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The intensities of plasmon-loss satellites of core lines and the valence band in x-ray-photoemission spectra
(XPS), as well as of Auger lines of Al are determined by convoluting the no-loss spectra with an asymmetric
Lorentzian line shape. Intrinsic processes contribute 25% of the total plasmon intensity of XPS core lines.
For the valence band the intrinsic process is noticeably less and contributes approximately 12%. For the
KLL and KLV Auger lines the intrinsic processes have the same contribution as for the XPS core lines. The
extrinsic plasmon-loss intensity is measured independently on electron-energy-loss spectra. The line shape of
the plasmon losses in the latter is different from that in x-ray photoemission and Auger spectra, and both are
different from theoretical plasmon energy distribution functions. The importance of intrinsic processes is
confirmed by the observation of a plasmon gain line in the KLL Auger spectrum.

I. INTRODUCTION

The existence of collective electron density os-
cillations (plasmons) is known since the theoreti-
cal work of Pines and Bohm.'~® Since that time
many experimentalists using different techniques
have studied these plasmons, especially in the
free-electron metals, where the plasmons mani-
fest themselves most clearly. For Al metal many
studies have been published using optical,* energy-
loss,5® and electron-transmission’~® techniques.
In all these experiments the excitation of the plas-
mon occurs during the transport of the electron
through the solid, the so-called extrinsic plasmon
excitation. In x-ray photoemission a second kind
of plasmon excitation is possible, the so-called
intrinsic process, where the excitation of the
plasmon takes place simultaneously with the crea-
tion of the hole. Both contributions can be separa-
ted by an analysis of the area intensity of the sub-
sequent plasmon-loss lines.!°'!! Since the intrin-
sic process is believed to contribute only a minor
part to the plasmon intensity a careful analysis is
necessary. In the present study on Al metal the
plasmons accompanying the 2s and 2p core levels,
the valence band and the x-ray-excited KLL and
KLV Auger lines will be discussed. Furthermore
results of electron-energy-loss (EEL) experi-
ments will be given. The plasmon losses of the
core and valence-band photoelectron spectra have
been studied earlier’*~** and we will comment on
this work in connection with our results in Sec. IV.

In Sec. II the experimental aspects of our in-
vestigation are given. In Sec. III the experimental
results are analyzed. Finally the results are
discussed in Sec. IV.

II. EXPERIMENTAL

X-ray-photoelectron, Auger, and EEL spectra
were measured in a Leybold-Hereaus LHS-10

spectrometer. The excitation source for the
x-ray photoelectron and Auger spectra was a
Henke-type x-ray tube with Mg anode operated at
200 W. The Ko, , line of Mg has too low energy
for photoionization of the Al K shell, but the
bremsstrahlung background proved to be of suffi-
cient intensity to enable the study of the K1 L and
KLV Auger transitions. The x rays illuminate
the sample under an angle of 60° with the normal
to the surface. Electrons escaping from the sam-
ple along the normal to the surface are retarded
and focused by an electron lens on the entrance
slit of a hemispherical analyzer set for a con-
stant pass energy.'® The spectra were measured
by repeated scans of 1 min and stored in a multi-
channel analyzer. The x-ray satellite lines in the
photoelectron spectra were removed with a com-
puter program described elsewhere.!® The EEL
spectra were measured with primary electrons
impinging on the surface under an angle of 60° with
the normal. The energy width of the primary
electrons was less than 0.5 eV.

The samples were prepared in a preparation
chamber by evaporation on a polished stainless-
steel plate at a pressure of ~107® Pa. Immediate-
ly after the evaporation the sample was slid into
the measuring chamber through a valveless lock.
The pressure during the measurements was less
than 10™° Pa. The samples were free of impuri-
ties, no carbon or oxygen could be detected.

III. RESULTS AND ANALYSIS
A. Xray photoelectron spectra

X-ray-photoelectron spectrum of the 2s and 2p
levels of Al metal with accompanying plasmon-
loss lines is shown in Fig. 1(a). This spectrum was
measured with a transmission energy of 50 eV,
which results in an instrumental line shape which
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FIG. 1, Photoemission spectrum of the 2s and 2p core
levelsof Al metal, The spectrometer transmission ener-
gy was 50 eV; number of channels was 1024. (a) Experi-
mental spectrum after correction for x-ray satellites.
(b) After removal of the contributions of the plasmon-
loss lines using the parameters of Table I. (c) The same
as (b) after baseline smoothing. (d) Comparison between
experimental (points) and calculated plasmon-loss spec-
trum (solid line) using the parameters of Table I and

(c) as zero-loss spectrum,

is Lorentzian with a linewidth of 0.60 eV.!” Apart
from the bulk-plasmon-loss lines, a surface-
plasmon-loss line can be clearly discerned. In
judging the intensity of the surface-plasmon-loss
line it should be kept in mind, that electrons are
measured, that escape at right angles to the sur-
face. The binding energies are: 118.11+0.1 eV
for the 2s and 73.0+ 0.1 eV for the 2p line. These

values are the mean of three independent mea-
surements and in good agreement with those pub-
lished earlier.'®*-2° The asymmetric line shape of
the no-loss lines is a consequence of electron-
hole excitations and has been extensively discus-
sed by Citrin et al.?! The plasmon-loss peaks
are also markedly asymmetric. The shape of the
plasmon-loss lines has been discussed by Hedin*
and Penn.'?"'* However, we found that the theoreti-
cal line shape of Hedin or Penn could only re-
produce the main features of the measured spec-
tra (see below). Therefore and for computational
reasons a simpler analytical expression was used
to describe the asymmetrical plasmon-loss lines,
using the following assumptions:

(a) The nth bulk-plasmon-loss line P, is
given by the convolution of the no-loss line P,
with the plasmon-loss energy distribution func-
tion D,(E):

P,(E)=Py(E) *D,(E) . @

(b) D,(E) is given by an asymmetric Lorentzian

I, )
= . 2
D)= TG ENT,E) @)
Asymmetry is obtained by taking I',(E)=TIZ% for
E<E,and I,(E)=T% for E >E,.

(¢) To reduce the number of parameters the
following relations were assumed to hold:

TRL=yTRL (3a)
E,=nEjy. (3b)

Ej is the bulk-plasmon energy.
(d) The surface-plasmon energy distribution
function is similarly described by

Pg(E)=P,(E) *xDs(E), (4)

with D¢ (E) also given by an asymmetric Lorent-
zian with parameters I, T'%, I's, and Eg.

(e) Lines due to a combination of bulk- and
surface-plasmon losses are given by

Ps ,(E) =P,(E) * Ds ,(E) , (5)
where D , is an asymmetric Lorentzian for which
I§; =Tyt +T§t, (62)
Es,=nEg+Eg, (6b)
Is =115 . (6¢c)
(f) Multiple surface-plasmon losses are ne-
glected.

In Ref. 16-a method was given to determine the
positions and intensities of the x-ray satellite
lines in an x-ray-photoelectron spectrum. With
the assumptions given above the same method can

.be used to determine the parameters I,, T'F, 1%,

Eg, Iy, T, T%, Es. Starting from the right in
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Fig. 1(a) we can remove from the spectrum the
intensity due to plasmon excitations using the
algorithm described in Ref. 16. The best values
of the parameters were determined with a least-
squares fitting procedure® with the requirement
that the spectrum to the left of the 2s line should
approach the tail of a Lorentzian of linewidth
1.75 eV and intensity 55000 counts/min, super-
imposed on an adjustable constant term. Al-
though the least-squares fitting was restricted to
the part of the spectrum left of the 2s line the
contribution in this region of the plasmon-loss
lines associated with the 2p line were taken into
account. Seven plasmon-loss lines of each x-ray-
photoelectron spectrum line have been included
in the fitting procedure. Fits have been made to
three independent measurements. Figure 1(b)
gives the spectrum obtained after removal of the
plasmon-loss lines using the parameters given in
Table I. Smoothing the spectrum of Figure 1(b)
one obtains the spectrum of Figure 1(c) which was
used to generate the calculated plasmon-loss
spectrum shown in Figure 1(d) together with the
measured data. A good fit is obtained up to the
fourth plasmon-loss line. The value of E is in
good agreement with the results of Williams

et al.** who found E;=15.2 eV, but somewhat
smaller than found by Pollak et al.'® [E,=15.7(2)
eV] and Flodstrom et al.*® (Eg=15.7 eV). The

TABLE 1. Best parameter values for the plasmon
losses in Al metal. The peak intensity (I,,I;) is given
in percentage units of the no-loss peak per AE, where
AE is the energy increment per channel. Errors are
given in units of the last decimal.

Parameter Value Units
I 24.6(5) %ev-t
I, 8.4(3) %ev-t
I 3.6(2) %Bev-t
I, 1.6(1) %ev-i
I 0.8(1) %bev-t
I, 0.4(1) %bev-t
I, 0.2(1) %ev-t
I 5.0(2) %ev-1
rt 1.52(5) eV
TE 0.60(5) eV
rg 1.4(1) eV
r§ 0.5(1) eV
Eg 15.32(5) eV
Eg 10.41(5) Cev

ratio Ez/E¢ =1.47 is close to the theoretical value
1.41.

The following points should be noted:

(a) The plasmon-loss lines are calculated as a
convolution with the no-loss line. The parameters
of D,(E) are therefore a direct measure of the
shape, area intensity, and position of the plasmon-
loss lines relative to the zero-loss line and are
independent of the shape of the latter.

(b) The “misfit” as apparent in Fig. 1(b) is of a
derivative character. Hence the area intensities
of the calculated lines are a better measure of
the intensity than is suggested by the absolute
deviations present in Fig. 1(b).

(¢) The inclusion in the fit of a constant term
which raises the baseline on the left of the 2s
line introduces an uncertainty in the intensities of
the plasmon-loss lines. This baseline presumably
is due to inelastic scattering of the photoelectrons
other than plasmon excitation. The reliability of
the results however is supported by the good fit
obtained for the first two plasmon-loss lines of the
2p line, which were not included in the sum of
least squares. Note that the 2p line is consider-
ably narrower than the 2s line.

(d) To a very good approximation the 2s and 2p
lines in Fig. 1(c) can be described with a Doniach-
Sunjic line shape over the same range as used by
Citrin et al.**

(e) The intensity between the first and second
bulk -plasmon-loss line could not be fitted ap-
propriately with the constraints described above.
It appears that the intensity of the first bulk-sur-
face plasmon loss is higher as given by Egs. (5)
and (6). .

Following Pardee et al.'® the area intensity of
the nth plasmon-loss line is given by

A,,=oz"zﬂ: /o) ; (7)

m!

m=0

TABLE II. Experimental area intensities of the bulk
and surface-plasmon losses compared with theoretical
values from Eq. (7) with & = 0.62 and 8 = 0.21. The area
intensity is listed in percentage units of the: no-loss
line and given by A, =7 (If +T®)I,.

Experiment Theory
Parameter % %
Ay 8242 83
A, 56 +2 54
Ag 36+2 34
Ay 2122 21
Ag 13£3 13
Ag 8+3 8
A 7 5+3 5

Ag 15+3 e
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where o =(1+1/L)"*, 1 is the mean free path for
extrinsic plasmon excitation, L is the mean at-
tenuation length for electrons due to processes
other than plasmon excitation. The parameter g
is a measure for the probability P;(n) for intrinsic
excitation of n plasmons:

P,(n)=e"B(p"/n!). (8)

By least-squares fitting Eq. (7) to the experi-
mental area intensities A, as derived from the
parameters listed in Table I, we found o =0.62
and 8=0.21. In Table II both measured and cal-
culated values of A, are given. With these values
the total intensity in the bulk-plasmon-loss lines
is 2.3 times the intensity in the no-loss line and
the intrinsic process contributes 25% of the total
plasmon intensity. An estimate of the effect of the
baseline on ¢ and 8 was made by correcting the
peak intensities of the plasmon-loss lines with the
value of the baseline constant: either o or g
changed by about 10%.

The surface-plasmon-loss intensity Ag is very

close to the theoretical estimate.?®* This is an
indication of the high purity of the surface: even
very slight oxidation reduces the surface-plasmon
intensity appreciably. The ratio Ag/A,=0.18 is
larger than the value which was found by Williams
et al.** through extrapolation of angle dependent
measurements. It should be remarked, that the
area intensity of the third plasmon-loss line of
the 2p line is approximately 25% of the 2s line, v
with which it nearly coincides. Therefore neglect
of this line in analyzing the line shape of the 2s
line, as is done by Citrin et al.,” is not allowed.

B. X-ray photoelectron valence band spectra

As mentioned before, the determination of the
plasmon parameters is independent of the line
shape of the no-loss line. The same algorithm
as was used to obtain the difference spectrum of
Fig. 1(b) can therefore be used to remove the
plasmon-loss peaks of the valence-band spec-
trum.

Figure 2(a) shows again the spectrum of the 2s
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and 2p lines but this time including the valence
band. This spectrum was measured with a lower
resolution than that of Fig. 1(a), which results in
a higher count rate. Figure 2(b) is obtained by
removing the plasmon-loss lines using the para-
meters given in Table I. The spectrum to the
left of the 2s and 2p lines closely resembles that
of Fig. 1(b). This demonstrates the line-shape
independence of the method. However, for the
valence band the subtracted plasmon intensity is
too high. At the site of both the first and second
plasmon-loss line the intensity in Fig. 2(b) is

too low. This effect was observed in two indepen-
dent measurements. Oxidation of the sample can
be excluded as the cause: The bulk plasmon in-
tensity is not very sensitive to oxidation and even
a slightly oxidized sample should give an O(2s)
line at the site of the arrow in Fig. 2(b). There-
fore we believe that this is evidence of the fact
that for valence-band electrons the intrinsic
plasmon intensity is less than for core electrons:
Using intensities calculated with 3=0.1 the spec-
trum given in Fig. 2(c) is obtained. This method
of removing plasmon-loss intensity gives also
better insight in the true shape of the valence-
band x-ray-photoelectron spectrum. In Fig. 3 we
compare the shape of the valence band as deter-

- mined by us with that of Baer and Busch®® which
has been used in many discussions. Especially at
the high binding energy side there is considerable
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FIG. 3. Valence band of Al metal after removal of
plasmon-loss lines. The solid line is taken from the
work of Baer and Busch (Ref. 26), Spectrometer trans-
mission energy was 150 eV,

'

difference, which is due to the fact, that Baer and
Busch have made no correction for surface- or
bulk -plasmon-loss lines but simply subtracted a
slanted baseline from the measured spectrum.

C. Auger spectrum

In Fig. 4 we give the Auger lines in the region
from 1300 to 1500 eV. This covers all but one of
the KLL and all KLV transitions. Table III lists
our values for the kinetic energies (corrected for
the work function) together with theoretical and
experimental data by Dufour et al.?” For the KLL
transitions there is good agreement. No literature
data are available for the KLV transitions.

In Fig. 4(b) we have subtracted the plasmon-loss
lines, again using the parameters of Table I. For
the KLL transitions the deviations from a smooth
line are of similar shape and magnitude as in
Fig. 1(b). We conclude therefore, that the inten-
sities of the plasmon-loss peaks are the same for
x-ray-photoelectron spectra core lines and KLL
Auger lines. The same appears to be true for the
KLV lines: there is much less need for adjust-
ment of the parameter g in this case. However, it
should be pointed out, that the noise prevents an
accurate determination of the plasmon-loss inten-
sities for these lines.

Figure 4(b) reveals in a beautiful way the struc-
ture of the KLV Auger lines. A striking difference
with the x-ray-photoelectron spectra valence band
can be observed. The differences are similar to
those observed in Mg,2®-?° and due to the fact that
in the K LV Auger process emission occurs from
the valence band as modified by the presence of
the K hole. In extreme cases this can result in
atomiclike Auger spectra.®

The Auger spectrum contains two more features
which merit attention:

(a) The small peak marked A in Fig. 4(b) has
an energy of 1413.7 eV and is due to internal
photoemission from the Al 2p level: in the sam-
ple Al Ko x rays of 1486.6 eV are generated
through fluorescence decay of the holes in the K
shell. These x rays in turn can lead to photo-
emission out of the 2s and 2p level. With a
binding energy of 73 eV of the 2p electrons this
results in a peak at ~1413.7 eV. The correspon-
ding 2s line is difficult to discern because of the
plasmon losses or what is left of those after their
removal.

(b) The peak B has an energy of 1408.6+0.5 eV
and is broader than peak A. The energy difference
with the KL, ;L, ; (‘D) Auger transition is 15.4
+0.5 eV. This suggests that B is due to a plas-
mon gain peak. This interpretation is supported
by the observation of a similar line in the Auger
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TABLE IOI. Kinetic energies (in eV), corrected for the work function, of the KLL andKLV
Auger levels in Al metal. The values given in the second column are the mean of at least
three measurements. Errors are given in units of the last decimal.

Dufour et al.

Dufour et al.

Peak This work Experiment (Ref. 27) Theory (Ref. 27)
KL.L, (tS) 1302.0(2) 1302.0 1304.0
KL.L, 3 (P) 1341.2(2) 1341.4 1342.3
KL L, 3 €P) 1356.8(2) 1357.2 1358.5
KL g 3L, 3 (1S) 1387.1(2) 1387.2 1386.6
KL, 3L, 3 (D) 1393.2(2) 1393.2 1393.5
KL, 3L, 3 CP) 1398.1
KL My 1436.0(5) oo weo
KL M, 5
KL 5 sMy 1483.2(2) coe oo

KL 2 ‘3M2 .3
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spectra of Mg with an energy distance of 10.6 eV

which is the plasmon energy for Mg.?! The inten-.

sity of peak B is ~0.5% of the KL, 4L, ; (*D) Auger
line. Plasmon gain peaks have been reported for
the LVV Auger peaks,3?~3 put were later attri-
buted to double ionization.3®:3¢ Double ionization
can be excluded in our case because of the energy
of the satellite and because low-intensity x rays
were used as exciting radiation. According to
Watts®” and Almbladh®® plasmon gain satellites
are possible for Auger lines and connected with
the intrinsic plasmon-losses occuring on the
creation of the primary hole. According to
Almbladh®® the shorter lifetime of the K hole
makes the occurrence of plasmon gain satellites
more probable in KL L Auger spectra than in the
LVV spectra studied up to now. Although the
noise prevents an accurate determination of the
line shape of the plasmon gain peak, the line-
width seems comparable to that of the plasmon-
loss lines.

D. Electron-energy-loss spectra

EEL spectra were measured to obtain an inde-
pendent determination of the parameter g in Eq.
(7). In the EEL spectra intrinsic processes play
no role and hence the area intensity ratio of suc-
cessive plasmon-loss lines should be equal to «.
Spectra were measured for primary energies
ranging from 500 to 1500 eV. The intensity
analysis of the EEL spectra is complicated by a
background intensity due to inelastic scattering
other than plasmon losses. This background in-
creases in intensity with decreasing primary en-
ergy.

There is a striking difference in the shape of
the plasmon-loss lines of the EEL and x-ray-
photoelectron spectra: The lines appear to be
more symmetrical and for primary energies
greater than 750 eV narrower in the EEL spectra.
This is partly due to the difference in shape of
the no-loss line, but spectra calculated by con-
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voluting the measured no-loss peak of the EEL
spectrum with the lineshapes of the plasmon-loss
lines derived from the x-ray photoelectron spec-
trum result in broader plasmon-loss lines than
observed. We have therefore fitted the measured
EEL spectra with symmetrical Lorentzians. The
background was approximated by B(E) =5(1
—ae~(E-Bo)/e) E isprimary energy, b, a, and ¢
are parameters to be fitted. Within each pair of
bulk- and surface-plasmon-loss lines, P, and
Pg ,_,, the linewidth was kept equal: I',=Tg,_,
(see Sec. IIT A for definition symbols). Also the
ratio R=1,/I ,., was taken the same for all #,
except for n=1 because of the large uncertainty in
the background under the first pair. The area in-
tensity A, of the nth bulk-plasmon-loss line was
assumed to be given by A, =aA,_, for n>1. Fur-
thermore, a small peak corresponding with ex-
citation of two surface plasmons was included in
the fit. The peak intensity of this line (I%) was
used as a parameter, while the linewidth was
fixed at 2I";. Thus the following adjustible para-
meters were used in the fit: I, I/I,, R, I%/I,,
a, T, (n=1to5), Eg, Ep, and the base-line para-
meters a, b, and c.

Figures 5(b) and 5(c) give the best fit for pri-
mary energies of 498 and 1500 eV and Table IV
lists the parameter values obtained.

The following points should be noted: (a) The
value of @ is constant for primary energies
ranging from 500 to 1500 eV and has the value

0.62+0.02. This value of o is in excellent agree-
ment with the value of o determined from the
x-ray-photoelectron spectra. (b) The linewidth of
the nth plasmon-loss line is given by I', =nT + T,
where 'y~ 0.5 eV is the linewidth of the zero-loss
line. I changes from 2.1 eV at 498 eV to 1.2 eV
at 1500 eV. (c) The linewidth of corresponding
plasmon-loss lines increases with decreasing
primary energy. (d) The shape of the baseline is
‘the same over the whole range (¢ and ¢ are con-
stant), but the intensity of the baseline relative
to the intensity of the first plasmon-loss line
(b/1,) increases with decreasing primary energy.
(e) The surface-plasmon-loss intensity is much
higher than in the x-ray-photoelectron spectrum:
This is due to the short penetration depth of the
primary electrons and to the fact that the detected
electrons have crossed the surface twice.

IV. DISCUSSION

This is not the first attempt to determine the in-
tensities of plasmon-loss peaks in x-ray-photo-
electron spectra and before discussing our results
we comment briefly on some of the recent papers
on this subject. The first attempt to determine
the plasmon-loss intensities was made by Pardee
et al.*® These authors neglected the asymmetry
of the plasmon-loss lines and fitted with Gaus-
sians. Moreover the fact that the plasmon-loss
lines are a convolution of the no-loss line with

TABLE IV. Best parameter values for the plasmon losses in the EEL spectra of Al metal
as function of the primary energy E,. Meaning of the symbols is given in the text. Errors

are estimates based on several fits and given in units of the last decimal.

E,=498eV  E,=1T51eV  E(=1000eV  Ey=1252eV  E;=1500 eV
Eg (eV) 15.7(1) 15.6(1) 15.6(1) 15.5(1) 15.5(1)
Eg (eV) 10.8(1) 10.6(1) 10.6(1) 10.6(1) 10.6(1)
Ig/y 0.99(5) 0.75(5) 0.60(5) 0.55(5) 0.47(5)
R 0.53(5) 0.40(5) 0.36(5) 0.30(5) 0.28(5)
I% /1y 0.19(3) 0.11(3) 0.08(3) 0.06(3) 0.04(3)
a 0.62(2) 0.61(2) 0.63(2) 0.63(2) 0.61(2)
Ty(eV) 2.6(1) 2.1(1) 2.0(1) 1.9(1) 1.7(1)
T'y(eV) 4.5(1) 3.6(1) 3.4(1) 3.2(1) 2.9(1)
Ty(eV) 6.9(2) 5.5(2) 5.1(2) 4.5(2) 4.2(2)
T,(eV) 8.4(3) 7.7(3) 6.7(3) 6.0(3) 5.2(3)
Ty(eV) 10.4(4) 11.2(4) 8.0(4) 8.0(4) 7.04)
a 1.27(3) 1.21(3) 1.30(3) 1.40(3) 1.35(3)
c (V) 11.0(3) 10.1(3) 9.6(3) 10.2(3) 11.4(3)
I,/b . 9.4(1) 10.6(1) 13.0(1) 13.1(1) 13.2(1)
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the plasmon energy distribution function was not
taken into account. The same approach was used
by Williams et al.>* in a study of the angular de-
pendence of the plasmon intensities. A rough
analysis was made by Fuggle et al.>® More re-
cently Steiner et al.!! have published results on
Be, Na, Mg, and Al. For Al these authors find
o =0.67 and 3=0.10. However, no details of the
fitting procedure are given. According to the
same authors the same parameters as used for
the core lines give good results for the valence-
band spectra of Be, Na, and Mg.*° However,
these good fits are obtained including a back-
ground correction, which assumes a background
proportional to the integrated intensity. As
pointed out recently by Citrin et al.** there is no
experimental basis for this correction.

In all these cases Al K« radiation was used.
However, the plasmon-loss intensities are not
expected to depend much on the kinetic energy of
the photoelectrons. A comparison between spec-
tra obtained by us with Mg K« and Al K« radia-
tion did not reveal marked differences.

In a series of papers Penn has used a funda-
mental approach, calculating intensities and line-
shapes from theory.*~* The bulk plasmon line
shape, P(E,E’), was derived from the Lindhard
dielectric function e(g, w):

_ v(E) dq ( 1

PE,E') N elqg,E-E’ )) ®

with
Im[1/e(g, w)] = wi w7,/[(W? - W2)? +(wr,f]. (10)

w, is the plasmon frequency for wave vector ¢ =0,
7, is a measure for the lifetime broadening, which
is related to the linewidth of the plasmons. Gib-
bons et al.*! determined experimentally the line-
width of the plasmons in Al as function of the

wave vector

I(w,)=0.9+3.25¢2, (11)

where I'(w,) is expressed in eV and ¢ in Al The
relation between the plasmon energy 7w, and q is
given by®*

Fw,=Hw,+3.01g2. (12)

We have calculated numerically the line shape
resulting from Eq. (9). The result is shown in
Fig. 6. In two consecutive papers Penn was able
to obtain good fits to experimental data with®® and
without*? inclusion of intrinsic processes. In a
recent paper the plasmon losses of the valence
band were analyzed.* However, using the line
shape of Fig. 6 we were not able to reproduce the
measured spectrum very well. This is illustrated
in Fig. 7(a). To obtain the calculated spectrum

FIG, 6. Plasmon energy distribution function calcula-
ted with the model of Penn [Eq. (9)] (dashed line), the
model of Hedin [Eq. (13)] (solid line). In both cases
7iwp=15,0 eV. Also given is the asymmetric Lorentzian
(dotted line) fitted to the curve of Hedin. This line has
If=1.88 ev and T*=0,76 eV,

self-convolutions of the line shape from Eq. (9)
were calculated numerically and convoluted with
the spectrum of Fig. 1(c). Obviously the main
cause for the discrepancy is a too low intensity in
the wings of the line shape of Eq. (9), but two
other points are noteworthy: the line shape of the
second and higher plasmon-loss peaks is more
symmetric than measured and the maxima of the
plasmon-loss peaks are shifted to the left.

Hedin?® has given a different expression for the
plasmon energy distribution function:

glw)=(e*/1) Gm)V? [w26(w - w,)/w(w - w,)*?]
(13)

To include lifetime effects this function was con-
voluted with a Lorentzian with linewidth depending
on w, as given by Eqgs. (11) and (12). The result

of a numerical calculation of Hedin’s function is
also given in Fig. 6. The main difference with
Penn’s function is the larger intensity in the wings,
which is the result of the more realistic Lorent-
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FIG, 7. Comparison be-
tween experimental spec-
trum and theoretical mo-
dels of Penn (a) and Hedin
(b). The drawn lines are
convolutions of Fig. 1(c)
with the theoretical line
L shapes given in Fig. 6 and

self-convolutions thereof,
The peak intensity ratio

I,/ was taken equal to the
value resulting from Table
I and I; was scaled to give
reasonable fit to the first
plasmon-loss line, Only
bulk-plasmon-loss contri-
butions were taken into
account,
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zian lifetime broadening as compared to Eq. (9).
Also shown in Fig. 6 is an asymmetric Lorentzian
line shape as used in our analysis, which gives
the best fit to Hedin’s function. It is clear that the
asymmetric Lorentzian is a good approximation
of Hedin’s function. In the same way as described
above the plasmon-loss spectrum was calculated
with Hedin’s function. Figure 7(b) shows the
result; there is better agreement with the mea-
sured spectrum than with Penn’s approach. How-
ever, again the line shape of the second and
higher plasmon-loss peak is too symmetric and
the maxima are shifted to the left as compared
with the experimental data. As can be seen in
Fig. 1(d) such a shift is indeed observed but be-
comes appreciable only in the fifth and higher
plasmon-loss lines (Remember that the fitted
spectrum of Fig. 1(d) was constrained to have
equidistant plasmon-loss lines).

It is important to note that the plasmon energy
distributions D,(E), which we have used to fit the
second and higher plasmon-loss lines, are not
self-convolutions of the energy distribution of the
first plasmon-loss line D,(E), as expected from
theory when spatial redistribution on scattering
is neglected. This is assumed to be valid for the
x-ray-photoelectron and Auger spectra because
the initial direction of the unscattered electron is
undetermined and for the EEL spectra because
they are obtained on polycrystalline materials.
Similarly unexplained is the observation that the
plasmon-loss line shape is different for EEL and
x-ray -photoelectron spectra.

The x-ray-photoelectron spectra and EEL mea-
surements give two independent determinations
of @, which are in excellent agreement with each
other. The fact that ¢ is constant for the energy
range 500-1500 eV is in agreement with results
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by Flodstrom et al.?° who measured the bulk
plasmon intensities for kinetic energies between
30 and 330 eV. The plasmon intensity appears to
be constant above 200 eV. The same authors give
a theoretical estimate of @ =(1+1/L)"! which for
energies larger than 200 eV results in @ =0.64
again in excellent agreement with our results.

The value of g obtained is in effect an effective
number. As shown by Langreth*? and Gadzuk*®
the intrinsic plasmon satellites are weakened by
the presence of interference effects between in-
trinsic and extrinsic plasmon excitations. How-
ever, as shown by these authors, Eq. (7) can still
be used. The relatively large intrinsic contribu-
tion for core electrons found in our analysis is
supported by the observation of a plasmon gain
satellite of the KL, ;L, 5 (*D) transition. The
smaller intrinsic plasmon excitation in the case
of the valence band is not unexpected for de-
localized electrons. Penn'* had discussed mech-
anisms which can lead to intrinsic plasmon-losses
of the valence electrons, but in the light of our
results his calculation overestimates the impor-
tance of these effects. It is surprising that for
Auger lines and x-ray-photoelectron spectra core
lines essentially the same intensities are found
for the plasmon-loss lines. The fact that there
seems to be no need for reduction of the intrinsic
contribution in case of the KLV Auger lines may
be understood by the polarization of the valence
electrons by the K hole.

V. CONCLUSIONS

The results of this investigation can be sum-
marized as follows: (i) Using asymmetric Lorent-

zians to describe the line shape of the plasmon-
losses good fits to the experimental x-ray-photo-
electron core level spectra could be obtained.
From the area intensities of the plasmon-

loss lines we derive for the extrinsic (o) and in-
trinsic (B) contribution to the plasmon excitations
@ =0.62 and §=0.21. This means, that the intrin-
sic plasmon excitation contributes at least 25%

to the total of the plasmon excitations. (ii) The
theoretical line shape of Penn can only reproduce
the main features of the measured spectra,
Hedin’s function gives better agreement. The ex-
perimental line shape of the second and higher
plasmon-loss lines cannot be described with self-
convolutions of the line shape of the first plas-
mon-loss line. (iii) The same parameters as in
case of the core levels describe the plasmon
losses of the KLL and KLV Auger lines. (iv) The
intrinsic plasmon excitation in case of photoemis-
sion from the valence band is markedly less: 8
~0.10. (v) In the Auger spectrum a plasmon gain
peak of the KL, sL, 5 (*D) line is observed, again
indicating a large contribution of the intrinsic
plasmon excitation. (vi) The width of the plasmon-
loss lines in EEL spectra decreases with in-
creasing energy of the primary electrons. At
1200 eV the width of EEL plasmon-loss lines is
considerably smaller than in the x-ray-photoelec-
tron spectra. « is constant for the energy range
500-1500 eV and equal to @ =0.62+0.02.
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