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We describe an experimental technique that allows for the direct determination of the motion (i.e., the
momentum) of electrons in atoms, molecules, and solids. This (e, 2e) technique centers on a fast electron's
ejecting a second electron from a target. Precise spectroscopy of both electrons' final energies and mo-
menta provides very significant information on the second electron s initial state. Decades of past (e,2e)
studies on single-molecule states have now progressed into studies of condensed matter. The interpreta-
tion of these experiments is mediated in this colloquium by analysis of intermediate models in the form of
chainlike molecules.
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I. INTRODUCTION

The (e, 2e) technique has served extensively to study
wave functions of atoms and molecules. In these gas-
phase experiments a fast electron ( = 1 keV or higher}
scatters from an atomic or molecular electron, ejecting
that electron. The scattered and ejected electrons are
then detected in coincidence, and analyzed for their ener-

gy and momenta. These kinematically complete experi-
ments serve to determine the binding energy c. and the
momentum q of the ejected electron before the scattering
event, thus providing the spectral momentum density
~P(s, q)~ . Therefore (e, 2e) spectroscopy is often called
electron-momentum spectroscopy. For reviews of this
technique as applied to molecules see McCarthy and
Weigold (1991)or Coplan et al. (1994}.

A crystal is invariant under translations by a 1attice
vector. As a consequence the solution of the Hamiltoni-
an can be written as a Bloch function, i.e.,

y (r) eik ru (r) —g& ei(k+G} r

G

Here uk(r) is a function with the periodicity of the lattice
and can be expressed in a Fourier series with summation
over all reciprocal-lattice vectors G. The vector k is

called the crystal momentum. Thus an eigenfunction of
the Hamiltonian is a sum of components with wave num-
ber k+ G, and in principle each of these components can
be used as a label of the wave function. There are
difFerent conventions in use for plotting the relation be-
tween energy and crystal momentum. If the energy-
momentum relation is plotted for k+G in the first Bril-
louin zone only, the band structure is represented in the
reduced zone scheme. Alternatively one can plot the
energy-momentum relation for all k+G values, by re-
peating the structure of the first zone. This is called the
repeated zone scheme. Finally there is almost always one
component lt+ G in Eq. (1) that dominates the others. If
one plots the energy-momentum relation for the dom-
inant k+G component on1y, one uses the extended zone
scheme.

Under favorable circumstances the relation between
energy and crystal momentum can be measured for a sin-

gle crystal by angle-resolved ultraviolet photoelectron
spectroscopy. Here we explain the application of (e, 2e)
to solids and point out the major differences between the
measurement of momentum by (e, 2e) and of crystal
momentum by photoemission.

The relation between observations of (e, 2e) spectrosco-
py and the theory of the solid state has been understood
for quite some time (see, for example, Neudachin et al. ,
1968; Levin et al. , 1972; Gao et al. , 1988). In these
scattering experiments, based on energy and momentum
conservation, one measures the real momentum of the
electron. This insight has been a major impetus for
different research groups to develop (e,2e) experiments
on solids during the past 20 years. The first pioneering
experiments were carried out by Amaldi et al. in 1969,
followed by Camilloni et a/. i.n 1972, who were the first
to observe a momentum density, in this case for the core
state of solid carbon. These experiments were hampered
by poor energy resolution (+100 eV). Energy resolution
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714 Vos and McCarthy: Observing electron motion in solids

improved to I6 eV in the experiments reported by Persi-
antseva et al. (1979}. Further improvements by Ritter
and co-workers (1984) made it possible to resolve disper-
sion in the valence band of carbon with an energy resolu-
tion of 8 eV. The count rate was improved by Hayes
et al. using multichannel energy detection with a resolu-
tion of 4.5 eV. The present spectrometer using multiple
energy and multiple angle detection, as described by
Storer et al. (1994), again has a much improved count
rate and energy resolution (2 eV).

These spectrometer developments have led to a series
of new experiments with improved resolution and statis-
tics. The technique proved capable of addressing a range
of questions in solid-state physics. Vos et al. (1994) and
Cai et al. (1995a) measured crystal band structures.
Caprari et al. (1994) studied the ls core-level momentum
distribution of a carbon 61m. Application of this tech-
nique to disordered materials is of special 'interest. Mea-
surements of various stages of recrystallization of amor-
phous carbon 61ms were made by Vos, Storer, ei al.
(19951). Amorphous silicon was studied by Vos, Storer,
et al. (1995a}and SiC by Cai et al. (1995b). Finally oxy-
gen adsorbed on amorphous carbon was studied by Vos,
Canney, et al. (1995b). Thus we think it desirable for
workers in these and related fields to appreciate the po-
tential of (e, 2e) studies on solids. This paper should also
provide a wider audience with an intuitive understanding
of the (e, 2e) technique as applied to solids. To aid the
understanding of electronic structure we derive many of
the familiar results of band-structure theory in terms of
molecular orbitals in momentum representation, building
an elegant bridge between molecular and solid-state phys-
1cs.

II. THE (e, 2e) TECHNIQUE AS APPLIED
TO ATOMS AND MOLECULES

c=Eo—E, —Ef .

At suKciently high energies the free electrons can be
treated as plane waves, and the momentum of the target
electron before the collision is given by

q=ps+pf po ~

A complete description of the kinematics of each ionizing
event is thus obtained, from which the spectral momen-
tum density ~P(s, q) ~

can be derived.
The cross section at energy c, for the (e,2e) process of

scattering from electrons in an orbital a with binding en-

ergy c., is given in the plane-wave Born approximation by

C
C)

(I) 0.6

" 0.4

eV

eV

eV

( ~+p2)

event, whereas k refers to the crystal momentum. Scat-
tered and ejected electrons are detected in coincidence,
determining their energies and momenta (E, and p, for
the slower of the two electrons, Ef and pf for the faster
one}.

Comparing the momenta and energies of the scattered
and ejected electrons with the momentum and energy of
the incident electron yields the magnitudes of the
momentum and binding energy of the ejected electron be-
fore the collision. We thus determine the binding energy

In (e,2e) measurements an incoming electron ionizes
the target, and the scattered and ejected electrons are
detected in coincidence. Achieving sufhcient momentum
and energy resolution requires a well-collimated monoen-
ergetic electron beam (energy Eo, momentum po) imping-
ing on a target. Some electrons will scatter from a target
electron. For small momentum transfers, dipole selection
rules apply. Most electron energy-loss spectroscopy
(EELS) data are collected in this regime, a field thorough-
ly reviewed by Egerton (1986) and not discussed here.
Instead, (e, 2e) spectroscopy, as described here, involves
large momentum transfers, which allow us to describe
the collision between impinging and target electrons as a
binary collision. The energy and momentum transferred
by the impinging electron eject the target electron.

We choose atomic units (a.u. ) setting 8= 1, and thereby
equating momenta and wave numbers. (1 a.u. as a unit of

0
length corresponds to 0.529 A, 1 a.u. of momentum cor-
responds to 1.89 A '). The label p will refer to electron
momenta as determined outside a molecule or crystal and

q to the real momentum of the electron to be ejected in
the molecule or crystal immediately before the scattering

0.2 0.4 0 6 0.8 1.0 1.2
Electron momentum p (clo ' }

Ps

FIG. 1. The (e, 2e) results for atomic hydrogen: (a) The arbi-
trarily normalized, experimentally determined momentum den-
sity ~P(q) ~

for atomic hydrogen. Results for the difFerent ener-
gies Eo are indicated. Also shown is the exact theoretical solu-
tion of the momentum density of the hydrogen atom (solid line),
from Lohmann and %'eigold (1981); (b) The diferent momen-
tum components involved in an (e,2e) experiment.
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d'o.
=(2~) f„lg(q)l'&(s —E, ), (4)8e Q

1

(2m. )' Ipo
—pf I'

1

I po- p. I'lpo-pf I'

1

Ipo pg I

Under these conditions, the Mott cross section does not
depend on the "nature" of the electron's initial state,
whether an s, p, d, or f orbital, localized or delocalized
over two or more atoms of a molecule or solid. In other
words the (e,2e) cross section depends only on the factor
IP, (q)l, which characterizes the electron momentum
density of the target, and on a factor that depends only
on experimental conditions. This contrasts sharply with
the measurements of photoemission by dipole transitions,
whose cross sections depend in a more complicated way
on momentum (see, for example, Scofield, 1976), and in

where c,, stands for the binding energy of orbital a andf„for the Mott cross section (which includes the ex-
change contribution),

which electron densities, either in coordinate or momen-
tum space, are inaccessible to direct measurements. That
all electrons contribute to (e,2e) experiments greatly
simplifies quantitative measurements of momentum den-
sities. On the other hand, the matrix-element depen-
dence of a photoemission experiment proves advanta-
geous by allowing experimenters to "tune in" to certain
electron states, by selecting the photon energy.

In the (theoretically) simplest case of the hydrogen
atom ground state, the momentum density known pre-
cisely from theory has been measured accurately by
Lohmann and Weigold (1981), whose results, shown in
Fig. l, demonstrate a perfect agreement between experi. -
ment and theory. The experiment was repeated for
difFerent energies of the incoming electron, as indicated
in the figure, with results coinciding for all energies. This
provides an experimental confirmation of the soundness
of the (e, 2e) technique for the measurement of momen-
turn profiles, since the observed momentum densities are
independent of experimental conditions. Experiments on
more complicated atoms and molecules corroborate this
picture, yielding good agreement between experiment
and theory if the theoretical approximations are made
correctly, as reviewed by McCarthy and Weigold (1991).
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ill. EXPERIMENTAL APPARATUS

A major experimental difficulty arises in (e, 2e) experi-
ments on solids. Measuring the complete momentum
density IP(s, q)I (down to q=0), utilizing momentum
conservation, requires experimenting in transmission
rather than reAection from the target. The target should
thus be an extremely thin (=100 A) foil, implying a
significant probability that incident high-energy electrons
will experience single interaction with the target. How-
ever, high energy (20 keV in our case) implies low values
of the Mott cross section [Eq. (5)] and hence of the (e, 2e)
count rate. For this reason, (e, 2e) spectroscopy on solids
has been relatively unsuccessful compared to gas-phase
experiments on atoms and molecules. Recent advances
in detector technology have made (e,2e) on solids a prac-
tical research tool, as described in detail by Storer et al.
(1994) and depicted in Fig. 2. In the back focal plane of
each analyzer lie two microchannel plates and a two-
dimensional position-sensitive detector. Qne dimension
of this detector corresponds to different azimuthal angles
of the emerging electrons, the other to different energies.
Electrons emerging from the target are thus detected
over a range of angles and energies, greatly increasing the
data collection rate. An (e, 2e) experiment can now be
completed in a few days, rather than months. This effect
is further enhanced by choosing an asymmetric geometry
(detectors at 14' and 76', rather than both at 45 ) for
which momentum transfer is smaller, and hence the cross
section [Eq. (5)] is larger. As a further consequence of
this configuration, the ejected electrons have a 1ow ener-

gy (and hence a small mean free path), which makes this
setup especially sensitive to the properties of the surface
facing the slow-electron analyzer.

IV. FROM ATOMS TG SOLIDS

In order to make the connection between the well-
tested theory of (e, 2e) spectroscopy of molecules and the
expected (e,2e) results for solids, we performed model
calculations on hypothetical linear chains of hydrogen
atoms of different length. The fact that these rnolecules
are not stable in nature does not make the calculation of
their properties any more dif6cult, and therefore we ex-
pect the calculated (e,2e) spectra to resemble those one
would measure if these molecules existed.

The calculations were done using the GAMESS pro-
gram as described by Schmidt et aI. (1990). In this pro-
gram a Hartree-Fock-type calculation is performed, with
the atomic hydrogen wave function expressed as a sum of
five Gaussian-type basis functions. From the eigenvec-
tors of the molecular orbitals we calculate the
momentum-space wave function P, (q) for each orbital a.
The program takes into account the electron spin, assign-
ing two electrons to each occupied orbital (for molecules
with an even number of electrons). The nearest-neighbor
internuclear distance equals that of molecular hydrogen
(1.4 a.u.).

Molecules of increasing length are expected to behave
more and more like one-dimensional solids. Let us first
establish how long a chain should be before the experi-
mental results would become indistinguishable from
those of an infinitely long chain. Figure 3 achieves this
goal by plotting the normalized momentum density
I P, (q, ) I

with q, directed along the axis of the molecules
for the different orbitals of our "molecules. " Only half of
each plot is shown, as IP, (q, )I is an even function of q, .
Thus the H2 orbital is the same as one could measure for
molecular hydrogen, provided all the molecules were
aligned along the same axis. In practice, Weigold et al.
(1977) found that random orientation of hydrogen mole-
cules yields a measured momentum profile well described
by the spherical average of the calculated momentum
density.

For H4 with two occupied orbitals, the one with the
higher binding energy has a momentum wave function
peaked at 0 a.u. , and that with lower binding energy has
a momentum wave function peaked at larger momentum
values. For the lowest-energy orbital, the contributions
of each atomic orbital add up in phase with each other,
causing a rather Aat wave function in coordinate space
whereby the wave function peaks for small momentum
values (as the momentum-space wave function relates to
the derivative of the coordinate-space wave function).

Adding more and more atoms to the chain causes the
momentum distribution of each orbital to become in-
creasingly peaked. Again the less-bound orbitals have
maxirnurn amplitude of the wave function at larger mo-
menta. The orbital would resemble in shape a delta func-
tion for an infinitely long chain.

The orbitals also become more and more closely
spaced in energy with peaks of

I P, (q, ) I roughly centered
at q, values of +2m *(E,—eo}, where eo represents the
energy of the most tightly bound orbital and where m* is
the effective mass of the electron, not necessarily equal to
the mass of the free electron because of the inhuence of
the lattice. From a spectroscopic point of view, these
chains would be infinitely long if the peak's width in
momentum drops below the experimental momentum
resolution and the orbitals' energy separation below the
energy resolution. One would then observe experimen-
tally a continuous distribution ("band" ) resembling a pa-
rabola. For our present spectrometer (momentum reso-
lution =0.15 a.u. , energy resolution =2 eV}, this result
would be attained at H32.

For large 1V, the sum over all orbitals a with energy c.,
between E and E +DE,

becomes independent of X. This quantity, the spectral
momentum density IP(E,q)I, is to be calculated for
solids and compared to the experimental results.

Figure 4 shows the momentum density for H3z
summed over a11 occupied orbitals. Again q is directed
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FIG. 3. Shape of the momentum
density of the different molecu-
lar orbitals for hydrogen chains
of different lengths, as calcalated
by the GAMESS program. The
momentum distributions are
o8'set by an amount proportional
to the binding energy of the or-
bitals, as indicated on the right
vertical axis. Note that the
momentum distributions become
more and more peaked with in-
creasing length of the chain.
Also the peak positions shift
slowly to higher momentum
values with increasing binding
energy.
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along the molecular axis. The shape of this plot differs
completely from that determined for atomic H, shown
here as well as in Fig. l and normalized to equal area.
Th H lot remains fairly constant for small momenta,
exhibits a maximum near 0.7 a,u. , and drops o8' s arp y
near 1.12 a.u. A free-electron gas would yield a constant
density up to a value kf and zero density beyond this
value. Thus, except for the maximu~ near 0.7 a.u. (pos-
sibly related to the finite size of the H3z molecule), the
summed momentum density resembles that of a free-
eec1 tron gas rather than that of a hydrogen atom.
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FIG. 4. Momentum density of the H32 molecule as obtained ydb
summing over all occupied orbitals of this molecule as shown in
Fig. 3. Also shown are the theoretical density for s free-
electron metal with kf chosen to be 1.12 a.u. and the one for
atomic hydrogen. All curves are normalized to equal ares. The
momentum density of the chain resembles more the free-
electron case than that of atomic hydrogen.

Hydrogen atom index (1 to 32)

FIG. 5. Coordinate-space wave functions for H32 w'with orbitsls
numbered from 1 to 16 with decreasing binding energy. Note
the resemblance of the functions for H» with those of the "par-
ticle in the box" problem.
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different H3& orbitals emerges when we transform P, (q, )
into f(z) in coordinate space as shown in Fig. 5. The
wave functions resemble solutions of the "particle in a
box" problem, with the electrons behaving like free elec-
trons in a one-dimensional box with the chain s length.
The relation between momentum and energy is thus
found to be s =so~q ~

2/2m '. Close inspection of the wave
function shows some modulation with the periodicity of
the hydrogen lattice, indicating that the potential is
modulated at the bottom of the box by the nuclei at the
lattice sites. To summarize, one would describe an
infinitely long one-dimensional H chain in sohd-state
language as a nearly-free-electron metal with a single
band. Taking into account the electron spin leaves this
band half-filled (0.5 orbitals per unit ceil).

V. COMPARING THE MODEL DENSITIES
WITH MEASUREMENTS ON ACTUAL METALS

It is interesting to compare the results for the hydro-
gen chain with the densities as measured for the nearly-

free-electron metal aluminum. A thin film (=40 A) of
0

Al was evaporated on a 50-A amorphous carbon film
(Canney et al. , l995). The small mean free path of the
slow electron suppressed the signal of the amorphous
carbon backing, to the extent of burying it in the noise.
The aluminum signa1 stood out clearly. %'hereas Fig. 3
showed only the positive momenta q, because the
momentum density is symmetric with respect to the ori-
gin, the experimental data shown in Fig. 6 include the
momentum density along both the positive and the nega-
tive axis. Zero value of the binding energy corresponds
to the vacuum level. The Fermi level lies near 5 eV bind-
ing energy (indeed, the measured coincidence rate drops
quickly to zero for smaller binding energies). The two
peaks at each energy approach each other with increas-
ing binding energies, merging around 16 eV. Residual in-
tensity at larger binding energy is due to events that have
experienced additional energy-loss processes (e.g.,
plasmon excitations). The qualitative resemblance of the
Al data and the 832 calculations is striking. This figure

-3 -2 -1 0
I I I I

Momentum (A )
2 3 -3 -2 — j 0

1 I I I I

2 3
I I

L
CO

7eV K
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FIG. 6. The momentum density of electrons of
an aluminum film at different values of c.
Binding energies are referred to the vacuum
level. The Fermi level lies at =4.5 eV. A.r-
rows indicate the expected momentum peak
positions for a free-electron gas at each energy.
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i
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FIG. 7. The spectral momentum density of aluminum shown as
a grey-scale plot. The lighter the shading, the greater the inten-
sity. Inelastic energy-loss effects have been deconvoluted. Note
the parabolic shape of the band.

also indicates the expected peak position for a free-
electron solid (effective mass equals the free-electron
mass, at an inner potential of 16 eV below the vacuum
level). Figure 7 presents the same data as a grey-scale
plot with the data corrected approximately by a deconvo-
lution procedure for inelastic energy losses. The lower
the shading, the higher the intensity. Again a free-
electron parabola is clearly visible, with a fairly constant
intensity over the parabola, as expected for a free-
electron metal.

VI. THE EFFECTS OF UNIT CELL SIZE
ON THE MOMENTUM DENSITIES

Let us now consider again the chain of thirty-two hy-
drogen atoms. If we make the unit cell twice as big by al-
ternating shorter and longer distances between hydrogen
atoms, we have sixteen unit cells. Now the wavelength of
the sixteenth orbital, which is the least-bound occupied
orbital $,6(z) in Fig. 5, would correspond to twice the
unit cell length. The charge density ~P, (z)

~
would oscil-

late with half this wavelength. In an infinitely long
chain, orbitals at this wavelength could have either max-
imum density ~g, (z)~ near the center of gravity of the
positive charge of the unit cell, or, by changing the phase
by 90', minimum charge density at this position. These
two orbitals have clearly quite different energies. Thus
there is a sudden jump in energy as a function of q for

momentum values of 0.5G. This jump is referred to as
the band gap, and in this case of a modulated H chain it
lies right at the Fermi level. Such a crystal is a semicon-
ductor. Figure 8 shows results of calculations of this gap
for modulations of different strengths. (Interatomic dis-
tances of 1.6 and 1.2 a.u. for weak modulations and 1.8
and 1.0 a.u. for strong modulations, leaving the overall
length of the chain approximately constant). Indeed,
these calculations show that the topmost orbitals of 832
are lowered in energy, with a gap opening up at the Fer-
mi level, the effect being strongest for the largest modula-
tion. From band theory we know that band gaps open up
as the band crosses the Brillouin-zone boundary. The
first Brillouin-zone boundary is at half a reciprocal-lattice
vector G and is shown by a vertical dashed line in the
plot (unit cell length 1.6+ l.2 =2. 8 a.u. , 0.5 X Cx
=0.5 X2n. /2. 8 = 1.1 a.u. )

The solid line in this figure connects the energies with
maximum intensity of ~P, (q)~ . This line would corre-
spond to the dispersion curve of the band in the first Bril-
louin zone. If we drew the band structure in the extend-
ed zone scheme, we would have to add a branch of the
band in the negative half of the first Brillouin zone (not
shown in the drawing), shifted by one reciprocal-lattice
vector G. This is shown as a dotted line. Note that this
line connects a series of secondary maxima in ~P, (q)~
which are most pronounced near the Brillouin-zone
boundary.

Let us now stress a major difference between a chain of
finite length and an infinitely large crystal. In a chain of
finite length the traveling waves will reverse at the boun-
daries and standing waves form with both momenta q
and —q. In an infinite crystal there are no boundaries,
and the wave function is described either by q or —q.
Thus the secondary maxima in Fig. 8 can be interpreted
as the main —q component shifted by a reciprocal-lattice
vector G due to interaction with the lattice. For an
infinite crystal it would only be part of the wave function
with its main component at —q. Note that the secon-
dary maxima are larger for the strongly modulated case,
as expected because the lowest Fourier component will
be stronger here.

Generalizing this picture for a crystal leads to the fol-
lowing important conclusion. When the eigenfunctions
are described as Bloch functions [Eq. (I)], (e, 2e) data
should determine the magnitude of the coefticients co.
Clearly this cannot be done with a spectroscopy that re-
lies on the reduced zone scheme, as all vectors q+G are
equivalent here.

Let us compare the results of our "semiconductor hy-
drogen chain" with the measured (e, 2e) spectra of a
real-life semiconductor, Si. Figure 9(a) shows the mea-
sured spectral momentum density of silicon in a grey-
scale plot. The lighter shading corresponds to
momentum-energy combinations of high intensities.
Indeed, the plot resembles that of the H chain with two
atoms per unit cell. Next to the experimental density we
have plotted, in a similar way, the theoretical spectral
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FIG. 8. The momentum density
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represents the band shape as in-
ferred from the peak positions of
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the "repeated zone*' scheme.
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momentum density. These calculations were done using
the linear-mu5n-tin-orbital approach as described by
Skriver (1984). Note that the measured and calculated
dispersions are almost identical; in both cases the disper-
sion curve Aattens out at 1.0 a.u. For details, see Vos,
Storer, et al. (199Sa).

We now enlarge our unit cell by another atom. The in-
teratomic distances were set in a pattern a-a-b-a-a-b-a
etc. , with a = 1.6 a.u. and b = 1.0 a.u. , for H36, i.e., with
12 unit cells. Thus there are now three electrons per unit
cell, filling the first band completely (two electrons) and
half of the second band (one electron). These results are

-5

-10

Momentum (n.u. )

1

D Scale

-10

2l-2 2l-2 0 2 Scale

FIG. 9. A comparison of the experimental spectral momentum densities with theory for Si and SiC: (a) A grey-scale plot of the mea-
sured spectral momentum density of amorphous silicon. The lighter the shading, the larger the intensity. (b) The ca]culated spectral
momentum density of polycrystalline silicon. (c) Comparison of experimental and theoretica1 dispersion relations, from Vos, Storer,
et al. (1995a). The data for SiC are presented in the lower panel in a similar way. In this case there is a band gap around 10 eV bind-
ing energy (from Cai et al. , 1995b).
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shown in Fig. 10(a). The main trend is as expected: an
inner band disperses towards the first Brillouin-zone
boundary, with smaller peaks on the right side of the
Brillouin-zone boundary. The second band starts in the
second Brillouin zone at energies separated from the first
band by a clear gap.

However, one notices that the lower band has only 11
orbitals, whereas it is expected for a completely filled
band that this number will equal the number of unit cells.
The second band seems to start unexpectedly with two
orbitals with almost the same energy, and these two or-
bitals have significant momentum tails extending to zero
momentum. The nature of these deviating orbitals be-
comes obvious as we plot the wave function in coordinate
space [Fig. 10(b)]. Orbitals 12 and 13 are the ones with
almost equal energy. The electrons associated with these
orbitals are located mainly near the end of the chain, i.e.,
we have created a one-dimensional equivalent of a sur-

face state with an energy in the band gap. This is a well-
known phenomenon in semiconductor physics. Thus in
this model with 18 orbitals, 11 are part of the inner band,
5 are part of the second band, and 2 are associated with a
localized electron at the end of each chain.

Note again that (e, 2e) spectroscopy should determine
the electron distribution among the Brillouin zones, i.e.,
our measurement is not in the reduced zone scheme, but
rather in the extended zone scheme.

Figure 9(b) shows results for SiC obtained by Cai et al.
(1995b) as an example of a solid displaying two separate
filled bands separated by a clear gap. This gap is absent
for silicon, for symmetry reasons peculiar to solids in
three dimensions (see Heine, 1960, for a detailed explana-
tion). Indeed, a gap appears in the spectral momentum
density of SiC, as it does for three hydrogens per unit
cell. Note also traces of the secondary maxima. This is a
clear demonstration that (e, 2e) indeed, measures in the

H chain 3 atoms j unit cell
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FIG. 10. The electronic structure of a hydrogen chain with three atoms per unit cell: (a) Momentum densities of di6'erent orbitals,
plotted in a fashion similar to that of Fig. 3 for a chain of 36 hydrogen atoms with three atoms per unit cell. Note the band gap at the
crossing between the momentum corresponding to maximum intensity of the orbitals and the Brillouin-zone boundary (dotted verti-
cal line). Note also the two orbitals with almost identical binding energy (15 eV), with large momentum tails extending to zero
momentum. (b) The wave functions in coordinate space. The two peculiar orbitals (Nos. 12 and 13) lie at the end of the chain and
correspond to the one-dimensional equivalent of surface gap states.
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FIG. 11. The measured spectral
momentum density for graphite.
In the experiment one detector
was rotated by the indicated
amount. This caused a shift of
the line along which the spectral
momentum density was deter-
mined in the Brillouin zone,
away from I as indicated in the
lower half. The intensity of the
upper (m) band increases as one
moves out of the I —K plane.

thick I ine. ranae of emerita determined

extended zone scheme.
The samples of Si and SiC discussed here were not sin-

gle crystals. The Si sample was made by evaporation,
yielding amorphous Si, the SiC sample by annealing a Si
layer on top of a carbon film. The latter seems to consist
of small crystallites, with an additional complication due
to the possible presence of difFerent phases (allotropes).
Nevertheless, (e, 2e) shows a nice dispersion relation.
This is expected for polycrystalline solids, in which the
efFective mass of the electron is isotropic (i.e., the
efFective mass tensor averages to a scalar) and for amor-
phous solids with a fair amount of short-range order.

Vll. (e, 2e) MEASUREMENT OF AN ANISOTROPIC
SOLID

(strong, covalent) and between planes (weak, mainly van
der Waals type bonding). This is reflected in the two
bands present, referred to as o. and m bands. In Fig. 11
we show the spectral momentum density for rneasure-
ments along di8'erent lines in the Brillouin zone, as indi-
cated schematically. Measurements along the di8'erent
lines were achieved experimentally by rotating one of the
detectors. For spectra with no momentum component
perpendicular to the basal plane, the m band should have
zero intensity and only the o band should be visible. In
practice, there is still a trace of the m band left (due prob-
ably to finite momentum resolution), but it becomes more
and more intense if we measure in configurations that
correspond to higher and higher momentum components
perpendicular to the basal plane.

Graphite is the only true single crystal studied thus far
by (e, 2e) spectroscopy. The first experiment by Gao
et ah. in 1988 showed dispersion, with quantitative corn-
parison hampered by poor statistics, but a more detailed
comparison was afforded by improved statistics and reso-
lution in the second experiment by Vos et al. (1995a). At
the energies used in these (e,2e) experiments, the refrac-
tion e6'ects at the surface of the crystal were small and. we
were not restricted to measuring the electronic structure
in the plane parallel to the surface. This is especially in-
teresting for the case of graphite, a layered material with
completely diferent electronic bonding within a plane

Vill. SUMMARY AND OUTLOOK

We have described how the (e, 2e) spectrum of a mole-
cuIe, indicating the momentum distribution of discrete
orbitals, evolves into the (e, 2e) spectrum of a solid whose
momentum distributions extend over a continuous band
of energies. The relation between the measured quanti-
ties in an (e, 2e) spectrum and those used in the descrip-
tion of crystals in terms of band structures has been out-
lined. In particular, we have discussed the consequences
of measuring real momentum rather than crystal momen-
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turn. Finally, we have shown some experimental results.
In the future we hope to be able to enhance the energy

resolution of this technique to 0.5 eV. Advances in target
preparation techniques should allow us to measure a
larger range of targets. The fact that (e, 2e) can measure
dispersion relations and the corresponding electron
momentum densities in solids is clear. We mentioned
briefiy the application of (e, 2e) to amorphous solids,
where experimental tests of the electronic structure seem
feasible, especially with enhanced resolution, and when
thin crystalline targets become available for comparison.
Finally we have not even begun to explore the field of
electron-electron correlation in solids, an area where
(e,2e) spectroscopy has contributed significantly to the
study of atoms and molecules.
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