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a b s t r a c t

We used hard X-ray photoelectron spectroscopy (HAXPES) with 8 keV X-rays to investigate the 1s emission
of carbon. We recorded spectra extending from the peak of the C 1s electrons (“elastic” line) to electrons
with up to 110 eV energy-loss. Using two samples side by side, we could compare the inelastic mean free
paths (IMFPs) of the electrons of almost 8 keV in diamond and graphite and find them to be practically
identical despite about 50% difference in densities. Published extrapolations of their IMFP calculations
eywords:
ard X-ray photoemission
ynchrotron radiation
lectron attenuation lengths
iamond
raphite

at lower energies are in good agreement with this result. We show that information from the almost
structureless region of overlapping multiple extrinsic energy-losses can be used to quantify the fraction
of photoelectrons experiencing intrinsic energy-losses (those due to the sudden creation of the hole). We
find that this fraction is 58% of the primary excited C 1s electrons for diamond and is practically the same
for graphite. This is at first sight an unexpected result since hole-screening should differ in a semimetal
from that in an insulator. The observation can be accounted for by dynamic screening in contrast to static

screening.

. Introduction

Hard X-ray photoelectron spectroscopy (HAXPES) is a new and
apidly evolving field of research. The increased inelastic mean free
ath (IMFP) of the emitted electrons with high kinetic energy facil-

tates investigations of chemical properties and electronic states
n the bulk of materials and at buried interfaces. Because of the
mall cross-sections it can only be fully exploited with the highly
onochromatic X-ray flux at 3rd generation synchrotron radia-

ion facilities. The research done so far was summarized at two
nternational workshops, HAXPES 1 which took place in Grenoble,
003, France and HAXPES 2 which took place at Spring-8, 2006,
arima Garden City, Japan. Proceedings of the first workshop [1]
re available and give a good overview of the field. A major issue
s the utilization of the large inelastic mean free path (IMFP) of the

hotoelectrons, i.e., the distance until the electron undergoes an

nelastic scattering event and loses energy. For the classical region
f photoelectron spectroscopy up to 2 keV a host of measured and
alculated data exists due to its intensive application over many

∗ Corresponding author.
E-mail address: christof.kunz@gmx.net (C. Kunz).

368-2048/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.elspec.2009.03.022
© 2009 Elsevier B.V. All rights reserved.

years, of which we give here only a few references [2–9]. However,
there are relatively few measurements of IMFPs at higher ener-
gies, up to 10 keV and above. Thus, research in the area of HAXPES
relies at this moment mainly on IMFP values, which are obtained by
extrapolating available data (experimental or calculated) for lower
energies to higher electron kinetic energies. Bethe [10] has provided
the correct energy dependence based on atomic calculations but
the appropriate parameters in his equation need to be determined,
usually with the help of models making use of optical constants
[11,12].

In previous papers [13,14] we have reported measurements of
sub-shell cross-sections of gold in the energy range 5–14.5 keV.
Particularly interesting are shallow core levels, since the cross-
sections in the solid may differ from the values for the free atom.
The obtained cross-sections cannot be regarded as being truly abso-
lute, since we obtained them by comparing the photoelectron yield
from gold with the yield from a graphite sample as reference mea-
sured under the same conditions. Furthermore, such experiments

rely on extracting the intensity of the emitted characteristic photo-
electrons from the recorded spectra, which we call in the following
elastic line. They rely on assuming that the elastic line accounts
for a constant fraction of the overall primary excitation rate. How-
ever, in addition to the elastic line has to be added the intensity

http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
mailto:christof.kunz@gmx.net
dx.doi.org/10.1016/j.elspec.2009.03.022
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f those electrons which are emitted at lower energy because of
xcitation due to incomplete screening of the core hole. These
re the so-called intrinsic contributions to the energy-loss. In the
pectra the term “primary” throughout this paper comprises the
lastic line and the intrinsic losses. The fundamental importance
f intrinsic excitations was an additional motivation to determine
he intensity of their contribution in the present investigation at
keV.

Already in Ref. [14] we have pointed out that comparative mea-
urements with different materials containing the same atomic
pecies could also provide relative IMFPs with good accuracy.
his concept was further pursued in the present investigation
ith carbon in two crystallographic states. The density of dia-
ond is 54% higher than that of graphite thus providing a good
eans to test equations which use the electron density or the

ree-electron plasma frequency as the main parameter. The dif-
erent empirical relationships for extrapolating IMFPs fitted to
ow energy data are well summarized by Tanuma et al. [4]. We
hall make use of a more recent analysis from this group [9]
or a comparison with our result. Carbon is a very convenient
est case since the total photoelectric cross-section of carbon is
ominated by the C 1s orbital and the very small amount of
hoto-excited valence-band electrons can be safely neglected at
keV.

Furthermore, we exploit the energy-loss spectrum beyond the
lastic line in the present study. This region is dominated by the
verlap of the intrinsic excitations (the satellite structure due to the
udden creation of the hole), first and multiple extrinsic energy-
osses (encountered along the electron trajectory) and surface
osses. We shall show that, without separating the spectra into their
ndividual components, we can obtain relative IMFPs and deter-

ine the fraction of intrinsic excitations during the photoelectron
mission process.

The basic idea behind our evaluation is the fact that at high
nough energies the majority of electrons which reach the narrow
ngular acceptance interval of the analyzer will have undergone
nly small angular deviations from elastic and inelastic scatter-
ng events. Even after several scattering events the photoelectrons
ravel close to a straight line in the direction determined by the
nalyzer. Nevertheless, the dominant forward-scattering results in
signal which is proportional to the angular integration of the

cattering events. This allows performing the analysis analytically,
ithout specific Monte Carlo calculations that are often applied

t lower energies where large-angle scattering is of importance
see e.g. [6–8]). The photoelectrons are released by the hard X-
ay beam in the carbon samples uniformly over a large depth
>1 �m). Electrons originating at a much smaller depth, which
s defined by a small material dependent number of elastic and
nelastic scattering events, travel to the surface on almost straight
aths. An electron traveling through the material before reaching
he surface will undergo extrinsic energy-losses one after another
ractically with equal probability and thus on average after the
ame distance. This holds as long as the change in energy is
mall in comparison with the initial kinetic energy, a condition
hich is safely fulfilled in the present experiment. With a certain
robability primary electrons escape without undergoing an extrin-
ic energy-loss. Be reminded, primary electrons are those which
tart at the site of the atom and if having undergone no extrin-
ic losses show up in the spectra as elastic lines, intrinsic losses
nd atomic satellites. The equality of the spectral weight of all
rders of energy-loss (n = 0, 1, 2, 3, . . . up to the point where the

ne-dimensional model breaks down) is the consequence of the
onstant IMFP leading to a Poisson distribution for the escape prob-
bility of electrons originating at a certain depth below the surface.
he details of our analysis are explained in chapter 4 and in the
ppendices.
Fig. 1. Scheme of the hemispherical detector PHI 360 with added retarding lens to
extend the energy range up to 14.5 keV [13]. Electrons are collected at 45◦ to the
surface.

2. Experimental

As in our previous investigations [13,14] we have performed
the present experiments with a commercially available electron
spectrometer (PHI 360). This is a hemispherical electron analyzer
equipped with a retarding and focusing “Omega” lens and a 16
channel detection system, in front of which we added a home-built
supplementary lens. It allowed us to retard the electrons addition-
ally by up to 10 keV. Pre-retarding the electrons required the sample
to be kept at high voltages up to 10 kV. To permit sample biasing
the sample is insulated. The detector in the PHI 360 analyzer has
the advantage that it is equipped with a fast channel-plate detec-
tor, counting electrons individually, and thus up to high count-rates
(∼1 MHz) the count-rate is strictly linear with the electron intensity.
This is indispensable for accurate relative intensity measurements.
Fig. 1 shows schematically our experimental arrangement. For fur-
ther details about the employed electron optics see Ref. [13].

A highly oriented pyrolytic graphite (HOPG) sample was freshly
cleaved in air, then rapidly transferred into the HAXPES UHV cham-
ber. The diamond sample was produced with the chemical vapor
deposition CVD-process [15] at the Fraunhofer Institute for Applied
Solid State Physics in Freiburg resulting in a polycrystalline wafer
which was subsequently polished with a few nanometer roughness.
It was doped with an atomic fraction of 5 × 10−6 boron to render it
conductive. No boron signal was detectable in the spectra. The only
observed contamination on both samples was a negligibly small
signal of oxygen (O 1s).

The atomic densities are taken from crystallographic data to be
�D

At = 17.6 × 1022/cm3 for diamond and �C
At = 11.4 × 1022/cm3 for

graphite. We are aware that sometimes lower densities are quoted
for graphite depending on the origin of the graphite samples. In
our case we started with a cleavable HOPG crystal and therefore
consider our choice to be justified.

The experiments were performed at the insertion-device
beamline ID32 at the European Synchrotron Radiation Facility.
The sample was illuminated with 8 keV X-rays monochrom-
atized by a Si (1 1 1) double crystal monochromator with a
resolution of �E/E = 1.3 × 10−4. The unfocused 1.2 × 2 mm2 (ver-
tical × horizontal) X-ray beam was collimated to a size of
0.2 mm × 0.5 mm before reaching the sample. The chosen pho-
ton energy of E = 8 keV was high enough for the present purpose.
The electron signal, decreasing drastically with increasing photon

energy, was of good intensity which allowed rapid measurements
with good statistics. The samples were mounted side by side on
the same sample holder and placed alternatively in the beam at
exactly the same position by translation. Thus each sample was
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Fig. 2. Elastic C 1s-lines of diamond and graphite, each measured 3 times alterna-
tively and plotted as a function of binding energy. The areas CD

el
and CG
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of the lines are
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aken as representative of the intensities CD
n and CG

m in Eq. (4). A background from the
nset of energy-loss (dashed line [16]) was subtracted for graphite. The line widths
orrespond to the maximum deviation of the recorded curves for the three scans for
ach sample.

easured three times at the C 1s line. The incident beam hit the
urface at normal incidence and the spectra were recorded at an
lectron emission angle of 45◦ in our experiments. The total time
pan for all measurements was 100 min during which the intensity
rom the storage ring dropped by only 1.5%. In this way all extrinsic
arameters, such as efficiency of the electron analyzer, photon flux,
ngle of acceptance, etc. cancel out when comparing the yield from
he two samples.

. Results

Fig. 2 shows the results in the region of the C 1s peak. The
nvelopes over the three recorded spectra for each sample, are dis-
layed as a function of binding energy. Thus the width of the curves
epresents the scatter of the measurements. The spectra show a
ery good reproducibility within <±1% in the intensity maximum.

here is only some minimal drift of the monochromator or irre-
roducibility of the setting of the electron analyzer. Fig. 3 displays
he data over a wider range. There we display the spectra on an
nergy-loss scale (the variable is T) with the zero point at the elas-
ic line (see also Section 4.2). The spectra of diamond and graphite

ig. 3. Wide range C 1s spectrum showing the energy-losses in diamond and
raphite next to the main line plotted as a function of energy-loss T relative to the
lastic line. For diamond, the energy gap of 5.5 eV shows up as a decrease of intensity
ight after the elastic peak almost to zero. For graphite, the peak at 5 eV energy-loss
riginates from inter-band transitions. The inset shows the expanded high-energy
arts of the spectra which tend towards a constant intensity ac being practically the
ame for diamond and graphite.
nd Related Phenomena 173 (2009) 29–39 31

are quite different. In the case of diamond the energy gap of 5.5 eV
clearly shows up as a decrease of intensity almost to zero right after
the elastic peak. In graphite at 5 eV energy-loss a peak originating
from inter-band transitions extending up to the Fermi energy can
be distinguished.

A line fit program [16] was used for the graphite spectra to sep-
arate the elastic line from the peak at T = 5 eV. The ambiguity of the
line shape results in a small error of a few percent in determining
the intensity of the elastic line. As a result we obtain for the ratio of
the thus separated and integrated elastic peak areas Cel (D for dia-
mond, G for graphite) CD

el
/CG

el
= 1.43 ± 5%. This result will be used

in Section 4.1.
In Fig. 3 we also note broad, plasmon-like peaks displaced from

the elastic peak to higher binding energies or energy-loss by ∼35 eV
for diamond and ∼29 eV for graphite. Indications of the twofold
plasmon loss are also discernible, but towards higher loss ener-
gies the multiple losses rapidly merge to a structureless constant
level of intensity. The single measurable quantity is its amplitude
ac which, within the accuracy of our measurement, happens to be
the same for diamond and graphite. This intensity is entirely due
to the overlap of consecutive inelastic scattering events exciting
either collective modes or individual electrons in the solid. We shall
refrain from attempting to isolate plasmon peaks from this “back-
ground” as it was attempted in other evaluations. In our evaluation
the intensity of this region of overlapping energy-losses relative to
that of the elastic peak can profitably be exploited as will be shown
in detail in Section 4.4.

4. Photo excitation and electron transport

The photoelectron emission process can be broken down into
individual steps, i.e., (1) primary photoabsorption, (2) emission
from the atom, where the atom with its core hole including the
surrounding solid can be left in its completely screened ground
state (elastic line) or in an excited state which gives rise to “intrin-
sic” losses, (3) transport through the material during which the
electron can be scattered elastically or inelastically giving rise to
individual or collective excitations such as e.g. plasmons and single-
electron excitations, and (4) the transport through the surface of
the medium which can give again rise to excitations, in particular
surface plasmons.

There are two shortcomings of this four step model, which we
like to mention although they will have only a minor influence on
our result. Atoms excited very close to the surface are screened
differently than those excited in the bulk. This gives rise to spe-
cific intrinsic surface losses, but at our high electron energies with
IMFPs of the order of 100 Å this gives only a small contribution to
our spectra (even at the emission angle of 45◦ in our experiments).
In addition, their excitation will compensate in the overall inten-
sity budget to a large extent the corresponding reduction of intrinsic
volume losses for these atoms. The second point is that we neglect
interference between intrinsic and extrinsic excitations. In a clas-
sical picture interference is best understood the following way. In
the initial stage of separation of the electron from the hole the field
is a weak dipole field. A dipole field is the classical “interference” of
two separate Coulomb fields from two opposite charges. At larger
distances the two charges are screened individually. Thus the large
mean free path reduces the effect of interference already. Further,
quantum mechanical interference can only occur when the final
state is the same for two different channels of excitation. There-

fore, only those extrinsic losses originating from electrons excited
by the elastic line can interfere with the intrinsic losses because
only for them will the final state energy be the same. We are going
to quantify this fraction of extrinsic losses later and will find that it
is <1/2. There is a host of publications on intrinsic excitations and
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nterference [17–23]. It was already pointed out in Refs. [17–19] that
nterference becomes weak in the sudden approximation (at high
nergies).

.1. Excitation and energy-loss at high kinetic energies

Due to our high primary electron energies, we may assume that
he collected electrons have propagated without significant devi-
tions from the direction of acceptance of the lens of the analyzer
being a small cone of 6◦ opening angle). Thus, we assume that in the
rst few elastic- and inelastic-scattering processes paths with large
ngular deviations contribute negligibly. This situation should hold
t least for the electrons in the ∼110 eV interval of energy-loss of
ur spectra. The validity of this assumption will be justified further
elow (see Appendixes A and C).

The elastic C 1s lines are the only features easily discernible in
he spectra. They are a part of the primary excited electrons. As a

atter of fact, Doniach–Sunjič satellite excitations [24], which are
ue to rearrangement of states at the Fermi surface, and phonon
xcitations cannot be separated from the elastic line, but this does
ot influence our analysis. All electrons (and therefore also those
riginally in the elastic peak) penetrate the surface only once and
nly a fixed small fraction of them (<10% at ∼8 keV (see Appendix
) undergoes energy-loss due to surface excitations (e.g. surface
lasmons). For the interpretation of the intensity of the elastic line
lone, we need to know the fractional decrease in intensity due
o surface plasmon excitation. But surface loss contributions are
mall (see Appendix B) and therefore any corrections are of minor
mportance here. This will be discussed later, while in the following

e start with an analysis of the overall intensity of the primary line
nd single and multiple extrinsic energy-losses.

The integrated count rate in the detector from a particular pri-
ary photoelectron emission (n = 0) or its nth extrinsic energy-loss

ontribution is given by

n = Nph × Aan × �At × �in × p(�, ϕ)

∫ ∞

0

dxPn

(
x

�in cos ˛

)
, (1)

here Nph is the flux of photons on the sample, Aan is the acceptance
nd efficiency of the electron analyzer (we refrain from analyzing
he geometry in detail, since later it will drop out in our relative

easurements), �At (here �G and �D) is the volume density of atoms
iving rise to a particular line, �in is the sub-shell ionization cross-
ection (the index stands for “inelastic”), p(�,ϕ) is the anisotropy
arameter (see below) and �in is the IMFP of the electrons, which

n our case of ˛ = 45◦ escape angle to the surface normal gives rise
o the effective escape depth tin = �in cos(˛) and Pn is the probability
hat an electron, which reaches the surface after having under-
one n extrinsic energy-losses, originates from depth x. Since the
enetration depth of the X-rays is much larger than �in, the photo-
lectron excitation density is constant over the relevant depth and
nly Pn(x/ti) depends on x. The IMFP �in varies only slowly with
lectron energy and we treat it as constant considering the small

ariation of T compared to the initial energy E = 7716 eV. Thus, Pn is
iven by the Poisson distribution

n

(
x

tin

)
= (x/tin)n

n!
exp

(−x

tin

)
(2)

able 1
arameters and IMFPs for diamond (D) and graphite (G). �At = atomic density, Tp = plasma

2 3 4 5

�At (1028/m3) Tp (eV) T1 (see Eq. (18)) Cel (fro

17.6 31.2 36.7
11.4 24.9 24.9

/G 1.54 1.43 ± 5
nd Related Phenomena 173 (2009) 29–39

Then∫
dxPn

(
x

tin

)
= tin = �in cos(˛) (3)

is valid for all n. Thus according to Eq. (1) the yields Cn of elec-
trons which have encountered zero (the primary line) or n extrinsic
energy-losses are all the same.

The angular anisotropy of the photoemission process [25] is
taken into account by the correction factor p(�,ϕ) for an electron
emitted in the direction of the spectrometer, which is described by
angles � and ϕ relative to the polarization and propagation direc-
tions, respectively, of the incident photon (see e.g. Fig. 3 of Ref. [14]).
In our case � = 45◦ and ϕ = 180◦. For 8 keV photons p = 0.78 with the
parameters taken from Refs. [26,27]. However, since it is an atomic
property it cancels out when comparing diamond to graphite. The
fact that it is close to the isotropic average p = 1 is helpful for our
method of analysis in case different elastic-scattering probabili-
ties in the two materials would cause differences in the small but
relevant angular deviations from the reference direction.

In comparing the spectral intensities of diamond (D) to those
of graphite (G), we eliminate the unknown but constant geometri-
cal factors. In addition the atomic ionization cross-section and the
asymmetry parameter are the same and cancel out as well. Thus we
obtain:

�D
in

�G
in

= �G
At

�D
At

× CD
n

CG
m

. (4)

While this is valid for the few orders of loss n (for diamond) and
m (for graphite), which we consider, it is impossible to distin-
guish in the spectra the contributions originating from consecutive
energy-losses, n, m ≥ 0 since they rapidly merge into a featureless
background. Determination of the intensities (n = m = 0) of the pri-
marily emitted 1s photoelectrons (primary spectrum) is also not
possible since it would require knowledge of the intrinsic part.
However, we can calculate CD

0 /CG
0 under the assumption (as we did

in a previous investigation [14]) that Cel (the integral intensity of
the elastic line) is a material-independent constant fraction of C0.
Thus, when inserting into Eq. (4) CD

0 /CG
0 = CD

el
/CG

el
= 1.43 ± 5% from

Fig. 2 and �D/�G = 1.54 we obtain �D
in

/�G
in

= 0.93 (Table 1). We reit-
erate that this result is obtained under the additional assumption
that surface losses reduce the intensity of the elastic line by the
same fraction in both materials.

4.2. Energy-loss spectra

The total electron spectrum consists of the primary spectrum
and electrons which experience subsequent extrinsic energy-
losses, due to collective and single-electron excitations, while
traversing the material. In addition, all electrons (elastic and inelas-
tic) excite surface modes while escaping through the surface. As
can be seen in the spectra of Fig. 3, a practically constant intensity
distribution is produced after about just two to three consecutive

energy-losses. There is, however, useful information contained in
the magnitude ac of this background resulting from the overlapping
multiple energy-losses.

We denote the energy-loss distribution function of an electron
of kinetic energy E losing energy T in an extrinsic process as w(E,T)

energy, T1 = oscillator in Eq. (18), Cel = intensity elastic peak, �in = IMFP.

6 7 8

m Fig. 2) Cel (from �in) �in (see Eq. (19)) �in (after [9])

91.4 96.8
92.1 96.1

% 0.93 0.99 1.01



C. Kunz et al. / Journal of Electron Spectroscopy a

Fig. 4. Schematic contributions to the different processes contributing to the overall
energy-loss spectrum (see Eqs. (7) and (8)). I0(T) is the excitation spectrum including
energy spread of the exciting photons, core hole life-time width, phonon excitations
and Doniach-Sunjič [24] excitations; u(T) is the complete primary emission spectrum
with elastic (1 − x) and intrinsic (x) contributions; s(T) is the surface loss spectrum
(including the (1 − y) no-loss line) producing surface losses with probability y (see
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ppendix B); w(E,T) (n = 1) is the extrinsic energy-loss distribution with its multiple
osses (n = 2, 3. . .) obtained by convolution. The ı-function corresponds to escape

ithout extrinsic loss. The overall spectrum will then be obtained as the convolution
f all four contributions

here E is the kinetic energy of the electrons and T the energy-loss.
s a probability distribution it is normalized

E

0

w(E, T)dT = 1. (5)

he mean extrinsic energy-loss is given by

T〉in =
∫ E

0

Tw(E, T)dT. (6)

n order to illustrate the following procedure schematically we refer
o Fig. 4. We consider the overall spectral intensity generated by a
eries of convolutions of different functions, where the first three
n Fig. 4 concern processes which occur only once. These result in

spectral function I(T) which is the primary spectrum including
urface losses. I(T) is generated in the following way:

(T) = I0(T) ⊗ u(T) ⊗ s(T). (7)
ere I0(T) is a narrow line whose intensity is determined by Eq.
1) primarily by the cross-section �, the density of atoms �At and
he number of impinging photons before any secondary processes
ccur. Photon density and collection efficiency of our electron
nd Related Phenomena 173 (2009) 29–39 33

analyzer can be considered as a common scale factor to all our
measurements and does not need to be known. For practical rea-
sons we include in I0(T) broadening due to the energy width of the
exciting photons, the resolution function of the electron analyzer,
the core-level life time (eventually the Doniach–Sunjič profile [24])
and phonon broadening. The distribution u(T) represents the pri-
mary distribution of electrons as emitted at the site of the atom.
It consists of a zero loss ı-function elastic line and, separated from
the elastic line, all the satellite structures due to the incomplete
screening of the core hole (intrinsic losses).

The commutability of convolutions allows us to include the exci-
tation of extrinsic surface modes s(T) here although actually in the
chain of events it is the final process. It consists of a no-loss ı-
function line and the inelastic surface loss spectrum. Because it
is an extrinsic process it does not belong to the primary line. But
again each electron is penetrating the surface only once and thus
subject to this process only once. Even if we could excite multiple
surface losses at grazing incidence this would not matter and would
completely be included in a single probability distribution function
s(T). Here s(T) consists of a no-loss ı-function line and the inelas-
tic surface loss spectrum of weight y = 0.07 (see Appendix B). Both
probability distributions u(T) and s(T) are normalized to unity and
thus do not alter the integrated intensity of I0(T), they only spread
it out on the energy-loss scale T.

Since E is much larger than 〈T〉in it is safe to consider not only
�in but also the shape of w(E,T) as having negligible E-dependence
[6]. Thus E is a fixed parameter in the following and we obtain the
overall intensity spectrum as

Itot(T) = I(T) + I(T) ⊗ w(E, T) + I(T) ⊗ w(E, T) ⊗ w(E, T) + ..

=
∑
n=0

I(T) ⊗ ı(T)(⊗w(E, T))n . (8)

With the normalization of w(E,T) (see Eq. (5)) Eq. (8) is consistent
with Eq. (3) which gives equal weight to all orders n of energy-loss
in our experimental geometry. Note that the ı-function in the last
term is obsolete here, but we need it to be consistent with Fig. 4,
where we show the convolutions of Eqs. (7) and (8) separated into
their individual components.

According to the theory of convolution, the mean of the nth
convolution is n × 〈T〉in and is shifted relative to the mean

〈T〉I =
∫

I(T)TdT∫
I(T)dT

(9)

of I(T) by this amount. 〈T〉I can be considered as a natural energy
reference for all extrinsic losses such that the mean of the nth
energy-loss is 〈T〉I + n × 〈T〉in. It is, however, a priori not possible to
determine 〈T〉I on the energy-loss scale in our spectra. The theory of
convolutions gives the additional result that the mean square devi-
ation from〈T〉I + n × 〈T〉in is proportional to n so that broadening is
proportional to

√
n.

The successive convolutions place increasingly broadened dis-
tributions of equal weight along the T-axis. These broaden and
merge into a continuum with constant amplitude ac. There has to
exist a �T such that

ac × �T = Cn = C0 =
∫

I(T)dT. (10)

It is tempting to set �T = 〈T〉in and to claim that the distributions are
placed equidistantly on the T-axis. While this appears intuitively
correct, caution is advised. It is not clear whether the mean of a

distribution, the median, or something else should be taken as the
center of the respective spectral weight which due to overlap leads
to a final smeared constant background. For symmetric distribu-
tions, the mean (center of “gravity”) is equal to the median (dividing
line where equal integrated intensities are on both sides). For
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symmetric distributions, the median deviates from the mean. We
herefore performed model calculations with several types of real-
stic asymmetric model distributions (having a tail towards large
) which showed that (1) the multiple losses rapidly merge into a
ackground of amplitude ac which satisfies Eq. (10) with �T = 〈T〉in,
2) the separation of successive medians converges rapidly to 〈T〉in,
ut (3) the positions of the medians may deviate from 〈T〉I + n × 〈T〉in,
ut the deviation will be less than 〈T〉in/2. Because of (1) we pro-
eed applying �T = 〈T〉in. We need then to know 〈T〉in in order to
etermine the Cn from Eq. (10).

.3. Extrinsic inelastic scattering

In order to estimate 〈T〉in we need to know the energy-loss proba-
ility distribution integrated over all allowed momentum transfers.
he starting point is the same as that usually applied to calculate
he IMFP see, e.g. [6]. The probability per unit path length for an
lectron with energy E to undergo an energy-loss T in an interval
T is

(E, T) = 1
�a0E

∫ q+

q−

dq

q
Im

−1
ε(q, T)

, (11)

here a0 is the Bohr radius, Im[−1/ε(q,T)] is the imaginary part of
he complete dielectric constant, the so-called energy-loss function,
epending on momentum transfer �q in the energy-loss process
nd on T; q is limited due to kinematics [6] to the region between
− and q+, with

± =
√

2m

h̄2
(
√

E ±
√

E − T). (12)

n integrating over all allowed energy-losses we obtain the inverse
MFP

−1
in

=
∫ E

0

dTW(E, T). (13)

he normalized distribution function of energy-losses already
ntroduced above in Eq. (5) is then

(E, T) = �in × W(E, T). (14)

his function often displays structural similarities to the so-called
ptical energy-loss function Im[−1/ε(0,T)], but it is different due to
ispersion (q-dependence) and angular (q-) integration as shown

n detail below and in Appendix A.
For momentum transfers much smaller than qc = 2�/rs where

s is roughly the inter-electron separation (rs ∼ 1 Å in our case),
m[−1/ε(q,T)] describes a predominantly collective response of the

aterial. For q > qc electron–electron scattering sets in with well
efined kinematics. This is characterized in the q–T-plane by the so-
alled Bethe ridge (see e.g. [28]) such that Im[−1/ε(q,T)] /= 0 holds
or large q only in the vicinity of T = q2/2m. We apply here a model
ue to Ashley [12] which extrapolates the optical energy-loss func-
ion Im[−1/ε(0,T)] to finite q and generates a smooth transition from
.g. the plasmon dispersion to the Bethe ridge. This model correctly
eproduces all the features we need. We neglect exchange effects
as e.g. in Ref. [8]). This is justified by our high electron energies.
he details of the derivation are given in Appendix A. We obtain

−1
in

= 1
2�a0E

∫
dT ′ Im

−1
ε(0, T ′)

ln
4E

T ′ (15)
nd

T〉in = �in

2�a0E

∫
dT ′ Im

−1
ε(0, T ′)

T ′ 2 ln
2E

T ′ , (16)
nd Related Phenomena 173 (2009) 29–39

while Im[−1/ε(0,T′)] has to obey the sum rule∫
dT ′Im

−1
ε(0, T ′)

T ′ = �

2
T2

p . (17)

T2
p is proportional to the density of the four valence-electrons/atom

(Tp is the bulk plasmon energy). This requires making use of a par-
tial sum rule in Eq. (17) where the upper limit of the integral is
the onset of the shallowest core transitions. Correctly, only univer-
sal sum rules are valid where the upper boundary of integration is
infinity and Tp is determined by the total electron density. For spe-
cific materials, however, as there are diamond, graphite and several
free-electron metals, like Li, Al, Mg, where there is a large bind-
ing energy separation of the valence electrons to the shallowest
core levels, the partial sum rule of Eq. (17) is a viable concept. Even
there the effective number of valence electrons may be somewhat
smaller than the actual number and needs to be determined from
optical data. In our case, the possibility to use the actual valence
electron density in Eq. (17) and to neglect core electrons altogether
in calculating �in from Eq. (15) is a consequence of the high C 1s
binding energy of 284 eV in conjunction with the universal sum
rule. The possibility to neglect core electrons in calculating 〈T〉in
from Eq. (16) needs more attention and is justified here by the fact
that the region of our analysis is confined to T < 110 eV, a region way
below that where core electrons are excited.

We note that the integral term in (16) is only marginally
determined by the spectral features of Im[−1/ε(0,T′)]. This is a con-
sequence of the sum rule (17), the integrand being modified only
by the slowly varying logarithmic term in (16). The major influence
on 〈T〉in is through �in. This prompted us to represent the whole
Im[−1/ε(0,T′)] function by a single ı-function centred at T1, whose
weight is constrained by the sum rule (17):

Im
[ −1

ε(0, T ′)

]
= �

2
Tp

Tp

T1
ı(T ′ − T1). (18)

With (18) we obtain from (15)

�−1
in

= Tp

4a0E

Tp

T1
ln

4E

T1
, (19)

and from (16)

〈T〉in = 2T1
ln 2E/T1

ln 4E/T1
. (20)

Tentatively we set in (19) now T1 = Tp, which for graphite yields �G
in

=
92.1 Å (Tp = 24.9 eV) and for diamond �D

in
= 75.9 Å (Tp = 31.2 eV).

For diamond, however, there must be T1 > Tp since, with a band gap
of 5.5 eV, spectral weight is missing at low energies. Therefore spec-
tral weight will move to higher energies. If we add the gap energy
linearly to Tp we obtain T1 = 36.7 eV yielding �D

in
= 91.4 Å . Thus,

with this simple model (Eqs. (18)–(20)) we obtain �D
in

/�G
in

= 0.99
and confirm within 6% the result �D

in
/�G

in
= 0.93 obtained in Section

4.1 from the ratio of the elastic lines under the assumption that the
elastic lines have the same proportion of the primary contribution
for both materials. We note in passing that the effect of the band
gap in diamond to reduce the efficiency of the valence electrons on
�−1

in
is in essence the same which renders core-electron scattering

unimportant.
Tanuma et al. [4] have analyzed the mean free paths of many

materials from 50 eV up to 2000 eV. In their attempts to combine
the results into a universal modified Bethe equation they noted
more recently [9] that graphite and diamond did not fit well into

their scheme. They re-analyzed these materials with better opti-
cal constants using a method developed by Penn [11] quite similar
to that of Ashley [12]. Their analysis, however, takes into account
the full shape of Im[−1/ε(0,T′)]. We insert their parameters “ˇ(opt)”
(corresponding to the fits at the high-energy end of their analysis



C. Kunz et al. / Journal of Electron Spectroscopy a

Fig. 5. The integral of the diamond energy distribution as a function of T. A linear fit
to the integral at large T is shown as a dash-dotted line. T0 is the intersection point
of the integral with the abscissa. If all structures were smeared out to the average
amplitude ac at high energies the spectrum would start with a step at T0. Regions
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f widths �T = 〈T〉in marked on the energy scale would then correspond to the
ontributions Cn , n = 0, 1, 2, 3, . . . (see Eqs. (1) and (9)). Also marked is the energy
f the “plasmon peak”. Note that it neither has to have the position of the plasmon
nergy Tp nor is its position that of the mean energy-loss 〈T〉in according to Eq. (6).

lose to 2000 eV) into their modified Bethe equation and obtain
G
i

= 96.1 Å and �D
in

= 96.8 Å for E = 7716 eV. These values confirm
erfectly the essential equality of the IMFPs in graphite and dia-
ond and, moreover, the absolute values of our model Eq. (19)

or �in to within 5%. The latter result is especially noteworthy
iven the simplicity of our approach. All values are summarized in
able 1.

.4. Intrinsic contributions

In Figs. 5 and 6 we show the integrated intensities from T to
10 eV as a function of the lower boundary T of the integral for
iamond and graphite, respectively. At the high-energy-loss end
he integrated intensity rises linearly due to the constant intensity
c in the spectra. The linear fit (dash-dotted line), which has the
ame slope for diamond and graphite, serves to find the energy T0.
t T0 the spectra would begin if all the structures in the spectra were
meared out to the constant level ac. The values are TD

0 = −14.5 eV
or diamond (Fig. 5) and TG

0 = −11.7 eV for graphite.
The interval covering the contribution C0 (Eq. (10)) of the

rimary excitation starts at T0 and like those of the following contri-

utions Cn is of length 〈T〉in. To repeat: the constancy of intensity ac

t the high-energy end together with our model calculations allows
s to set at high energies �T = 〈T〉in in Eq. (10). Once this is done, �T

s fixed for all orders n of energy-loss down to n = 0. Each interval

ig. 6. The integral of the graphite energy distribution as a function of T. Also the
ntegral over the subtracted “background” according to Fig. 2 is shown as a dashed
ine. For the other symbols and spectra see caption of Fig. 5.
nd Related Phenomena 173 (2009) 29–39 35

has its virtual center at

TC (n) = T0 +
(

n + 1
2

)
× 〈T〉in. (21)

Centering in this way has no other meaning than covering the con-
tributions Cn for n = 0, 1, 2, 3, . . . one after another with a continuum
amplitude ac obtained at large T. In principle, the exact position
of T0 and thus that of TC(0) is completely irrelevant for our anal-
ysis. With model calculations, however, we nevertheless wanted
to understand its relationship with the position of 〈T〉I according
to Eq. (9), where the primary intensity would be centered if one
could isolate it from overlap. What determines the position of T0
is a process occurring at larger n in a way not easy to determine,
especially with overlapping asymmetric probability distributions
w(E,T) not known in detail. Model calculations with simple asym-
metric functions w(E,T) (having a long tail to higher energies T)
showed that 0 < 〈T〉I − TC(0) < 〈T〉in/2. In Section 4.5 we shall come
back to this question and will try to estimate 〈T〉I − TC(0) from our
data in order to see if it stays within these limits. This is an exercise
to add confidence in our detailed understanding of the generation
of the continuum at large T.

The elastic peaks at T = 0 correspond to the steps of magnitude
CD

el
and CG

el
in the graphs of the integrated intensities in Figs. 5 and 6.

Their ratio has already been determined from Fig. 2 in Section 3. If
smeared to the level ac according to Cel = ac × �Tel these would cor-
respond then to intervals �TD

el
= 25.7 eV for diamond and �TG

el
=

18 eV for graphite. It is obvious that the �Tel cannot exhaust the
full �T from Eq. (10), which would require �Tel = 〈T〉in which is
larger than Tp (according to (20) with T1 ≈ Tp). This contradicts evi-
dence from the broad “plasmon” peaks (see Fig. 3) at ∼35 eV for
diamond and at ∼29 eV for graphite which allow at least for a rough
estimate of the plasmon energies Tp. We realize here already quali-
tatively that there need to be appreciable intrinsic contributions to
the primary intensities in addition to the elastic peaks.

Introducing now in Eq. (20) those values for T1, which have
produced very reasonable values for �D

in
and �G

in
we obtain 〈T〉D

in =
65.8 eV and 〈T〉G

in = 45.0 eV. Since all the intensities have to be
the same C0 = C1 = C2 = . . . + Cn we obtain from Eqs. (10) and (4)
�D

in
/�G

in
= (〈T〉D

in/〈T〉G
in) × (�G

At/�D
At) = 0.95 in close agreement with

the value derived from the ratio of the elastic peak intensities.
This becomes evident when determining now the intrinsic con-

tributions. We can write in terms of the equivalent energy intervals

Cel

Co
= �Tel

〈T〉in
(22)

and obtain CD
el

/CD
0 = 0.39 and CG

el
/CG

0 = 0.40. Within the accuracy,
with which we (and Tanuma et al. [9]) have determined the param-
eters defining 〈T〉in, the fractions of the elastic contributions to C0
(and thus, also the complements, the intrinsic contributions) are
practically the same for both materials. This justifies in retrospect
our simple evaluation of the relative �D

in
/�G

in
values from the elas-

tic lines alone in Section 4.1. Surface losses have no effect on the
integral primary loss C0 as a whole since they cause only a redistri-
bution of intensity. But they have diminished the integral intensities
of the elastic peaks by 7% (see Appendix B), for which a correction
is needed. Thus the true elastic intensity C ′

el
is 42% and intrinsic

losses Cint are 58% of the total primary excitation process C0 for dia-
mond, and 43% and 57%, respectively, for graphite. The results are
summarized in Table 2.

These results are astonishing on first sight since screening of the
hole and thus intrinsic losses should differ considerably between

an insulator and a semimetal. At second sight, however, one has
obviously to differentiate here between static and dynamic screen-
ing. The sudden creation of the hole acts on the material in the
same way as the fast moving electron, thus resulting in the same
mechanism and almost the same spectra for intrinsic and extrinsic
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Table 2
Intrinsic and extrinsic losses and IMFPs. 〈T〉in = mean extrinsic loss, Col. 3: C0 is proportional to 〈T〉in (after Eq. (10)), �Tel = elastic loss equivalent, C ′

el
=

elastic intensity corrected for surface losses, C0 = total primary intensity, Cintr = intrinsic intensity.

1 2 3 4 5 6 7

〈T〉in (see Eq. (20)) �in (from Col.2) �Tel (from Figs. 5 and 6) Cel/C0 = �Tel/〈T〉in C ′
el

/C0(Celcorr) Cintr/C0
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in
ited by T ≤ E. Already Bethe in his seminal paper [10] noted in his
atomic calculations that about half of the energy (here T) is trans-
ferred to fast secondary electrons. In this asymmetric function as we
mentioned already at the end of Section 4.2, the mean gives much

Fig. 7. Determination of the position of the mean 〈T〉I of the primary distribution for
diamond according to Section 4.5. This figure visualizes for diamond the individual
convolutions shown in Fig. 4. The intrinsic contribution cannot be separated from
the overall spectrum. But it can be visualized approximately (intr.) as a ∼58% copy of
the energy-loss region up to the first peak and a c/(T − b)2 tail to the higher T-region
65.8 25.7
45.0 18.0

/G 1.46 0.95 1.43

xcitations. Also in a good metal like aluminum the intrinsic energy-
oss leads to a peak at the plasmon energy. The dynamic metallic
esponse at the Fermi energy manifests itself in the Doniach–Sunjič
24] excitations, which, however, is included in the elastic
ine.

Note that our method provided these values from a very sim-
le analysis of the amplitude of overlapping contributions without
he need to disentangle the individual components except that of
he elastic peak. Several authors (see e.g. [21–23]) prefer to give
he ratio as intrinsic/extrinsic at the position of overlapping first
lasmon peaks. What they understand as “extrinsic” is different
rom our terminology. We do not want to go into the details of how
hese two contributions and multiple extrinsic energy-losses were
eparated by them. In their terminology our Cint would more or
ess represent the intrinsic plasmon. However, only those extrin-
ic plasmons which are excited by the elastic peak have an overlap
ith the intrinsic ones. Their intensity is equal to C ′

el
(Cel corrected

or surface losses) since only that part of the convolution of w(E,T)
ith the “primary” intensity I(T) in Eq. (8) which convolutes with

he elastic line superimposes at the first plasmon position. Thus
int/C ′

el
≈ 1.35 would be our result in their terminology. Yubero

nd Tougaard [21] obtained 0.65 for the intrinsic/extrinsic ratio for
he Al 2s excitation with 1130 eV kinetic energy, a value roughly half
f our result, however, in a different energy range with a different
aterial and another evaluation procedure. At this moment we are

ot aware of any results in the literature for materials similar to
urs.

.5. Overview of all contributions to I(T)

It is helpful to look at our spectra (Fig. 3) again from the point
f view of the generation of the primary distribution I(T) (including
urface excitations s(T)) from consecutive convolutions according to
q. (7) and Fig. 4. We visualize in Fig. 7 how we determine 〈T〉I taking
iamond as the example. We are only able to locate the mean 〈T〉I of

(T) (Eqs. (7) and (9)) and not the function I(T) itself because I(T) and
he extrinsic components are superimposed in the experimental
pectra. The intrinsic part in Fig. 7 is therefore only a rough sketch
f how it may look. Its details, however, are not known and need
ot to be known for the calculation of 〈T〉I from the means of its
onstituents.

We consider for our present analysis the total intensity to be nor-
alized to unity (ac × 〈T〉in = Cn = 1 in Eq (10)). The mean is obtained

s the sum of the means of all individual contributions. We start
ith diamond. The elastic line contributes 0 × (0.42–0.03) = 0. The

alue 0.42 stands for the primary elastic line; it has to be reduced
y 7% for the subsequent excitation of surface losses. Being aware
hat surface losses are typically located at around 0.7 the “bulk
lasmon” peak position (here 35 eV) we attribute to the surface

oss originating from the elastic line a contribution of 24.5 × 0.03.
ext the contribution from the intrinsic losses has to be estimated.

e assume here (in a reasonable approximation) that intrinsic and

xtrinsic losses have similar shapes. Intrinsic losses then have a
ean energy at a separation of 〈T〉D

in from the position of the elastic
ine. This leads to a moment of 〈T〉D

in × (0.58 − 0.04). The 0.04 term
tems again from the 7% reduction due to surface excitation and
0.39 0.42 0.58
0.40 0.43 0.57
0.98 0.98

reappears as a moment of (〈T〉D
in + 24.5) × 0.04. We sum up all the

moments and obtain for the position of 〈T〉D
I

〈T〉D
I = (〈T〉D

in × 0.58) + (24.5 × 0.07). (23)

With 〈T〉D
in = 65.8 eV we obtain 〈T〉D

I = 39.9 eV for diamond. Intro-
ducing for graphite 〈T〉G

in = 45 eV and 20.3 eV for the surface loss
energy we obtain 〈T〉G

I = 27.0 eV.
As we noted already in Section 4.4 following the discussion of

Eq. (21) the position of 〈T〉I differs from that of TC(0), the virtual
positions of the centers of “Region 0” in Figs. 5 and 6. In that case
we obtained TD

C (0) = 18.4 eV and TG
C (0) = 10.8 eV. As we mentioned

above, our model calculations with asymmetric energy-loss distri-
butions w(E,T) showed that the shift � = 〈T〉I − TC(0) should be less
than 〈T〉in/2, as indeed it is in both cases. For diamond, we find a
shift of �D = 21.5 eV compared to 〈T〉D

in/2 = 32.9 eV. For graphite the
shift is �G = 16.2 eV compared to 〈T〉G

in/2 = 22.5 eV. The results are
summarized in Table 3.

From an intuitive point of view it is difficult to accept that the
mean of w(E,T), the mean first extrinsic energy-loss, is shifted from
the elastic line to an energy 〈T〉I + 〈T〉in, which lies well above the
“plasmon” peaks in the spectra. This, however, is understood in
looking at Eq. (26) in Appendix A, which shows that w(E,T) falls
off at high energies T as T−2 and thus the integrand in calculating
〈T〉 falls off as T−1. This integral would diverge if T was not lim-
with appropriate constants c and b. The actual shape is not relevant for the determi-
nation of 〈T〉I . The only approximation made is that the intrinsic and extrinsic spectra
have similar shapes. The individual contributions (elastic (EL), intrinsic (INTR), with
surface losses (EL′ , INTR′)) are shown with their relative weight as columns at the
mean positions determined from our analysis (see Section 4.5). 〈T〉I is then the mean
of the individual means according to Eq. (21) and Tables 2 and 3.
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Table 3
Consistency check for the shift � of T0 + 〈T〉in/2 relative to the mean of the primary distribution including surface losses 〈T〉I (see also Fig. 7), T0 is taken from the extrapolations
in Figs. 5 and 6.

1 2 3 4 5 6
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T0 (from Figs. 5 and 6) 〈T〉in/2 (eV) 〈T〉
−14.5 32.9 39
−11.7 22.5 27

eight to the long high-energy tail. If we were only interested in
he distribution of spectral density, a quantity like e.g. the median
ould be more appropriate. Then the integral over the spectral den-

ity w(E,T), which in essence determines 1/�in, converges well even
f the upper boundary was infinity and the median of I(T) comes to
ie at lower energy.

In the analysis of the succession of multiple energy-losses, the
ean 〈T〉in rather than the median or any other quantity allows eval-

ation of the spectra in a mathematically simple form. The sequence
f multiple “plasmon” peaks, for example, as they show up espe-
ially in a free-electron metal like Al (see e.g. [23]) convey the feeling
hat their separation would represent the frequency of contribu-
ions of equal weight to the spectrum. But we have to consider
(E,T) there as a sum of two parts, the peak-term and the dispersed
igh-energy “tail”-term. It is easily shown that in repeated convo-

utions the peak will broaden and repeat with the period of its loss
nergy superimposed on an increasing “background” originating
rom the “tail”-term.

. Summary and outlook

We have measured the excitation spectra of the C 1s level excited
y 8 keV photons over a range of ∼100 eV in diamond and graphite.
his is an energy range in which intrinsic, extrinsic and surface
nergy-losses overlap and merge. Nevertheless we were able to
xtract from the spectra the information on the intrinsic contri-
utions and the IMFPs.

Diamond has a density 1.54 times that of graphite. In spite of this
arge difference, the IMFPs for the 7716 eV photoelectrons are prac-
ically the same in agreement with calculations of Tanuma et al. [9]
or much lower energies determined from optical constants. Eval-
ation of the ratio of the integrated intensities of the elastic lines
ives �D

in
/�G

in
= 0.93 ± 5% and correcting for the small difference

n intrinsic contributions gives �D
in

/�G
in

= 0.95. With the parame-
ers used in the equations deduced from Ashley’s model [12] we
btain �D

in
= 91.4 Å and �G

in
= 91.1 Å while the extrapolation from

he values of Tanuma et al. [9] gives �D
in

= 96.8 Å and �G
in

= 96.1 Å ,
ll in very good agreement. The fact that the two materials with an
lectron density ratio of 1.54 nevertheless have the same IMFPs is
xplained by the fact that the energy gap in diamond pushes oscil-
ator strength to higher energy which reduces its effectiveness in
he energy-loss function.

From the continuum level at which multiple extrinsic energy-
osses merge we find for both diamond and graphite that the elastic
ine (that leaving the 1s hole completely screened, i.e., in its low-
st excited state) is only 42% and 43%, respectively, of the primary
xcitation. The remaining fraction, 58% for diamond and 57% for
raphite, is exciting intrinsic energy-losses (those due to incom-
lete screening of the hole charge). At first sight, a value of almost
0% for intrinsic excitations may appear large but one should not
orget that for our high X-ray energies the sudden approximation

s valid. Intrinsic losses are only a special class of satellite struc-
ures and there are sufficient examples in the literature where
atellite lines dominate the spectra and the well screened hole-
tate almost disappears. Here we deal mainly with an extra-atomic
ole-screening due to the surrounding medium.
(25)) T(0) = T0 + 〈T〉in/2 (from (21)) � (from Cols. 4,5)

18.4 21.5
10.8 16.2

Further, the equality of the intrinsic fractions in diamond and
graphite was unexpected since hole-screening should differ in a
semimetal from that in an insulator. The clue is that dynamical
screening is the process which matters here. This is governed by the
same energy-loss function which determines also the IMFPs while
the dynamic contribution from the metallic character of graphite
is manifest in the Doniach–Sunjič [24] line shape. This is, however,
in our evaluation included in the elastic line. Our results and the
relevant parameters are summarized in Table 2.

Our method of evaluating the continuum to which multiple
energy-losses merge is likely to be of more general interest. It
will, hopefully, be applicable also to other materials. At the kinetic
energies of high-energy X-ray photo emission spectroscopy (HAX-
PES) we are in a regime where a quasi-unidirectional electron
trajectory is a good approximation. This situation leads to a sim-
ple one-dimensional model of consecutive inelastic events. This
approximation is valid as long as the number of inelastic scatter-
ing events is not too large and if large-angle elastic scattering can
be neglected (see Appendix C). The spectral region for which our
analysis is applicable will be material dependent. A simple analysis
allows interpretation of the constant intensity to which the first few
characteristic energy-losses rapidly merge. The additional informa-
tion needed is the mean energy-loss 〈T〉in taken over all momentum
transfers (which translates into an average over all the allowed rel-
evant scattering angles). In the determination of 〈T〉in we profited
indirectly from the IMFP analysis at lower energies of Tanuma et
al. [9]. 〈T〉in can be determined directly from optical constants mak-
ing use of the simple equation (16). As for diamond and graphite
it should be possible also for other materials to approximate 〈T〉in
with the help of sum rules (see Eqs. (18)–(20)). We hope that this
method will contribute to a better appreciation of the information
otherwise usually ignored as “background”.
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Appendix A. Derivation of W(E,T) from the Ashley model

Here we proceed from Eq. (11) with the following reasonable
model function due to Ashley [12] which serves to extrapolate the
optical energy-loss function into the q > 0 regime:

Im
−1

ε(q, T)
=

∫
0

dT ′ T ′

T
Im

−1
ε(0, T ′)

ı

(
T − T ′ − h̄2 q2

2m

)
. (24)

The optical energy-loss function Im[−1/ε(0,T′)] falls off rapidly
for T′ � Tp with Tp, the plasmon energy. Then the ı-function deter-
mines the Bethe ridge behavior due to electron-electron scattering
at large q. There the 1/T factor in Eq. (23) adds another 1/q2 factor
to the integrand of Eq. (11), which makes angular scattering fall off

rapidly as 1/q3. At our energy of ∼8 keV, the transition from a 1/q to
a 1/q3 behavior occurs at qc, which corresponds to ∼6◦ scattering
angle. Most of the scattering events should therefore occur within a
cone of this opening angle. As long as the consecutive inelastic scat-
tering contributions are predominantly concentrated within a cone
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f 25◦, the linear model should hold since cos(25◦) > 0.9. Depend-
ng on the details of angular scattering this result may hold for up
o ∼10 inelastic scattering events. Elastic scattering is treated in
ppendix C.

We note further that Eq. (24) is a valid extrapolation of the optical
nergy-loss function to all q since it fulfills the response function
um rule independent of q (see e.g. [29]):

0

TdT Im
−1

ε(q, T)
=

∫
0

TdT

∫
0

dT ′ T ′

T
Im

−1
ε(0, T ′)

ı

(
T − T ′ − h̄2 q2

2m

)

= �

2
T2

pZ, (25)

rovided that also Im[−1/ε(0,T′)] obeys the sum rule. Here TpZ is
he plasma energy calculated with all Z electrons of the atom in
ontrast to the plasma energy Tp calculated with the four valence
lectrons (see the discussion on partial sum rules following Eq. (17)
n Section 4.3). Introducing Eq. (24) into Eq. (11) and making use of
he ı-function in the integration over q and some rearrangements
e obtain

(E, T) = 1
2�a0E

∫
dT ′ Im

−1
ε(0, T ′)

T ′

(T − T ′)T

× �
(

T − T ′ − T ′

4E
T ′

)
�(−T + E). (26)

he �-function is 0 for negative arguments and 1 otherwise. It trans-
ers the q− lower boundary (see Eq. (12)) of the q-integral for T′ � E
o T and restricts W(E,T) necessarily to the region T ≤ E. As men-
ioned above, we use the Ashley model without exchange, which
s justified because of the large E in our application. For carbon
ompounds, Im−1/ε(0,T′) falls off roughly as T′−4 [30] in the region
0–270 eV, and thus the contribution of the 4 valence electrons is
ractically exhausted before the onset of the 1s transitions. As a
onsequence, according to Eq. (26) W(E,T) falls off to higher ener-
ies as T−2. In integrating over T and interchanging the integrations,
e obtain Eq. (15) and in the next step also (16).

ppendix B. Surface excitations

Surface plasmons are well established excitations of electrons
enetrating the solid-vacuum interface of free-electron metals
31,32]. Such excitations will also occur in other materials. The
brupt change in dielectric response will also allow periodic surface
aves with exponential damping perpendicular to the surface. In
ur case, the characteristic resonance character found in the spectra
f ideal metals will be missing. It appears to be safe to assume that
urface modes will at most be excited with the same probability
r rather a lower one than in ideal metals due to higher damping.
general treatment for any material, provided the dielectric func-

ions are known, is given in Refs. [20,33]. For free-electron metals,
he material independent probability Psur to excite a surface plas-

on at a single surface is given by Richie [31] and Stern and Ferrell
32] as

sur = 5.8√
E(eV)

(27)

or E = 7716 eV, we obtain Psur = 0.066. Thus ∼7% of the intensity of
he elastic peak is exciting surface losses. We consider this to be an
pper limit for our materials.
ppendix C. Angular spread of elastic processes

Electrons undergo elastic and inelastic scatterings. In Appendix
we have found that for several inelastic scattering events (n = 5,

p to 10) the bulk of the trajectories will not deviate by more than
nd Related Phenomena 173 (2009) 29–39

25◦ from a straight line. Elastic scattering, however, can change the
direction of the electron trajectory.

For the purpose of our analysis, the elastic scattering-cross-
section for electrons �el is essentially that of atomic C and thus
can be taken to be the same for both our materials. But the elastic
scattering length �el is given by �−1

el
= �At × �el and is thus larger

by a factor of 1.54 for graphite compared to diamond. For light ele-
ments �el is close to the inelastic ionization cross-section �in for all
energies above ∼50 eV [6]. Indeed from the NIST data base SRD 64
[34] we obtain �el = 113 Å for graphite and 73 Å for diamond, while
�in ∼ 100 Å (all for E ∼ 8 keV). For heavy elements �el is even larger
and thus �el is even smaller than the IMFP. However �el is not quite
the relevant quantity. Especially at high energies the angular dis-
tribution of elastic scattering is prominently peaked in the forward
direction and peaking is more and more pronounced with increas-
ing electron energy. Forward scattering does not cause appreciable
deviations of the straight electron path and also thus does not
alter significantly the original anisotropic angular distribution of
the photoelectrons.

In transport theory, the non-forward scattering is characterized
by the so-called transport mean free path (TMFP) �tr (see e.g. [6]).
For graphite we obtain from the NIST data base 64 [34] �tr = 9000 Å
at 8 keV. The TMFP is about two orders of magnitude larger than
the IMFP. In the definition of �tr the term (1 − cos(ϕ)), the loss in
directionality, is averaged over the full range of scattering angles.
The direct effect of �tr for the break-down of our one-dimensional
model is not easy to quantify. The availability of differential elastic-
scattering cross-sections, however, allows analysis of the scattering
in detail. For graphite, ∼50% of the electrons are scattered within a
cone of∼3◦, and 70% within a cone of∼5◦. The mean free path for not
being scattered beyond 20◦ is 2500 Å and not beyond 45◦ is 5600 Å.
Thus only about 4% of the electrons within one inelastic scatter-
ing length of ∼100 Å will undergo angular smearing beyond 20◦

due to elastic scattering. Because of the higher density of diamond
(�D/�G = 1.54) 6% of the elastic electrons would undergo scattering
beyond 20◦ for diamond within the 100 Å. The deviation of the elec-
tron paths from straight lines needs to be only roughly estimated
here. Within the n = 3 scattering lengths, which are relevant in our
experiments, 84% of the electrons will remain inside the cone of
20◦. For heavier elements, the elastic scattering may, however, limit
a one-dimensional analysis and the influence of elastic scattering
needs a more detailed attention depending on the elements in the
sample.

In addition, differences between diamond and graphite in angu-
lar averaging over the anisotropic photoemission cross-section
�in × p(�,ϕ) (see Eq. (1)) are also negligible.
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