the interference effec
absent.

In agreement with experiment, the calculated surface p
mon line shapeJtot is highly asymmetric, and the steplik
line shape is well reproduced by the theory@Fig. 4~a!#. How-
ever, it should be noted that on the higher loss energy s
16541
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the experimental spectrum has a larger intensity compare
theory@Fig. 4~a!#. To find possible reasons for this disagre
ment, we have calculated the 1vs line shape due to photo
emission just at the surface (z50). The calculated 1vs line
shape@Jtot(z50)# has a larger intensity on the higher lo
side than the integrated line shape (Jtot). Thus a possible
reason for the disagreement could be that the contributio
surface photoemission~occurring at z50) to the surface
plasmon intensity is underestimated by the theoretical cu
Jtot . This is probably related to the choice of the weighti
factor exp(2z/l), which is based on a semiclassical approa
assuming that the bulk extrinsic terms dominate.22

Another possible reason for the underestimation of int
sity by theory on the higher loss energy side could be rela
to the existence of themultipolesurface plasmon, which is a
higher order surface mode expected to occur around 13
loss energy.25 The multipole plasmon has been identified
Al by photoyield experiments, where a huge enhancem
occurs in the photoemission cross section when the incid
photon frequency is equal to the multipole plasm
frequency.40,41 In contrast to the monopole surface plasmo
the charge distribution of the multipole surface plasmon p
pendicular to the surface can have a node, i.e., of dipola
multipolar form. Parallel to the surface, the behavior of t
monopole and mutipole modes are similar. Recently,
multipole surface plasmon mode has been observed in E
experiments on Al~111! at smallki , and its intensity is found
to be about 57% of the monopole surface plasmon.27 A simi-
lar relative intensity of the multipole plasmon may be e
pected in photoemission. However, no theoretical calcu

FIG. 4. ~a! The calculated surface plasmon line shapesJtot ~thick
solid line! andJtot(z50) ~filled squares! are compared with the ex
perimental Al 2s surface plasmon~open circles! recorded in normal
emission. The zero of the loss energy scale~not shown in the figure!
refers to the no-loss peak position~b! The calculated total (Jtot thick
solid line!, intrinsic (Jint , thin solid line!, extrinsic (Jext , dashed
line!, interference (Jintf , dot-dashed line!, and sum of extrinsic and
intrinsic (Jint1Jext , crosses! contributions to the Al 2s surface plas-
mon line shape shown in an expanded horizontal scale.
6-5
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tions exist in the literature for a photoemission-relat
multipole plasmon line shape. The reason that a sepa
feature is not observed for the Al multipole plasmon in t
present experiments could be that, unlike EELS, contri
tions from all ki’s are observed in photoemission, whic
probably results in a broad featureless line shape for the m
tipole plasmon. Thus, although not decisive, the present
sults indicate that a part of the surface plasmon inten
observed in photoemission could be related to the multip
plasmon.

The intrinsic (Jint), extrinsic (Jext), and interference
(Jintf) contributions, which add up to give the total integrat
surface plasmon line shape~i.e., Jtot5Jint1Jext1Jintf), are
shown in Fig. 4~b! in an expanded scale. These contributio
are given by

Jint5x3
21y3

2, ~6!

Jext5x1
21x2

222x1x21y1
21y2

222y1y2 , ~7!

Jintf522x1x312x2x322y1y312y2y3 , ~8!

wherexi andyi ( i 51,2,3) are defined in Eqs.~3!–~5!. The
intrinsic surface plasmon (Jint) is asymmetric with a sharp
peak at a 9.45 eV loss energy with a 0.1 eV FWHM. T
surprising observation is that theJtot peak intensity is lesse
than both intrinsic and extrinsic peak intensities. In fact,
area underJext ~centered around the 9.6 eV loss energy w
a 0.7 eV FWHM! is more thanJtot . This is because althoug
both the intrinsic and extrinsic terms are positive, the int
ference contribution (Jintf) is negative over the whole energ
range. It has an asymmetric inverted peak at 9.45 eV
energy with a 0.15 eV FWHM. The negative value of t
interference term signifies that the plasmons created by
outgoing photoelectron~extrinsic process! is absorbed by the
localized photohole potential~intrinsic process!, reducing the
total intensity of the surface plasmon. In fact, at the mi
mum loss energy end of the plasmon feature~9.4 eV! the
calculated plasmon intensity becomes zero due to the n
tive interference term. This is because the minimum loss
corresponds to theki→0 limit where the surface plasmon
are excited by an average potential of the core hole and
photoelectron, which is zero forki50.42 However, this is not
valid for shorter wavelength (ki.0) surface plasmons, and
large enhancement in intensity is observed with theJtot peak
at a 9.85 eV loss energy. For higher loss energies,ki in-
creases sinceki52/b3(loss energy2vs).

22 But, the prob-
ability of exciting shorter wavelength plasmons decrea
because it involves a larger momentum transfer from
photoelectrons, and hence the plasmon intensity decre
towards the higher loss energy side. The importance of
interference term in determining the plasmon line shape
clear from the comparison ofJtot andJint1Jext. Jintf reduces
the Jint1Jext intensity by 36%, and makes the line sha
more symmetric@Fig. 4~b!#.

By calculating the area under the respective theoret
curves, the ratio of the intrinsic, extrinsic, and interferen
surface plasmon contributions is found to be 1:3.6:21.9, re-
spectively. Thus the extrinsic plasmon intensity is large
16541
te

-

l-
e-
ty
le

s

e

-

ss

he

-

a-
d

he

s
e
ses
e

is

al
e

t,

although in normal emission and at high photoelectron
locities, where the electron has less time to interact with
surface, the intrinsic plasmon is expected to dominate
should be noted that in the case of the surface photoemis
contribution to the surface plasmon intensity@(Jtot(z50) in
Fig. 4~a!#, the above ratio is drastically changed~'1:0.12:
20.24! and the intrinsic contribution is most dominant. Th
is because the core-hole potential in the photoemission fi
state is felt by the surface electrons more strongly when
core hole is located at the surface. This causes the enha
ment of the intrinsic surface plasmon. The relative intens
of the intrinsic plasmon decreases for photoemission fr
inside the solid (z.0) since the core-hole potential interac
weakly with the surface electrons, and the extrinsic plasm
intensity, which increases with the path length, dominat
The large difference in the ratio of the different plasm
contributions betweenJtot andJtot(z50) makes it imperative
to determine the ratios using a different approach.

C. Surface plasmon intensity variation

The relative intensity~s! variation of 1vs as a function of
the emission angle~Fig. 5! can give quantitative estimates o
the intrinsic and extrinsic processes and resolve the un
tainty in the ratio of different plasmon contributions di
cussed above.s shows an increasing trend with decreasingu
for both Al 2s and 2p ~Figs. 5 and 2!. Bradshawet al. cal-
culated the angular dependence of the Al related surf
plasmon intensity in the XPS spectra of oxygen adsorbed
Al using a semiclassical approach.7 In the limit of large pho-
toelectron velocity they found that the extrinsic term (sext) is

FIG. 5. Variation of the surface plasmon relative intensitys
~which is normalized to the no-loss peak!, as function of emission
angle for ~a! Al 2s and ~b! Al 2 p. A fit to the experimental data
~thick solid line! gives the intrinsic~thin solid line!, extrinsic
~dashed line!, and interference~dot-dashed line! contributions to the
surface plasmon intensity.
6-6
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inversely proportional to the perpendicular component of
velocity of the photoelectron. Thus in grazing emissio
where the perpendicular component of the photoelectron
locity decreases, the extrinsic plasmon intensity is enhan
and theu dependence ofsext turns out to be 1/sinu. The
intrinsic (sint) and interference (sintf) processes are indepen
dent ofu because they do not depend on the trajectory of
outgoing photoelectron. For high velocities of the outgoi
photoelectron, the following expression has been obtai
for s by Bradshawet al.:7

s5sint1sext1sintf , ~9!

where

sint5c1c2 , sext5c1

pe2

4v sinu
, and sintf5c1c3

pe2

2v
.

In the above equations,v is the velocity of the outgoing
photoelectron with chargee, andci ( i 51,2,3) are the param
eters for the model. The deviation ofc1 from unity quantifies
the difference of the suggested model from reality;c2 gives
the relative magnitude of the intrinsic effect andc3'1 for
sufficiently highv.7 The pe2/2v factor is calculated to be
0.172 and 0.169 corresponding to Al 2s and 2p. The ci
parameters are obtained from the least square fitting of
experimental data in Fig. 5 with Eq.~9!. Although this model
is for plasmons generated by atoms adsorbed on the sur
we apply Eq.~9! for Al 2 p and 2s related surface plasmon
to examine whether the contribution from surface photoem
sion dominates the surface plasmon intensity~as indicated by
@Jtot(z50)# in Fig. 4!. In fact, a good fit to the experimenta
data has been obtained using the above expression (stot in
Fig. 5!. We obtain c151.01 (0.87), c250.13 (0.21), and
c350.97 (1.13) for the Al 2s (2p) surface plasmon. The
closeness ofc1 to unity indicates that the model given b
Bradshawet al. can indeed describe the angular variation
the Al surface plasmon in the high velocity limit (c3'1). It
should be noted that the value ofc1 obtained by Bradshaw
et al. for the Al surface plasmon excited by adsorbed oxyg
was 0.27, resulting insint50.04. This small value ofsint was
attributed by the authors to the weakness of coupling
tween the adsorbate and substrate due to the cloud of ox
valence electrons, which isolates the core hole from the c
duction electrons, making the screening less effective.

Thesint values found by us for Al~111! from the fitting are
0.13 and 0.18 for Al 2s and 2p, respectively~Fig. 5!. sint is
higher for Al 2p, probably because the intra-atomic scree
ing is more efficient for the deeper Al 2s core level, so that
the free conduction electrons feel the core-hole potential
~hence the intrinsic plasmon intensity is less! than in the case
of the shallower Al 2p core level. The contribution of the
interference process (sintf) is found to be negative~20.17!
for both Al 2s and 2p ~Fig. 5!. The magnitude ofsintf is
comparable to the intrinsic term, and significantly reduc
the intensity of the surface plasmons. As discussed ea
the variation of the 1vs intensity with u is because of the
extrinsic plasmon contribution~dashed lines in Fig. 5! which
varies as 1/sinu. Hence in grazing emission,sext dominates
16541
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~0.45 for Al 2s and 0.43 for Al 2p), and above'40° ~25°!
sext becomes smaller thansint .

From the present analysis, in normal emission the ratio
intrinsic, extrinsic, and interference contributions to the s
face plasmon intensity turns out to be 1:0.7:21.3 for Al 2s
~1:0.4:20.9 for Al 2p). The intrinsic to extrinsic plasmon
ratio obtained here is in relatively better agreement with
ratio 1:0.12 obtained from thez50 surface plasmon line
shape calculation@Jtot(z50)# rather than the 1:3.6 ratio from
the integrated 1vs line shape (Jtot). This indicates that con-
tribution of surface photoemission to the 1vs intensity is
underestimated byJtot . In grazing emission, this ratio is
1:3.6:21.3 for Al 2s ~1:2.4:20.9 for Al 2p), indicating a
5–6 times enhancement of the extrinsic plasmon contri
tion. The magnitude of the interference term compared to
sum of extrinsic and intrinsic contributions is as high as 76
~for Al 2s) in normal emission and decreases to 28%
grazing emission.

We propose that the experimentally observed change
the 1vs line shape~as shown in Figs. 1–3!, from highly
asymmetric in normal emission to relatively more symmet
in grazing emission, could be related to the large enhan
ment of the extrinsic surface plasmon in grazing emissi
The sharply peaked asymmetric line shape of the intrin
plasmon compared to the broad line shape of the extrin
plasmon@Fig. 4~b!# supports this proposition. This explana
tion is also supported by the observation of symmetric pl
mon line shape in EELS, where only extrinsic plasmons
excited.27 However, a calculation of the surface plasmon li
shape as a function ofu, which does not exist in the litera
ture, is required for providing a definitive answer.

D. Bulk plasmon intensity variation

The relative intensities of the 1vp bulk plasmon~b! for Al
2s and 2p decrease marginally~from 0.45 to 0.4! between
normal and 30°~Fig. 6!. Below u530°, b decreases rapidly
and is about 0.2 atu510°. Bairdet al.8 calculated the varia-

FIG. 6. Variation of Al 2s and Al 2p related bulk plasmon
relative intensityb ~which is normalized to the no-loss peak!, as
function of emission angle is compared with the calculations fr
Baird et al. ~Ref. 6! ~see the text!.
6-7
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BISWAS, SHUKLA, BANIK, AHIRE, AND BARMAN PHYSICAL REVIEW B 67, 165416 ~2003!
tion of b with u, and we compare the present experimen
data with those results~see Fig. 6!. btot(F) was calculated by
Baird et al. using the method suggested by Feibelman16

which assumes infinite core-hole lifetime and a smooth c
off at the critical wave vector (qc). btot(S) was calculated by
the method suggested by Sˇunjić and co-workers18,19 which
assumes a finite core-hole lifetime and a sharp cutoff atqc .
Both the methods are based on jellium model and use
semiclassical model of electron-electron interaction.bext(F)
was calculated by Feibelman’s method considering only
extrinsic plasmon contribution.8 From the comparison o
theory8 and present data, although theu variation is similar,
it is clear that both the methods~F andS! overestimate the
intrinsic plasmon contribution. On the other hand,bext(F)
lies below the experimental data because the intrinsic
interference contributions are not included in this calcu
tion. As in the case of surface plasmons, if we consider
the intrinsic and interference terms areu independent, the
addition of a constant term tobext(F) should be able to simu
late the experimental data. This constant value, which giv
quantitative estimate of the sum of intrinsic and interferen
contributions, turns out to be 0.14, and gives a reasonab
to the experimental data~solid line in Fig. 6!. This value has
been used by us to estimate the intrinsic bulk plasmon p
ability ~discussed later!.

In order to obtain quantitative estimates of the intrins
extrinsic, and interference processes in bulk plasmons,
have studied the Al 2s core-level spectrum over a wide k
netic energy range. The spectrum clearly shows the b
plasmon peaks at 15.4, 30.8, 46.2, 62, 76.6, and 92.6 eV
energies corresponding to multiple (n51 – 6) bulk plasmon
(nvp) excitations~Fig. 7!. The main peak is truncated t
show the plasmon region in an expanded scale. Besides
bulk plasmon peaks, 1vs ~at 10.4 eV loss energy! and mul-
tiple bulk and surface plasmons excitations towards hig
loss energies like 2vs , 1vp11vs , 2vp11vs , and 3vp
11vs are indicated sequentially~from lower to higher loss
energy! by arrows in Fig. 7. The energies of the 3vp and
4vp excitations corresponding to Al 2p are shown with
slanted arrows. We find that the intensity contribution fro
Al 2 p related 3vp , which almost coincides with the Al 2s
main peak, to be about 6% compared to the main peak.
fit to the experimental data, where each of the above m
tioned plasmon features are fitted with asymmetric Loren
ians, is shown by a solid line through the data points. Fr
the fitting we find thatGL is larger thanGR and both these
widths increase steeply withn and shows a saturating tren
for n>5 ~inset, Fig. 7!. The increase in width, for example
for 2vp , is due to the excitation of 2vp photoelectrons
through a second plasmon excitation by 1vp photoelectrons.
Thus the 2vp line shape can be approximated to be the s
convolution of the 1vp line shape.3 The asymmetry of the
bulk plasmon line shape, quantified byk (5GL /GR52.5), is
independent ofn. Thus, although the width increases withn,
the bulk plasmon asymmetry remains unchanged. Inter
ingly, this is in contrast to the systematic change in asymm
try ~k! as a function ofu observed for both surface and bu
plasmon~as discussed in Sec. III A!.
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The variation of thenvp relative intensity as a function o
n @b(n)# has been studied by different groups to determ
the relative extrinsic and intrinsic contributions to the bu
plasmon. However, the results from the differe
studies1,3,6,5,20are not in agreement. The combined effect
intrinsic and extrinsic plasmon in thenvp intensity variation
was suggested by Langreth17 to be

b~n!5an (
m50

n
~b/a!m

m!
, ~10!

wherea is the extrinsic plasmon creation probability.b is the
measure of probability@Pint(n)# of the intrinsic excitation of
n plasmons given by

Pint~n!5e2b
bn

n!
. ~11!

Based on perturbation theory arguments in momentum sp
Chang and Langreth14 suggested that the strength of extrins
plasmons fornvp should vary asan, wherea is about 0.5.
Based on Eq.~10!, van Attekumet al.5 found the Al 2s re-
lated intrinsic bulk plasmon component to be 25%b
50.21,a50.62) of the total plasmon intensity. Using a sim
lar procedure, Steineret al.6 determinedb anda in Al to be
0.11 and 0.66, respectively, and thus the intrinsic plasm
was a factor of 2 lower than that estimated by van Attek
et al.5 Neither of these studies5,6 considered the interferenc

FIG. 7. Wide range Al 2s core-level spectrum recorded atu
545° ~experiment: open circles; fit: solid line through experimen
data! showing multiple (n51 – 6) bulk plasmon excitations (nvp).
Vertical arrows indicate the energy positions of the multiple bu
and surface plasmon excitations related to Al 2s, while the slanted
arrows show the energy positions of 3vp and 4vp excitations re-
lated to Al 2p ~see the text!. The deconvolutednvp line shapes
~solid lines! are shown at the bottom. The inset shows the variati
of nvp left (GL , filled square! and right (GR , filled circle! Lorent-
zian widths as functions ofn.
6-8
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effect. Pardeeet al.3 could simulate thenvp intensity varia-
tion using a random spatial emission model for the extrin
plasmon probability,15 and concluded that the intrinsic pla
mon is almost nonexistent. Based on a theory including p
mon dispersion, Steineret al. obtained theb anda values to
be 0.11 and 0.63 for Al.6 On the contrary, Lundqvist sug
gested a 50% contribution of the intrinsic plasmon wh
Penn obtained a value of 26% based on theoretical calc
tions without considering the interference effect.1,20

Because of the disagreement in the literature about
intrinsic plasmon probability, the variation ofb(n) @the area
under the deconvoluted bulk plasmon line-shapes~bottom of
Fig. 7! relative to the main peak# has been studied by us~Fig.
8!. Since the plasmon areas may depend on the metho
background subtraction, we have used different backgro
substraction methods~Tougaard, linear, and constant!. Tou-
gaard background subtraction, which describes the inela
background in many metals to a reasonable approximatio29

has been performed on the data presented in Fig. 8. Sur
ingly, a fit to the data with Eq.~10! gives an unphysica
negative value for the intrinsic plasmon strength~b!, irre-
spective of the method of background subtraction. Moreo
attempt to fit the data assuming only extrinsic plasmon c
tribution following the method of Pardeeet al.3 did not suc-
ceed.

In order to resolve the issue of negativeb we noted that,
besides the intrinsic and extrinsic plasmons, a sizable n
tive contribution to the bulk plasmon intensity arises fro
the interference term.23 It was suggested by Chang and La
greth that the interference term can be included in Eq.~10!
by replacingb with b1(e2/\v)x, wheree2/\v is a cou-
pling constant dependent on the velocityv of the photoelec-
tron andx is related to the probability of the interferenc
effect.14 Since the interference effect is between intrinsic a
extrinsic plasmons, it is reasonable to assume that its p
ability would be proportional to the product of intrinsic an
extrinsic plasmon probabilities. Hencex is taken to be

x5cane2bbn/n!, ~12!

wherec is the proportionality constant. Thus we have use
modified Langreth equation forb(n) given by

FIG. 8. Variation ofnvp intensity~filled circles! as a function of
n (n51 – 6). The solid line is a fit to the data, and the dot-dash
line is the interference contribution.
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b~n!5an (
m50

n
@~b20.11x!/a#m

m!
~13!

to fit the data in Fig. 8, where 0.11 is the value of the co
pling constant for Al 2s photoelectrons. By varyinga, b, and
c, we obtain a good fit to the experimental data~solid line in
Fig. 8! with a positive value forb ~50.22! anda50.46. The
value of a obtained by us is close to the theoretically su
gested value of 0.5, and thus supports the perturbation th
based model of Chang and Langreth.14 The interference term
is negative with a decreasing contribution for highern ~dot-
dashed line in Fig. 8!. The variation ofa and b for the
different methods of background subtraction is about 15
and the contribution from the interference term is alwa
negative.

We obtain the ratio of the intrinsic to extrinsic plasmo
probabilities for 1vp to be 0.18:0.46@5e2bb:a from Eq.
~11!# and for 2vp to be 0.02:0.21@5e2bb2/2!:a2#. Thus,
for 1vp , the ratio of intrinsic to extrinsic plasmon contribu
tion is about 1:2.6, and that for 2vp turns out to be 1:11. This
indicates that the probability of exciting two or more intrin
sic bulk plasmons is indeed small. This is also the rea
why the interference contribution, whose probability is pr
portional to the product of intrinsic and extrinsic plasm
probabilities, is small for multiple plasmon excitations wi
n>2 ~Fig. 8!. We would like to comment that the disagre
ment in the previously reported3,5,6 experiment based esti
mates ofb anda probably arises from the methods of da
analysis. The deconvolution of the experimental data fr
instrumental broadening, the use of a DS line shape for
main peak and asymmetric Lorentzians for the plasmo
Tougaard background subtraction, and finally the introd
tion of the interference term in the Langreth equation ha
been used to obtain the present values ofb anda for Al.

In order to further check the validity of the above resu
we have calculated the 1vp line shape and the intrinsic, ex
trinsic, and interference contributions using the following e
pression derived by Inglesfield22 based on perturbation
theory ~as discussed in Sec. III B for a surface plasmon!:

Jtot~v,z!5
2vp

2

b2p E
0

Kmax kidki

q~ki
21q2!

uXu2, ~14!

whereki
21q25Kmax

2 . In the above expression,q is the bulk
plasmon momentum andKmax is the cutoff wave vector~0.5
a.u.!. X is the combination of seven terms where the first
terms correspond to extrinsic contribution and the last te
corresponds to the intrinsic contribution~see Eq. 24 of Ref.
22! The calculated line shape is asymmetric and is in go
agreement with experiment.43 The ratio of the integrated ar
eas under the calculated intrinsic, extrinsic, and interfere
plasmon line shapes turns out to be 1:2.4:20.35. Thus the
intrinsic to extrinsic bulk plasmon ratio is 1:2.4, which is
very good agreement with the ratio 1:2.6 obtained from
fitting of the experimentalnvp intensities with modified
Langreth equation@Eq. ~13!#. Moreover, using the above ra
tio of the intrinsic to interference effect~1:2.35! and their
sum to be 0.14~from Fig. 6!, the probability of the intrinsic
term turns out to be 0.21 which is in good agreement w

d
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0.18 obtained from thenvp intensity variation. The satisfy
ing agreement of the different approaches shows the relia
ity of the extrinsic and intrinsic plasmon probabilities o
tained by us and the success of nearly free electron m
based theories in explaining the collective excitations in

IV. CONCLUSION

The surface plasmon (1vs) excitation in the core-leve
spectra of Al~111! is found to change from a highly asym
metric to a more symmetric line shape from normal to gr
ing emission, which is probably due to the large enhan
ment of the extrinsic plasmon intensity in grazing emissi
The 1vs line shape has been calculated following the pert
bation based theory of Inglesfield.22 The experimentally ob-
served steplike surface plasmon line shape in normal e
sion is well reproduced by theory. However, th
disagreement on the higher loss energy side is probably
to the underestimation of the surface photoemission con
bution to the 1vs intensity or the existence of a broad fe
tureless multipole plasmon excitation. The interference ef
always gives a negative contribution to the plasmon inten
and plays an important role in determining the surface p
mon intensity and line shape. For example, it reduces
intensity and makes the line shape relatively more symm
ric. The variation of 1vs intensity withu could be explained
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on the basis of the semiclassical model proposed by B
shawet al.7 The ratio of intrinsic, extrinsic, and interferenc
contributions is found to be 1:0.7:21.3 in normal emission
and 1:3.6:21.3 in grazing emission for the Al 2s related
surface plasmon.

Although not as pronounced as the surface plasmon,
bulk plasmon (1vp) line shape is asymmetric in norma
emission and becomes nearly symmetric in grazing emiss
The Al 2s multiple bulk plasmons (nvp) increase in width
with n, although the asymmetry of the line shape does
change. The importance of the interference effect in the b
plasmon is evident from the intensity variation ofnvp as a
function of n, where, unless the interference term is tak
into account, the intrinsic plasmon probability is negativ
An intrinsic to extrinsic plasmon ratio of 1:2.6 is obtained f
1vp , which is in very good agreement with that obtain
from the perturbation based theoretical line-shape calc
tions ~1:2.4!. Thus reliable estimates of the intrinsic and e
trinsic bulk plasmons in Al have been obtained.
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