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The cross section for a fast electron to lose energy fiui when

passing through a thin solid sample is given by: *• '

d2a 4-ft c , .
J—zr?=c = r Sfq.oj)
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where a = the Bohr radius, q = the momentum transfer and S(q,uj)

is the usual dynamic structure factor. The difference between this

result and the corresponding one for neutrons is in the pre-factor

which is proportional to the fourier transform of the coulomb

interaction between the electron and any fluctuating charges in

the sample. Most work to date has been done on electronic excita-

tions, which I will deal with here. In the past few years however

improved energy resolution has allowed surface phonons to be studied

in a reflection geometry. This field is growing rapidly and is

likely to provide increasing overlap with inelastic neutron

scattering in the future. *• ̂

A typical high energy inelastic electron scattering (IES)

spectrometer operates in the following manner. *• -1 Electrons from

a cathode pass through a monochromator to reduce the energy spread

of the electron beam. The beam is then focussed by a series of

lenses into an accelerator tube and through a thin film sample.

The electrons are then decelerated back to low voltage where their
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energy can be determined by an analyzer. In this way the energy

width of the beam is completely decoupled from the kinetic energy

the electrons have as they pass through the sample. A high beam

energy at the sample is valuable in reducing multiple scattering.

One advantage of this type of spectrometer is that it is

"self calibrating" in that the electron energy loss is determined

by offsetting the potential of one end of the spectrometer relative

to the other. This offset can be provided directly by a commercially

available high precision voltage calibrator with accuracy in the

parts per million range. Here we present some examples which among

other things illustrate the usefulness of this feature. We will

be comparing absorption spectra with an inverse process, in this

case a soft x-ray emission spectrum. Measuring a transition (or

reaction) and its inverse have proved important many times in the

recent history of science.

Consider for example the q = 0 IES (or photon absorption)

spectrum for highly ordered pyrolytic graphite (HOPG) near the

IS core threshold. The IS electron makes a transition into p-like

states centered on the excited atom near threshold. These states

are the v band electrons formed from atomic 2p electrons with

lobes perpendicular to the hexagonal planes. The TT band is a

nearly two dimensional metallic band with density of states increas-

ing from nearly zero at the Fermi energy linearly with energy both

above and below Ep.

An immediate question is what sort of excitonic enhancement

occurs near threshold in absorption? In an insulator a bound state

can occur with continuum strength enhanced well above threshold.
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In a typical three dimensional simple metal absorption near threshold

(41can be enhanced by the MND anomaly. v J Two model calculations have

appeared in the literature dealing with the case of HOPG. Mele and

Ritsko treated the exciton as an impurity in an insulator with a

transfer matrix element to neighboring sites providing the width

of the line. ^ On the other hand, Wertheim derived a form of

continuum excitonic enhancement for a metallic model with density

of states varying as in HOPG which also gave rise to the observed

asymmetric shape of the C IS XPS line.l J In order to fit the

observed absorption shape it was necessary however to convolute

the excitonic shape with a gaussian broadening functic.i. Here

we discuss the physical origin of this broadening.

A careful fit to our measured IES cross section near threshold

has recently been carried out. Wertheim's model was convolufcd

with a gaussian and the parameters adjusted to minimize the x squared.

The parameter values obtained are:

EQ = 285.11 ± .01 eV

cr = 0. 366 ± 0.003 eV
a

a = 3.3 ± 0.3 eV"1

where Eo is the threshold energy for absorption, a the standard
a. 3

deviation of the gaussian and a is a parameter in the model.

A possible physical origin of the gaussian broadening is

coupling of the transition to phonons in graphite. The linear

coupling model, long used for color centers in the visible range,

can account for such a broadening and predicts a relation between
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the absorption broadening, emission broadening and mean energy

difference between absorption and emission, called the Stokes shift. •

For comparison with the absorption spectrum we wish to study

the inverse process in which a photon is emitted as a valence

electron makes a transition into the IS core level in HOPG. This

spectrum has recently been measured with a carefully calibrated

spectrometer. Let us begin by ignoring the effect of the core

on the emission shape. This is consistent with the recently

announced Final State Rule according to which it is the potential

of the final state which is important in developing a one-electron

model of the spectral shape. ' I n that case we use simply

the ground state density of states which varies linearly with E

below the threshold energy E . Convoluting this with a gaussian

and adjusting the parameters to fit the data we find:

E e = 2 8 4.0 ± 0.2 eV

oe = 0.5 8 ± 0.05 eV

c = -0.055 ± 0.002 states/el'""

where a is the gaussian standard deviation seen in emission and

c is the slope of the density of states below E .

The value of c obtained by fitting the data above can be

compared with the calculated value of c= -0.052 states/eV .

This is a remarkable confirmation of the Final State Rule for this

case and is the first quantitative support for this concept outside

the simple metals.

The Stokes shift, Eo - E = 1.1 ± 0.2 eV. In the linear
a e

coupling model this is given by 2S ftco where S is the average number
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of phonons created by the transition and Ha) is the mean phonon energy.

In graphite the in-plane breathing mode phonons which are the ones

likely to couple strongly to the transition have an energy of
(12)

0.21 eV. This yields S = 2.6 ± 0.5. According to this model

the absorption broadening is given by a = S(!$ii>) coth(^-)- This

yields S = 3.04 + 0.06, somewhat larger than but within the

uncertainties of the Stokes shift value.

In the case of color centers, usually o^ = a . If however the
a e

lifetime of the excited state is short enough, a can be larger than

aa as discussed by Mahan and Almbladh. I-
13'1 ' Almbladh finds,

a2 = a2 + A2
 + a

2

e a m

where A is a lifetime-dependent extra broadening and a- is an

instrumental broadening which we estimate to be 0.17 eV. The

parameter that determines A is r- where r is the Auger lifetime

broadening of the excitation and fiw is the relevant phonon energy.

Using McGuire's value of r *• and the above phonon energy we have

J = 0.3. Almbladh's result for A is then 0.43 eV. Our result,

using the above determined parameters is 0.42 ± 0.07 eV in

remarkable agreement with the expected value. According to this

model the Stokes shift should be reduced somewhat by the short

lifetime. Using the absorption value of S and reducing it as

described by Almbladh we find S = 2.7, quite close indeed to the

value obtained from the measured Stokes shift. So we see that

both the Final State Rule and the partial phonon relaxation model

are quantitatively supported by these measurements.
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