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I present a theory of the electron energy-loss spectra observed in x-ray photoemission
from the core levels of solids and report on calculations for the 2s and 2p core levels of
Al, Mg, and Na. The calculation takes intrinsic as well as extrinsic plasmons into ac-
count, and in all cases the agreement between theory and experiment is very good.

This Letter is concerned with the electron en-
ergy-loss spectra observed in x-ray photoemis-
sion spectroscopy (XPS) from core levels of sol-
ids. I present a theory of the XPS loss spectra
and report the first quantitative calculations of
such spectra. The calculations are carried out
for photoemission from the 2s and 2p core levels
of Al, Mg, and Na as well as for the Na 1s level.
In all cases the agreement between theory and
experiment is very good. A detailed understand-
ing of the electron energy-loss mechanisms in
solids is essential to answering the old question
of whether a particular spectroscopy measures
a bulk or surface property. It is also a prerequi-
site for quantitative surface analysis by photo-
emission or Auger spectroscopy.

The main features of a typical loss spectrum
of a free-electron-like metal are several peaks
centred at energies E, E,-7w,, E,- 27w, etc.,
where 7w, is the plasmon energy. The peaks rep-
resent electrons that have excited zero, one, two,
etc., plasmons prior to escaping from the solid.
Lundqvist® has suggested that an intrinsic proc-
ess may also be important, namely one in which
the core electron is photoexcited and simultane-
ously one or more plasmons are created by the
sudden appearance of the core hole potential.
This process results in photoexcited electrons
at energies centered at E,-%w,, E,- 27iw,, etc.,
and it is important to know what portion of the
loss spectrum is due to these intrinsic processes.
Lundqvist® suggested over 50% while a more re-
cent semiphenomenological analysis by Pardee
et al.? indicated 10% or less for Al, Mg, and Na.
The question has generated much controversy
and has yet to be decided by direct experiment.

I find the fraction of the first loss peak (the loss
spectrum between E -3 iw, and E , — 3 iw,) due
to intrinsic processes to lie between the esti-
mates of Lundqvist' and Pardee et al.?

Lucas, Sunjié, and Sok&evic® have used a mod-
el Hamiltonian that allows an exact solution to
study the loss spectra in solids and thin films.

However, the Hamiltonian takes only electron-
plasmon scattering into account and admits of
a simple solution only if the plasmons are dis-
persionless. I adopt a different approach based
on a three-step model*: (a) photoexcitation of
electrons, (b) transport to the surface, and (c)
escape through the surface.

(a) Electron photoexcitation: Photoexcitation
produces not only electrons centred at E; but at
E,~nw,, E,-2Rw,, etc., as well due to intrinsic
plasmon production. The entire group of elec-
trons constitutes the source distribution s(E)
which satisfies®®

SE)=(E,-E) [, dE's(E")aE’ -E), (1a)
where
a(w)= - %Eq %:f%,xm [——-——e (ql w)] , (1b)

and €(g,w) is the momentum- and energy-depen-
dent dielectric function of the solid, V, is the
core hole potential, and v,=4we?/q%. Equation
(1) is valid for E ,— E >»>7y,, where 7y, is the
width of the experimental no-loss line centered
at E,. s(E) is obtained for all energies by taking
it to be the experimentally observed no-loss line
for E > E,-E,, where E ~ 37w, and solving Eq.
(1a) for s(E) at energies E <E,-E,.

It is implicit in Eq. (1) that the photoexcited
electron does not interfere with the core hole po-
tential, however, recent work by Chang and Lang-
reth” suggests such an interference effect is im-
portant and can be viewed as a reduction of the
intrinsic plasmon production determined by Eq.
(1). The predicted reduction based on a model
which neglects electron-hole excitations and plas-
mon dispersion and broadening is roughly® 50%,
35%, and 20% for the 2s and 2p core levels of Al,
Mg, and Na, respectively, and 40% for the Na 1s
level. Nevertheless, I obtain very good agree-
ment between theory and experiment by the use
of Eq. (1).
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arbitrary units

COUNTS

secee =experiment Mg 2p
—— =theory

(no intrinsic plasmons)

KINETIC ENERGY  arbitrary units

FIG. 1, Electron flux vs energy. The dots denote the
experimental spectrum, the solid line is the theory,
and the dashed curve is the theory without intrinsic
plasmons. The highest peaks represent the no-loss
lines; the loss peaks are at lower kinetic energy. The
small bump between the no-loss peak and the first loss
peak is caused by energy loss to surface plasmons.

The precise reason why neglect of the interfer-
ence effect leads to such good agreement is not
clear at present and is currently under investiga-
tion. Until this point is clarified, it might be
prudent to regard my calculation of the intrinsic
plasmon contribution to the first loss peak as
somewhat tentative. I find it to be 26%, 36%, and
41% for Al, Mg, and Na, respectively. Neverthe-
less, it should be emphasized that the same esti-
mates are obtained by comparing the experimen-
tal spectra of Fig. 1 (dotted curves) with the pre-
dicted spectra in the absence of intrinsic plas-
mons (the dashed curves in Fig, 1). Thus the lat-
ter estimates rely on the calculation of the loss
spectra due to extrinsic processes as presented
in sections (b) and (c) and not directly on the va-
lidity of Eq. (1).

For free-electron-like solids, Im(1/¢) is non-
zero for two distinct regions of g space: a re-
gion corresponding to creation of electron-hole
excitations and a region corresponding to plas-
mon creation. In the electron-hole region € in
Eq. (1b) is taken to be the Lindhard dielectric
function, while in the plasmon region I use the
one-pole approximation

Im[1/€(g, w)]
=wlwT, /(0 = w2) + (wT)?], 2)

where 7w, is the plasmon energy and 7,is a meas-
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ure of the plasmon broadening.

For an unscreened core hole, V,=v,, but V,
can be estimated from experiment by assuming
V,=yv, where y is a constant to be determined.
Equation (1b) then yields an almost constant value
of a(w) for Zw <€ where € is the Fermi energy.
This agrees with work by Minnhagen and implies®
that a(w =0) equals the experimentally measured
singularity index o *P*, Setting @(0) = a**" de-
termines the constant ¥ and consequently a(w)
for all w, y is found to be 0.89, 0,88, and 0,91
for Al, Mg, and Na, respectively. In principle,
v is a function of ¢ and the validity of assuming y
to be constant has been verified by repeating the
Al 2p and Na 2p calculations using the expression
for V, determined by Minnhagen,®

The portion of the experimental loss spectra
due to surface plasmons is small as can be seen
from Fig, 1. Because intrinsic surface plasmons
are expected to comprise only a fraction of the
surface-plasmon loss peak, I felt their contribu-
tion to the loss spectra did not warrant the effort
required to include them in the calculations and
they have therefore been neglected,

(b) Transport to the surface: This is described
by the transport equation

OE) _ ()4 [dB p(EV(E)PEE), (32)

I(E)
where ¢(E) is the electron flux, P(E,E’) is the
probability per unit time that an electron is scat-
tered from E’ to E, and v(E) is the velocity of an
electron of energy E. The electron mean free
path, I, is given by

I(E) ™' =v(E) fe‘EdE 'P(E,E"). (3b)
Equation (3) is derived from a transport equation
used by Wolff® to account for multiple inelastic
scattering and follows from Eq. (5) of Wolff and
the following assumptions: (i) a steady state;

(ii) that ¢ is spatially uniform inside the solid
(this follows because [ is in the range 20-40 A,
which is very short compared to the x-ray pene-
tration depth but sufficiently large that the effect
of the surface on ¢ inside the solid can be ne-
glected); and (iii) that the electron scattering is
primarily forward at high energies. Ritchie e¢
al.™ and Langreth'! have used equations that are
equivalent to Eq. (3).

Equation (3a) states that the rate electrons are
scattered out of the state with energy E is equal
to the rate they are photoexcited into E plus the
rate they are scattered into E from higher-energy
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states. The integral Eq. (3a) can be solved nu- Equation (3) implies that the loss spectrum is
merically for ¢, once s and P are determined, essentially determined by P(E,E’)/ Ie”; dE"P(E,E"),
For free-electron-like materials, so the error in the calculated satellite intensities
W(E) (dq 1 caused by approximating € will be small compared
P(E,E")=——|— m[-———-—-—,—}, (4) to the error in P which I estimate™ to be on the
maE/ q elq, E-E")
order of 10% or less,
where a, is the Bohr radius. The core-electron () Escape thvough the surface: The observed
contribution to ! is determined by a method given flux outside the solid, S(E), differs from that in-
by Powell,!? side the solid because of scattering by surface
Jv plasmons. S(E) is given by
S(E) = p(E)[1 ~p 1(E) )+ Jp dE"9(EN[(E ")) “*p(E", E), (52)
p2(B) = L dBp(E, ). (5b)

Here p /(E) is the probability that an electron of energy E is scattered by a surface plasmon as it pass-
es through the surface, and p(E’, E) is the probability that an electron is scattered from energy E’ to E
(under the assumption of forward scattering). Equation (5) states that the flux outside the surface at
energy E is equal to the flux inside at E times the probability that these electrons pass through the
surface without scattering plus a term which represents the flux scattered into the state E from higher-
energy states.

The quantity p(E, E’) is obtained directly from an expression for the self-energy of an electron in the
presence of the surface.* The result of the calculation®® is

P(E,E") =(§7%a,E) " fdqq~ 2, d¢"y(q, ¢', E,E) Im[1+€] Y, (62)

¥(g, ¢',E,E") =[1—(sinf sindcos¢’ + cosd cos§)2] /2, (6b)
_(E -E'-12q%/2m)

cosd= AT 2V (6c)

where 6 is the angle between the direction the
electron is moving and the surface normal. In Eq. * )]=0 where the Lindhard dielectric function € is

—

(6a) Im[1+€]™* is approximated by the one-pole evaluated at an electron density appropriate to
expression of Eq. (2) with w,? replaced by 3 w2 the observed plasmon energy. The width of the
where 7w, is the surface-plasmon energy. This bulk plasmon is?+*32¢%; T1,,=0,9+1,334% Ty
approximation satisfies the surface sum rule.® =0.95+1.45¢% and I'y,=0.4 +2¢® where T is in
In the case of an electron traveling in a direction electron volts and g is in units of the Fermi mo-
normal to the surface (6 =0), neglecting ¢* in Eq.  mentum. From Ref. 12 and optical data,?' the

(6) and using the one-pole approximation result in  core-electron contribution to the mean free path
the semiclassical expression derived by Ritchie.'”  is 16%, 22%, and 36% for Al, Mg, and Na, re-

Thus Eq. (6) is the quantum-mechanical version spectively.
of Ritchie’s expression generalized to all values Since the XPS experiments were carried out on
of . Numerical evaluation of Eq. (6) gives the evaporated films, it is not clear what choices to
result p(E’, E; 8) ~p(E’, E; 6 =0)/cos6. make for the surface parameters; fortunately,
Input parameters.—The no-loss line shapes, surface-plasmon losses are a small fraction of
s(E) for E>E, - 3%iw,, are taken directly from the  the loss spectrum. From inelastic low-energy
experimental data of McFeely and Kowalczyk'® electron diffraction,?? the surface-plasmon dis-
for Al and Mg, and Citrin, Wertheim, and Baer!® persion and broadening for Al(111) are Zw,=10.5
for Na. The singularity indices are determined +3.4q, and T';=1.85+5.1¢, and I use these values.
by Citrin, Wertheim, Baer® to be 0.118, 0.135, For Mg, I use hiw,=7nw,M/V2 +(e:M8/e;4)3.4¢,
and 0.201 for Al, Mg, and Na, respectively. The  and I';=1.4+(e;8/e;*)5.1¢,, where the value
bulk-plasmon energies are®'*2 15,0, 10.8, and 1.4 is obtained from optical data.?' In the case of
5.69 eV for Al, Mg, and Na, respectively. The Na, any “sensible” estimate of Zw, and I'; produc-
bulk-plasmon dispersion is obtained from Re| €(g, es a theoretical surface-plasmon peak that is
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much larger than that actually observed. This
discrepancy is probably due to a very small and
unavoidable contamination of the Na surface by
oxygen.? In order to obtain a resonable fit to ex-
periment the electron—surface-plasmon coupling
was arbitrarily reduced by a factor of 2.5.

For Al 2p an increase of 10% in the bulk- and
surface-plasmon broadening as well as in a re-
sults in a decrease in R = (height of first loss
peak)/(height of no-loss peak) of less than 1% and
an increase in the intrinsic plasmon contribution
to the first loss peak to 0.29 from 0.26 while the
same increase of the plasmon broadening and a
decrease of 10% in a results in a decrease in R
of ™% and a decrease in the intrinsic plasmon con-
tribution to the first loss peak to 0.23.

The results of the calculation are compared to
experiment in Fig. 1. The good agreement be-
tween theory and experiment attests to the valid-
ity of the transport equation,®!* Eq. (3), in de-
scribing the energy losses due to extrinsic proc-
esses, It also lends support to the theory of in-
trinsic plasmon production as presented in Ref.

6 by Langreth.

I wish to thank F. R. McFeely, S. P. Kowalczyk,
P. H. Citrin, and G. K. Wertheim for providing
their experimental data, some of which are as
yet unpublished. I am grateful to C. J. Powell
and P, H. Citrin for valuable comments.

!B. I. Lundqvist, Phys. Kondens, Mater. 9, 236
(1969).

’W. J. Pardee, G. D. Mahan, D. E. Eastman, R. A.
Pollak, L. Ley, F. R. McFeely, S. P. Kowalczyk, and
D. A. shirley, Phys. Rev. B 11, 3614 (1975).

SA. A. Lucas and M. Sunjié, Prog. Surf. Sci. 2, 75
(1972); M. Sunjié and D. Sok&evié, J. Electron
Spectrosc. 5, 936 (1974).

‘c. N. Berglund and W. E. Spicer, Phys. Rev. 136,
A1030 (1964); P. J. Feibelman and D. E. Eastman,
Phys. Rev. 10, 4932 (1974). Treating processes (a)
and (b) as independent appears to neglect the interfer-

1432

ence effect between extrinsic and intrinsic events
studied by J. J. Chang and D. C. Langreth [Phys. Rev.
B 5, 3512 (1972), and 8, 4638 (1973)]. However, it has
been shown by D. C. Langreth [in Collective Properties
of Physical Systems, edited by Bengt Lundqvist and
Stig Lundqvist (Academic, New York, 1974)] that the
interference effect can be viewed as a modification of
the strength of the intrinsic process, thus justifying
the separation of processes (a) and (b). The separation
of processes (b) and (c) is based on the long electron
mean free paths which are in the range 20—40 A where-
as the influence of the surface extends only a few ang-
stroms into the metal.

°P. Minnhagen, Phys. Lett. 56A, 327 (1976).

®D. C. Langreth, Phys. Rev. B 1, 471 (1970),

"Chang and Langreth, Ref. 4.

83, W. Gadzuk, to be published.

’P. A. Wolff, Phys. Rev. 95, 56 (1954),

'R, H. Ritchie, C.J. Tung, V. E, Anderson, and J. C.
Ashley, Radiat. Res. 64, 181 (1975).

U angreth, Ref. 4.

20, J. Powell, Surf. Sci. 44, 29 (1974),

3D, Penn, Phys. Rev. B 13, 5248 (1976).

“4p, M. Newns, Phys. Rev. B 1, 3304 (1970).

5D, R. Penn, to be published.

163, 1. Gersten and N. Tzoar, Phys. Rev. B 8, 5671
(1973).

'R, H. Ritchie, Phys. Rev. 106, 874 (1957).

BF, R. McFeely and S. P, Kowalczyk, Ref. 1, and pri-
vate communication,

9p, H. Citrin, G. K. Wertheim, and Y. Baer, Phys.
Rev. Lett. 35, 885 (1975).

Ap, H, Citrin, G. K. Wertheim, and Y. Baer, private
communication.

', J. Hagemann, W, Gudat, and C. Kunz, Deutsches
Elektronen-Synchrotron Report No. SR-74/77, 1974
(unpublished).

23, C. Sutherland, E. T, Arakawa, and R. N. Hamm,
J. Opt. Soc. Am. 57, 645 (1967).

B, Aiyama and K. Yada, J. Phys. Soc. Jpn. 36, 1554
(1974).

%7, Kloos, Z. Phys. 265, 225 (1973),

%C. B. Duke and U. Landman, Phys. Rev. B 8, 505
(1973).

%p, H. Citrin, private communication. Oxygen is
leached out from the vacuum-sealed glass container of
the Na.



