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Quantification of plasmon excitations in core-level photoemission
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Calculation of photoelectron spectiRES based on our previous dielectric response mpaleC. Simonsen
et al. Phys. Rev. B56, 1612(1997] for electronic excitations in PES are compared with recently reported
experimental data. It is found that the dielectric description of electron energy losses in photoemission repro-
duces quantitatively the angular dependence of the surface and bulk electron losses observed experimentally
for the Al2s photoemission spectra of @11), excited with Md« radiation. The model also allows to
calculate the separate intrinsic and extrinsic effects in photoemission. Thus, the extrinsic losses account for
more than 95% of the total surface excitations. Regarding the bulk excitations, both extrinsic and intrinsic
contributions vary significantly with emission angle. The intrinsic contribution represesf®so of the inten-
sity at the bulk plasmon position at normal emission while only 18% at 80° glancing emission. The calculations
presented here can easily be used to interpret PES spectra of other materials in terms of intrinsic and extrinsic
effects, if their dielectric properties are known.
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I. INTRODUCTION the dielectric function is known and all interactions and ex-

Photoelectron spectroscogfES has over the last three citations are calculated from thisThe model takes into ac-
decades become a standard technique for surface analysis.cr\;%“nt ?nergy loss I}‘rom rﬁhe coré h|°|e' tﬂe mcl)(vmg lelec;ronﬁ
is used routinely to identify electronic effects at surfaces of'€ Surface, as well as the energy loss that takes place in the

for elemental quantification purposes. In spite of the wide-vacuum after the electron has left the solid surface. A clear

spread use of the technique, some fundamental aspects Rdvantage of the dielectric response description we have de-

garding the interpretation of the photoemission spectra re\_/galoped over the quantum mechanical models, is that exten-
main uncertain. sions beyond materials that can be described by the nearly

The simplest interpretation of photoemission spectra igree electron model are straightforward. This is of paramount

“ oL L Importance for practical applications because very few ma-
based on the “sudden approximation” considering a ON€terials are well described within the free electron model.

electron wave function. However, the wgll knowp appear - pased on a similar dielectric response approach we pro-
ance of shake-u_p effects anql p'aS"?O’? excitations in PES C"J‘Bbsed a model to simulate spectra in a reflection electron
not be appropriately described within this simple plcture.energy loss(REELS experimeng326 The validity of this
Thus, in general, many-body effects and surface effects argoqei has been tested thoroughly in many experi-
important to describe the observed energy distribution i%ent§4'25'27‘31including different classes of materiaisiet-

PES!~'® Several models have been proposed in the past fogs, oxides, semiconductorglifferent energies and different
evaluation of PES spectral line shapgés!'*1622Most  experimental geometries. In general a good agreement was
models are based on a quantum-mechanical description @und between the REELS model calculations and the ex-
the perturbation induced by the photoexcitation process operiments. The model for the simulation of PES spectral line
the electronic states of the solid. With these models it isshapes has not been investigated to the same extent. There-
difficult to compare between theory and experiment for mafore, in the present paper, we have tested the ability of the
terials other than those showing free electronlike behaviolPES theory in Ref. 22 to account for the peak shape by
Reviews on this subject were recently reported by Hedin comparison to the experiments published by Bisetal

al 1920 for angular dependence of A2and Al2p emission. Alumi-

It is well known that the energy loss structure in PES camum is a well suited material to test the validity of the model
originate from both the static core hole created during théecause it shows distinguished surface and bulk plasmon
photoexcitation of the core electron and by the excitationstructure. The experiments performed by Bisweasl?! are
that take place during the transport of the photoelectron outione on clean well characterized Al surfaces. The samples
of the solid. The corresponding terms are usually called “in-used in Ref. 21 are also very flat. The latter is extremely
trinsic” and “extrinsic” excitations. important for measurements at glancing emission angles

Inspired by recent investigatiof¥s! of the extrinsic and where surface roughness will influence the interaction of the
intrinsic contribution to surface and bulk plasmon excitationselectron with the surface. We calculate the line shape of the
in photoelectron spectra, we have made model calculation&l2s photoelectron peak as a function of the angle of emis-
of experimental PES spectra using our semiclassical nfédel.sion. In general we find that there is a good quantitative
In this model, the interaction of the medium with the coreagreement between the calculations based on our dielectric
hole and the effect of the surface are described by the conresponse model for PERef. 22 and the experiments. In
plex dielectric function of the mediufie., it is assumed that addition, we have also calculated the relative contribution of
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intrinsic plasmon excitations to the PES spectra as a function DK, ;€,0,8) = Pirg no-noidK, w; &, 6,a)
of angle of emission. '
+ Djng noidK, w3 €,6,8). (2
This is a formal division and it is not strictly possible to
Il. THEORY make this distinction because the different contributions in-

. ) ) terfere. More details and the precise expressions for the “no-
In a previous papéf we developed a semiclassical model hole” and “hole” contribution to the total induced potential
based on a dielectric description of the electron energy 10ss§$n pe found in Ref. 22. The expressions are quite involved
of a photon excited core electron. It is assumed that an eleging will not be repeated here. In this paper we shall define
tron core-hole paitboth considered as point chargéscre-  «iprinsic” excitations as those that are due to the potential
ated at a given depth inside a semi-infinite medium, charac‘q)md’hOle and “extrinsic” excitations as those that are due to

terized by a dielectric functiore(k, ). The calculation  the 'potential ®jyg no.noe With this identification the total
applleS the “Specular reflection modgl'%whlch allows one Cross section is decomposed in the form

to solve the electrodynamic problem with the proper bound- o
ary conditions for the electric potential and field at the Keti(Eo fiw; e, 0,a) = Kg""(Eq, fiw; £, 6,a)
surface-vacuum interface. The core-hole is assumed to be intrinsic .
static with infinite lifetime, i.e., it remains at a fixed location et (Bohwse,0,2), ®
forever after its creation at time=0. The photoelectron es- where K"%Ey 2w; s, 6,a) is the sum of the terms that
capes from the semiinfinite medium with a velocityin a  would disappear if the hole were not there and
rectilinear trajectory. Within this model, we define an effec-KE""'(E,,fiw; e, 0,a) is the sum of the remaining terms.
tive inelastic scattering cross sectié@g(Ep,fiw;e,60,8) i Note that with this separation in “intrinsic” and “extrinsic”
terms of the induced potentid{.«(Ey,2w; ¢, 6,a) is defined  excitations, they include the so called “interference” effects
as the average probability that a photoelectron excited ahat may be attributed to the interference between the fields
deptha with energyE, shall lose energyiw per unit energy  from the core hole and the moving electron. Since the inter-
loss and per unit path length while traveling in the specifiedference effect diminishes the total energy loss, the intrinsic
geometry. The average is over the path lengtta/cosé, cross section may be negativeee Fig. 2 The total cross
whered is the angle to the surface normal. Neglecting angu-section is, however, always positive. Thus, within this model,
lar electron deflection one géts it is possible to evaluate quantitatively extrinsic and intrinsic
contributions to the photoelectron energy losses if the dielec-
) tric properties of the media, the primary kinetic energy and
) _ 3 - exit angle are known.
Ker(Bofiwis, 6,8) = (277)4ﬁ2wae{f dtf o p(rv)i The properties of the electronic states of the material are
described by the complex dielectric function of the medium
« f d3Kkk - v, 4(k, ¢, 6,a)eke0 + where the electron is traveling. We apply an expartéigh

1
(1) Im{ s(k,hw)}

n

wherer is the position,pg(r,t) the charge density of the = Ohw-E) S Ayihw

. . : 9 21,2\ 2 2 !
escaping photoelectron, anll,4(k,w;e,0,a) the Fourier =1 (5o + Ak —202] +(vhe)?
transform of the potential induced by the escaping photoelec- @oi T A, @ (yho)
tron and the static core hole in the semiinfinite medium. 4)
Equation(1) includes all energy loss processes, i.e., intrinsic,
extrinsic, and interference losses, and losses due to the effeghere A, v, and#wg is the oscillator strength, width and
of the surface and during the transport in the vacuum. The senergy position of théth oscillator. The dispersion for each
called interference terms are included as an integral part dfscillator ise;. For a free-electron-like material such as Al,
the formalism. Thus, the induced potential in Etj.includes  «;=1. The step functiom(fiw—Eg) is included to simulate a
all effects including the interference between the fields set upossible energy gaR,
by the hole and the moving photoelectron. It also includes |n an experimental PES measurement, there will be con-
terms that are due to interference terms that arise from thgibutions from photoelectrons excited at a range of depths. It
boundary conditions for the fields and the potentials at thes therefore necessary to account for their relative contribu-
surface as well as interactions that take place when the ele@ions to the spectrum. This can be done by introducing an

tron moves in the vacuum outside the solid surface. averaged effective cross section
As may be seen in Ref. 22, the final expression for vinsi
®,q(k,w; ¢, 6,a) has several terms which, from their depen- Kett.al Eofiw; €, 0) = Ko™ (Eo w; €, 6)
dence on the charge of the static hole, can formally be iden- + K?f}fia“\,sic(Eo,ﬁw;s,ﬁ), (5)

tified as being due to the static core h¢ehich we denote
“hole” termg and the rest which are independent of the holewhere the “extrinsic” and “intrinsic” contributions can be
(which we denote “no-hole” termso that estimated as weighted average over the total pathlerngth
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traveled by the electron inside the medium as

loss energy (eV)

lo

: 20 10 0

Kg;(ft’g?lSIC/IntrlnSI(‘(Eo’ﬁw; 8, 0) - /\ ﬁ w 10°
= | WIEy;e, 6,a)KEINSIANtiNSIGE 4 - 6, 2)dx. /\ P :

= g 50°

; T NA—| I\
(6) 70° A\ I\ N I\
The weight functionW(Ey, ;¢, 6,a) takes into account the 2% N U e SOOJ

path length distribution of the electrons having suffered only - ' ' - o 180 120

a single inelastic scattering event. For a homogeneous solid ~ 2° ™ 10 5 0 SRR,
it is given by loss energy (eV)
x exd = X/\ex(Eq; €, 6,a)] FIG. 1. Model photoemission spectdéE) containing the zero
W(Eq;e,0,8) = — ) 7) loss peak and the single inelastic scattering contributions, calculated
f X exf— X/ \ei(Eo; €, 6,@) Jdx according to Eq(9) for photoelectrons traveling in Al with 1130 eV
0 kinetic energy for several emission angles. Right: experimental re-

h . is the i fth fth sults for A1% photoemission in Al sample from Biswas al. (Ref.
wherehei(Eo; ¢, 6,2) is the inverse of the area of the corre- 21) for the same experimental conditions used in the model

sponding cross sectiofew(Ep, hiw; e, 6,8): calculations.
o] _l
Nert(Eos €, 6,a) = {f Keil(Epfiw; e, 6,@)dhw | . (8)  10° and 80°. The inputs in the model simulation are the
0 following.

Neil(Eo; €, 0,a) is thus the inelastic mean free path for an  * The die_lectric _functione(_k,w) of Al has been taken as
electron starting at depthtowards the surface in directigh  in Ed. (4) with a single oscillator atiwy=15.0 eV with y
traveling in a material described by the dielectric function =1.5 €V, A=225 eV, E;=0 eV, anda=1. This dielectric
Note thath.(Eq; ¢, 6,), in addition to the well-known de- fgnctlon was prewously found to account V\_/ell for smula—
pendence on the dielectric properties of the material, dependns of experimental REELS spectra at different primary
on botha and . This is a consequence of surface excitations®lectron energie$: o o
as well as excitations that take place in the vacuum after the * The primary energye,=1130 eV which is the kinetic
electron has left the surface. energy of the M§« excited Al electrons.

In order to compare to photoemission experiments, the * The emission angle corresponding to each experi-
elastic peak must be included.F{E) is the primary excita- Ment. _ _
tion spectrum, the model spectrufE) from a homogeneous _ * 1he full width at half maximum{FWHM) of the zero-

sample corresponding to one inelastic scattering event ilgss peakF(E), that has bee_n chosen to fit the experimental
given by peak. In particular we used in all cases an average of Gauss-

ian and Lorentzian peak with 1.5 eV FWHM.

, , , As expected, the relative contribution of surface to bulk
J(E) < F(E) + )‘f F(E')KefralFo.F' ~E)IE',  (9) losses increases for increasing glancing angles. This is seen

E for both model simulation and experiment. Note however
whereE'-E=%w and \ represents the inelastic mean free that significant increase in the surface contribution to the
path of the considered electrons. In order to be selfspectra occur only for emission angle larger than 70°. From
consistent with the calculatd€, 5, \ is taken as the inverse the results in Fig.1, it is clear that the present model calcu-
of the area oK .. Thus,J(E) represents the model XPS lations reproduces the absolute intensities as well as shapes
spectrum corresponding to a zero-loss p&4E) together of both bulk and surface excitations for the whole series of
with the single inelastic scattering contribution. In practice,experimental spectra taken at exit angles from 10° to 80°.
F(E) can be taken as a mixed Gaussian-Lorentzian curve It is worthwhile to note that the only fitting parameter in

with a width given by the lifetime broadening of the excita- Our model is the width of the elastic peak. The parameters
tion. that define the dielectric function are taken from independent

experiments. Even the inelastic mean free path used in the
calculations is obtained selfconsistently from the model as
IIl. RESULTS AND DISCUSSION the inverse _of the area of the c_orrespond@ng cross section.
The calculation scheme can easily be applied to other mate-
In this section we compare our model calculations to ex+ials and experimental conditions. The only input in the cal-
perimental PES of Al2 core electrons taken from a culations is the dielectric function which for a given solid
Al(111).2! Figure 1 shows the model calculations of the specmay be taken from Ref. 35 or it may be determined experi-
tra using Eq.(9). The inset shows the experimental data ofmentally from analysis of REELS spectra using the method
Biswaset al?! obtained under the same conditions. In par-in Ref. 23—26.
ticular, the experimental spectra were excited with Kvg The successful description of the set of experiments in
radiation and recorded for several emission angles betwedfig. 1 gives confidence in the validity of the semiclassical

e}
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FIG. 3. Relative intrinsic contribution to the bulk plasmon in-

0.00 . . . . .
— tensity for photoelectrons traveling in Al with 1130 eV kinetic en-
9 12 15 18 ergy for several emission angles. Full and hollow squares refer to
Energy loss [eV] the total area and the height at the bulk plasmon posiiien 15.0

eV energy losk respectively.
FIG. 2. Effective average cross sectiog; 5 (Eo, iw; &, 6)

corresponding to the model calculations in Fig. 1. The extrinsic and.. nal is intrinsic for normal emission anel18% at 80°. For
intrinsic contributions to the spectra are indicated as dashed an%i'g 0 )

dashed-dot lines, respectively. compar_ison, th_ere_ is_a large degree of d?sc_repa}ncy between
estimations of intrinsic effect to photoemission in Al found
dielectric model for PES. We have therefore applied thedy several authors. Thus, it has been reported that the intrin-
same model to also study the excitations in terms of extrinsisic effects account for 19112 26,'* 20-50%° or 50 %(Ref.
and intrinsic contributions to the measured spectra. As wag) of the total plasmon intensity.
discussed above, these contributions are related to the elec- The shape of the intrinsic losses is clearly different from
tronic excitations due to the moving electron or to the corethe extrinsic. The intrinsic losses are more steplike in shape
hole, respectively. When we now use the above definitions obeing very asymmetric with excitations that extend to much
intrinsic and extrinsic excitations, it is possible to calculatejarger energy losses than the extrinsic los&e=e Fig. 2
the relative contribution from these two types of excitations.Note that the characteristic asymmetric shape of the bulk
Figure 2 shows model calculations Bt a, for photo-  plasmon peak is caused by the intrinsic contribution to the
electrons of 1130 eV kinetic energy traveling in Al. The “ex- pylk plasmon while the extrinsic bulk plasmon has only a
trinsic” and “intrinsic” contributions to the tOtdKeff'av are small asymmetry towards h|gher energy loss.
included as dashed and dot-dashed |ineS, reSpeCtiver. At this The Spectra taken at g|ancing ang|es have less intrinsic
point we want to stress that the calculated “intrinsic” andjosses than those at normal emission. The same for the total
“extrinsic” contributions come out from the model in Ref. 22 |psses, which is correlated with the decrease of the inelastic
simply as loss terms during the photoelectron emission eithehean free path for more shallow emission. This is easily
induced by the presence of the hole or independent of it. Aginderstood since, for glancing angles the electron loses more
described above the slightly negative intrinsic cross sectiongnergy (to extrinsic excitationsin the vacuum above the
in Fig. 2 is due to the “interference” effect which is included surface where it interacts for a longer time with the electrons
in the intrinsic cross section. in the solid compared to an electron being emitted normal to
Figure 2 shows that both extrinsic and intrinsic surfacethe surface. Therefore the relative contribution of intrinsic
losses are enhanced with respect to the corresponding buficitations decreases with increasing emission angle. This is
losses at glancing emission angles. However, the changgso likely to be the explanation why the surface excitations
with angle of emission in the absolute contribution of extrin-are almost purely extrinsic for all angles of emission because
sic and intrinsic losses e oy is different. For the “surface”  the extrinsic excitations that take place as the electron travels

losses(identified as the region around the peak-#t0 V),  in the vacuum occur mostly at the surface plasmon energy.
the “extrinsic” contribution toK 5, accounts for more than

95% of the intensity for all studied angles of emission.

For the bulk I_ossc_asden_tlfled as t_he .peak at15_ e\_/ and IV. CONCLUSIONS
beyond the relative intensity of “intrinsic” to “extrinsic” ex-
citation varies with the emission angle. Figure 3 shows the The dielectric description of electron energy losses in
percentage of intrinsic contribution to the bulk losses meaphotoemission described in detail in Ref. 22 and outlined
sured either by the arg@ull line) or by the heightdashed here reproduces quantitatively the angular dependence of
line) at the bulk plasmon position. The relative contribution surface and bulk electron losses observed experimentally for
of intrinsic losses to the bulk plasmons decreases with théhe Al2s photoemission spectra of @11), excited with
angle of emission. Thus-62% of the total area of the bulk MgKea.? In addition, the model allows one to study the ab-
plasmon is due to intrinsic losses at normal emission, while isolute contribution from intrinsic and extrinsic effects in
is ~35% at 80°. If we just consider the height at the bulk photoemission. It is found that the intrinsic contribution to
plasmon energyi.e., at 15.0 eV energy logs~35% of the  surface excitationgfor the case studied herés small and
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account for less thar-5% of the total intensity correspond- bulk plasmon loss peak is nearly symmetric. It is found that
ing to surface losses. Regarding bulk plasmon excitationghe intrinsic contribution to the bulk plasmon excitation rep-
both extrinsic and intrinsic contributions vary significantly resents~35% of the intensity at the bulk plasmon position at
with emission angle. The relative intrinsic contribution to thenormal emission while only-18% at 80° glancing emission.
bulk plasmon is smaller at the largest angles of emission. Finally, it is worth stressing that the calculations made
This is attributed to the relatively larger contribution from here can easily be used to interpret PES spectra of other
extrinsic excitations while the electron travels in the vacuummaterials in terms of intrinsic and extrinsic effects, if their
This is also the reason why the surface plasmon is almostielectric propertie§i.e., e(k, w)] are knowne(k, ) may be
purely extrinsic. The intrinsic bulk plasmon peak is highly taken from the literature or it may be determined experimen-
asymmetric to the high energy loss side while the extrinsidally by quantitative analysis of REELS.
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