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Symmetric transmission (e, 2e) coincidence data are presented from the valence region of eva-
0

porated amorphous carbon, graphite, and aluminum —aluminum oxide thin (between 100 and 200 A)
foils. The count rate of this technique, within the plane-wave-impulse approximation, is directly
proportional to the spectral momentum density. The data were accumulated at a probe energy of
7.5 keV with typical energy and momentum resolutions of 4.5 eV and 0.9 A ' full width at half

0

maximum (FWHM), respectively. The aluminum oxide foil was investigated close to 0 A binding
momentum with an improved energy resolution of 1.5 eV FWHM. The resolved electron states are
related to the S and P nature of the valence electrons in these materials with a small atomic number.
The similarity between amorphous carbon and graphite suggests that the amorphous sample was
largely graphitically bonded. The results are discussed with special attention paid to the short, elec-
tron mean free paths within the solid samples.

I. INTRODUCTION

Transmission (e, 2e ) coincidence measurements on
solid foils give an experimentally well-defined knockout
reaction that can be directly related to the electronic
structure of the target. The results of this paper were ac-
cumulated from amorphous carbon, graphite, and alumi-
num oxide with the bulk of the data acquired at momen-
tum and energy resolutions of 0.9 A ' full width at half
maximum (FWHM) and 4.5 eV FWHM, respectively.
The carbon data were accumulated from the valence
band, i.e., from 0 to about 40 eV, with the momenta mea-
sured from —4.9 to 4.4 A ' in steps of about 0.8 A
We report also improved energy resolution measurements
at 1.5 eV FWHM with an aluminum foil and compare
them with earlier data from this laboratory. ' Some
binding-energy spectra are extended below the valence re-
gion by about 80 eV for a more thorough evaluation of
satellite structure.

The (e, 2e ) probing reaction uses an electron of known
momentum to knock out a bound electron: the scattered
and ejected electrons are then detected simultaneously
with well-defined momenta. By collecting the electrons
in coincidence, both outgoing electrons can be identified
with a single scattering event. In the single-particle-
impulse approximation the coincidence count rate is
directly proportional to the spectral momentum density
A(e, q), i.e., the probability of finding a solid-state elec-
tron with energy c and momentum q. The function
A(E, q) maps out the electronic band contours in the
repeated-zone scheme. This explicit information is
currently available only from the kinematically complete
(e, 2e ) measurement. Other experimental methods, such
as Compton scattering and angle-resolved photoemission,
measure parts of this distribution and integrate in some
way over an unmeasured parameter involving either ener-
gy or momentum. The coincidence filtering of the scat-

tered information dramatically increases the time for the
experiment. This fact in combination with the short,
electron-scattering mean free paths in a foil have limited
earlier data collection to broad sampling areas of the
valence-core levels in a solid. The measurement by Rit-
ter et al. on amorphous carbon was the first experiment
to resolve valence structure, with quoted energy and
momentum resolutions of 6 eV and 0.6 A ' FWHM, re-
spectively, the improvement being largely due to an in-
creased probing energy of 25 keV. That group then fol-
lowed with an archetypal experiment on a single-crystal
graphite sample, a material that is well described by
theory. Even though the data showed rather large exper-
imental uncertainty, the broad structure agreed both in
intensity and position with the spectral momentum densi-
ty calculated in the plane-wave-impulse approximation.
This indicated that the basic theory was sound and could
be extended to less well understood systems such as
amorphous solids, a group of materials that are presently
more suited to the transmission coincidence method than
perhaps single crystals.

We begin with a brief account of the (e, 2e ) scattering
dynamics and plane-wave-impulse theory. This is fol-
lowed by sections that discuss theoretical solid-state ex-
tensions and the inAuence of multiple scattering arising
from independent single-channel collisions. Symmetric
coincidence data for evaporated carbon, graphite, and
evaporated aluminum —aluminum oxide films are then
studied at the significantly lower incident electron energy
of 7.5 keV. This approach decreases systematic errors
that occur with higher-energy data collection. The
present data are compared with Ritter's data, for the first
comparison of independent (e, 2e ) coincidence measure-
ments on similar solid targets, under conditions where
the energy of the probing electron should have no eQ'ect
on the information content if the plane-wave impulse ap-
proximation remains valid. We also analyze the spectra
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to take account of the increased multiple scattering that
occurs at the lower probing energy. A similar compar-
ison is performed with graphite, while the
aluminum —aluminum oxide data are related to previous
poorer resolution results.

II. SCATTERING DYNAMICS

where n is the number of valence electrons per unit
volume and F, , is the free —electron-electron Mott
scattering term. An additional correction term that de-
pends on the band dispersion, not included here, is close
to unity for high-energy and free-electron or atomiclike
bands.

To satisfy the high-momentum-transfer conditions, a
symmetric high-energy scattering geometry is chosen. In
the symmetric transmitted geometry, the outgoing elec-
trons are detected from the exit side of the foil at equal
energies (E, =E, =ED/2) and angles (8, =0, ) coplanar
to the incoming electron beam. The momentum vector of
the bound electron is then studied perpendicular to the
thin target and is approximately given by

q=(&2cosO, —1)ko . (2)

The (e, 2e ) measurement is kinematically complete.
The incident electron (subscript 0) is projected at the tar-
get with defined energy and momentum Ep and kp. The
scattered (subscript s) and ejected (subscript e) electrons
are detected with energies (E„E,), momenta (k„k, ) at
angles (8„0,) with respect to the straight-through beam.
The highest-energy electron of the two outgoing electrons
denotes the scattered electron. The measurement of ener-
gy and rnomenta of all participating particles, for each
scattering event, yields direct information about the
scattering process and the initial state of the bound elec-
tron. Specific electron coincidence experiments restrict
themselves to a small portion of the total phase space.
Study of the atomic scattering dynamics is normally per-
formed at low electron energies to increase the Coulomb
interaction. At high energies, by contrast, the results
represent a measurement of the ejected electron's spectral
momentum density before ionization, given the assump-
tion that the electron is not strongly correlated to other
bound electrons. The selection of a specific state in a
crystal follows from the reaction's energy and momentum
conservation relations of s =Eo (E, +E, )

—and

q =ko —
( k, +k, ) where s and q are the selected energy

and momentum. As shown by Levin et al. the calculat-
ed momentum q is related to the crystal wave vector k in
the first Brillouin zone by the addition of a reciprocal-
lattice vector 8, where q=k+B. For high-momentum-
transfer conditions the scattering probability has been
shown theoretically and experimentally to be directly
proportional to the electron spectral momentum density
A(e, q). The differential cross section using the frozen-
orbital assumption

kk
dQ, d A, dE, kp

The terms preceding the spectral momentum density of
Eq. (1) tend to a constant for varying measured momen-
tum as the energy of the experiment is increased. For
symmetric experiments the Mott term becomes equal to
the Rutherford differential cross section, which is ap-
proximately given by [ko(ko/2 —q)] . For the primary
energy of 7.5 keV (ko =44. 5 A ') used here, the modula-
tion in intensity from q= —3 to 3 A relative to q=O

0

0
A ' is from —22% to 34%. Apart from this slow varia-
tion, the coincidence count rate is proportional to the
momentum density in the plane-wave-impulse approxi-
mation.

In principle, the (e, 2e ) technique can define the
momentum direction and magnitude of the momentum
for the measured bound state. Other methods also exist
to determine the momentum density, but they either in-
tegrate over the direction in some way or require other
knowledge of the bound state. For example, Compton
profiles, collected through the excitation of solid-state
electrons via high-energy photons or electrons (HEEIS),
give an integrated momentum density that reflects the
valence band as a whole. Two of the most widely used
techniques to map out band structure are angular-
resolved ultraviolet spectroscopy and secondary electron
emission. These approaches are able to detail the band
structure that includes unoccupied conduction-band
states. However, they require prior knowledge of the
band structure to match peaks seen in the electron distri-
bution. The principle applied is momentum conservation
throughout the scattering process in the direction in the
crystal plane. This procedure selects a relatively well-
defined value of the momentum, but its value can be
determined only if further information is available on the
final state.

III. ADDITIONS TO THEORY

The theory assumes that the incoming electron in-
teracts only with the knocked out electron, i.e., the
single-particle approximation. As Levin et al. explain,
the coupling of electrons in s and p states is expected to
be weak and the approximation would remain valid. For
the narrower d and f bands, correlation is significant and
the configuration of the final state will become important.
The configuration of the final state in the atomic case
leads to satellite peaks in the binding-energy spectrum, as
seen in the argon spectrum for which the inner 3s valence
manifold divides into several state, with the momentum
density curves being approximately equivalent in shape.
In a solid, coupling may also exist between the hole and
the electron plasma, leading to the creation of a plasma-
ron state, as described in a series of papers by Lundquist.
The created hole is rapidly screened (10 ' sec) through
the superposition of plasrnons. This may lead to a satel-
lite structure in the momentum density that disperses
with momentum. The theory was formalized " with
respect to the (e, 2e) experiment, though the hole was
considered localized, i.e., the knockout reaction of a
deeply bound electron. From earlier experimental stud-
ies, an intense portion of the structure following the
valence region of a solid in the (e, 2e) binding-energy
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spectrum was attributed to the plasmaron state. In more
recent studies, the tail has been shown to consist mainly
of energy straggling collisions from the primary event,
though the plasmaron may exist at a reduced intensity.

The earlier theory also assumes that the high-energy
electrons are well represented by plane waves. In an ex-
tended periodic potential this approximation may need
modification to a linear combination of Bloch waves. Al-
len et al. ' predict, through self-interference effects aris-
ing from elastic rejections in a local environment, that
the collision event can become strongly localized within
the crystal unit cell. A similar weak result is seen in the
extended energy-loss fine-structure (EXELFS) studies,
where nearest-neighbor distances can be extracted from
oscillations in the scattered energy tail. Since the (e,2e)
cross section is proportional to the product of three in-
dependent probability densities, it may show some site-
dependent tendencies. The strength of diffraction phe-
nomena has not been demonstrated theoretically or ex-
perimentally for any solid sample, but is expected to de-
crease exponentially with increasing electron momentum.

IV. MULTIPLE SCATTERING

Multiple scattering occurs when the incoming or out-
going electrons are either scattered elastically or inelasti-
cally one or more times. The number of scatterings de-
pends on the cross section of the possible interactions, the
foil thickness, and the beam energy. To reduce the
multiple-scattering contribution the free-standing foil tar-
gets are made as thin as possible and the beam energy is
raised as high as practicable to increase the mean free
paths of the electrons.

The evidence of multiple scattering is seen in the coin-
cidence binding-energy tail below the primary valence
structure. The broad peak of this energy distribution de-
pends on the number of average collisions per coin-
cidence event and the average energy lost per collision.
The valence structure is only affected in form by single
inelastic collisions, since higher numbers of collisions
push these events to lower energies. The deeper band
structure then rests on a background of essentially
single-channel collisions from the preceding band states.

The major inelastic-scattering mechanism is the
creation of a volume plasmon, ' a collective oscillation of
the valence electrons. The energy required to produce a
plasmon depends on the electronic configuration and den-
sity of the material. For example, the free-electron metal
aluminum has a sharp volume plasmon at E =15 eV,
while for amorphous carbon the plasmon peak has a
broader complex structure that peaks at E =26 eV. The
electron is deflected through a small angle, less than the
plasmon critical momentum transfer of order 1.3 A
after plasmon formation. In relation to the coincidence
spectra, the plasmon features are expected to contribute
to the spectra at multiples of the plasmon energy below
some real valence feature. The valence structure will be
reproduced but convoluted with the multiple plasmon
line shape. In the case of carbon, the single plasmon
width is about 24 eV, which would smear the satellite
form considerably. For the energies used in this experi-

ment the mean free paths are similar to the foils' dimen-
sions: for aluminum' at 3.75 keV, A, = 110 A, and 7.5
keV, A, =200 A; and for carbon' at 3.75 keV, A, =62 A,
and 7.5 keV, A. =110A. From Poisson statistics there is
unfortunately a high probability that at least one plasmon
will be created in the solid per reaction. Other energy-
loss features also contribute to a "smearing" function,
but they have cross sections about an order of magnitude
smaller, such as individual electron excitation, or they re-
quire energy losses greater than the valence energy range,
such as inner-shell excitation.

Elastic scattering has similar mean free paths to
plasmon scattering and as the atomic number of the ma-
terials increases it becomes the dominant scattering
mechanism. In the amorphous solid, elastic collisions
will cause the spectral momentum density to broaden
along the momentum axis. For a crystalline solid, elastic
scattering is allowed only in the Bragg directions: in par-
ticular, no scattering would occur with the measured
momentum inside the first Brillouin zone. Outside the
zone, the spectral momentum density may exhibit rapid
changes when either of the electrons is Bragg refiected.

An evaluated smearing energy function of straggling
collisions' can be used to deconvolute the background to
yield a clearer picture of the deeper band structure. This
function should also include the angular spread resulting
from elastic and inelastic events. A full account of angu-
lar spread was not attempted here because the data points
along the momentum axis are sparse and therefore
difticult to deconvolute without introducing noise. The
correction for angular spread is expected to be small
since the leading valence structure is reasonably smoothly
varying at the momentum resolution used here, when
compared to the deflection from an energy-loss event that
is sharply peaked in the forward direction [AH (half in-
tensity)=+0. 5' for aluminum at 3.75 keVj. The elastic
events, similarly, are forward scattered and contribute to
a spread in the primary momentum structure. Elastic
scattering in noncrystalline carbon or aluminum is ap-
proximately described' by a modified screened Ruther-
ford function. From this function and experimental mea-
surement, only a small percentage of the electrons scat-
tered elastically remain within the field of view of the
analyzers. For instance, electrons scattered from carbon
at 3750 eV have a 2% chance of remaining within +1.2'
of the incoming direction. As a first approximation, elas-
tic scattering is assumed to eliminate the coincidence
event from detection. A more meaningful isotropic simu-
lation of elastic scattering with experimental energies and
foil thickness did suggest that the form of the momentum
distribution near the peak measured momentum was
unaltered. The elastic scattering, in general, allows a
small fraction of higher-momentum states to scatter into

0
the lower-momentum data. For carbon (120 A thick) the
simulation gave a slowly decreasing background from the
transmitted peak to about 4.0 A ' below it. With the as-
sumption of a uniform momentum density, the elastic
scattered background intensity was about 18%%uo of the to-
tal collected coincidence events. For high measured
momentum, the detected scattered intensity will be re-
duced by the convoluted momentum density which de-
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FIG. 1. A characteristic energy-loss spectrum at 0 of thin
0

(110 A) evaporated carbon is shown for an incident energy of
3750 eV. The solid and dotted lines are the Monte Carlo results
using the Drude plasmon-loss function of Ashley et aI. (Ref. 15)
( ———) and a modified profile ( ), which are shown sepa-
rately in curves b and fitted to the spectrum in curves a.

creases by orders of magnitude over this interval. For
states that tend to a node close to zero measured momen-
turn, multiple scattering may introduce a small blending
of band structure over the above interval.

By combining the scattering mechanisms into a Monte
Carlo simulation a smearing function in energy can be
readily computed. The elastic and inelastic mean-free-
path parameters and the profiles of the primary energy-
loss structure used in the simulation were verified against
single-channel energy loss and total transmission current
measurements at near straight-through angles. For
amorphous carbon the single-channel energy-loss distri-
bution is shown in Fig. 1, along with a calculated result.
The simulated curve takes into account the aperture size
of the detectors, the plasmon shape, and the mean free
path. The shape of the theoretical Drude-summed
plasmon curve' was modified to give a better match to
the measured energy-loss distribution, which brings it
closer to the optically measured profile. The only free pa-
rameter was the thickness of the foil. The agreement be-
tween data and the simulated result is good.

The coincidence smearing function is evaluated only to
fit the energy scale. The effect of elastic scattering,
within the above approximation, is to change the uniform
spatial distribution of detected coincident events within
the solid, to a preferential weighting of events occurring
close to the exit side of the foil. The smearing function
folded with the experimental energy resolution is decon-
voluted from the coincidence binding-energy data using
the iterative van Cittert' technique. The deconvolution
process was terminated when the g probability between
data and the reconvoluted ideal function approached uni-
ty.

Apart from the decline in the clarity of the spectrum,
multiple scattering also reduces the total number of
detectable coincidence events. The optimum theoretical
foil thickness can be found approximately by considering,
as a function of increasing thickness, the linearly increas-
ing number of target centers and the exponentially dec-

lining probability of a coincident event that does not
suffer any single-channel events. At a primary beam en-
ergy of 7.5 keV the function is peaked at an optimum
thickness of about 20 A for both aluminum and carbon
foils, with approximately 35% of events escaping unscat-
tered. For an experimental foil thickness of about 100 A,
the unscattered percentage drops to about 3%, a dramat-
ic reduction in the expected coincidence count rate. The
asymmetry in the number, energy, and escape angle of
the incoming and outgoing electrons, as mentioned ear-
lier, weights the distribution of unscattered coincidence
events close to the exit side of the foil. The point in the
foil beyond which 50% of the events that do escape un-
scattered can be found simply from Poisson statistics as

0.5 = [1—exp( —x /A) ] /[ 1 —exp( —T /A) ], (3)

where 1/A= 1/Ao —2&2/A, „and where x is the depth
from the front of the foil, T is the foil thickness, and A,o
and A,, are the total mean free paths (mfp's) for the in-

coming and scattered electrons. The escaping electrons
leave the foil symmetrically at 45 . Under our experimen-
tal conditions, the 50% point for most foil types will lie
within 20 A of the exit side of the foil. For example,
amorphous carbon has combined elastic and inelastic
mfp's of about 30 and 56 A at beam energies of 3.75 and
7.5 keV, respectively. This gives for carbon (110 A thick)
a 50% point of 9 A from the exit side of the foil. There-
fore, the (e, 2e ) technique at these energies becomes pref-
erentially sensitive to surface electron states.

V. MEASUREMENT OF ENERGY AND MOMENTUM

The experimental setup has been described in detail
elsewhere. " BrieAy, the apparatus consists of an elec-
trostatic electron gun (0.2 —10 keV) and two electrostatic
hemispherical electron analyzers, with two three-element
input lenses and entrance apertures, which momentum
select the two outgoing electrons. A Faraday cup is set at
the straight-through position to collect the unscattered
current. The analyzers rotate independently about the
interaction region. The electrons radially dispersed by
the analyzers' electrostatic field are detected over a range
of energies by position-sensitive microchannel plate as-
semblies (MCP's) from Surface Science Laboratories.
Pairs of electrons arising from the same knockout event
and by-chance coincidence are selected through
coincidence-timing electronics. These events gate the
recording of the electrons' energy in the appropriate data
acquisition bin in a LeCroy 3500M microcomputer.

Typically, the system had a background pressure of
10 Torr when accumulating data from a thin solid tar-
get with an incident electron-beam energy of 7.5 keV and
a current of 0.1 pA into a spot of 0.2-mm diam. Higher
currents were found to cause a rapid deterioration in the
free-standing aluminum foils. The total detected count
rate was symmetric in each analyzer (within 10%) and
was limited to moderate frequencies of between 5 and 20
kHz, so as not to degrade the response of the position-
sensitive detectors. For aluminum targets the count rate
was constrained by the maximum current dosage, while
for carbon, which was stable at a higher dose, the count
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rate itself became the limiting factor.
The events acquired from one detector were uniformly

spread in energy along a slit pattern (15 X 1 mm ). The
slit is logically divided into 20 bins through the computer
program, each bin representing a different energy. Real
and by-chance coincidence events were accumulated be-
tween all combinations of the 20 bins in each detector
giving a grid of 400 coincidence channels. This grid was
reduced to a binding-energy spectrum through combining
channels that represent equal binding energy. That gave
a 39-point coverage of the simultaneously acquired ener-

gy range.
The energy and momentum resolutions are found ex-

perimentally by performing initial experiments on argon-
gas valence states. The gas is passed through a 0.5-mm-
diam nozzle located 3 mm above the interaction region.
The total-energy resolution of the system is dependent on
the range of energies to be simultaneously acquired
across the MCP's. Typically, this interval was set wide
enough to adequately cover the valence-band region, 50
eV. A typical binding-energy curve for an incident ener-

gy of 7.5 keV is shown in Fig. 2. The measured energy
resolution of 4.5 eV FWHM agreed with predictions
based on the analyzer dimensions and electrostatic field
strengths. The momentum resolution was determined by
an angular correlation measurement of the argon 3p and
3s ion states as shown in Fig. 3. The theoretical calcula-
tion of momentum resolution is subject to the angular ac-
ceptance of the analyzers and the divergence of the in-
coming electron beam, about 0.3' FWHM. The contribu-
tion from the analyzers is found by numerically integrat-
ing over the pair of symmetric circular apertures

hq =0.43ko50,

where 60 is the small pencil angle in radians from the
target to one analyzer. For small q, the resolution nar-
rows because the analyzers accept positive and negative
momenta of the same magnitude in the beam direction.
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FIG. 3. The angular correlation data of (a) the 3p and (b) the
3s ion states (29.3 eV) at 7.5 keV. Both theoretical curves have
been convoluted with a system resolution, at 0 A binding
momentum, of 0.9 A FWHM.

The resolution improves to about 0.27koAI9 at q =0 A
The acceptance angle of the analyzers was varied with
two input aperture sizes of +1.2 and +0.5', which gave
total resolutions of 0.9 and 0.4 A ' FWHM, respectively.

The momentum spread accepted by the entrance aper-
tures of the analyzers causes the peak measured momen-
tum as set by Eq. (4) to shift. The corrected momentum
equation for an isotropic target is approximately

q, = (sgnqo ) [q +O. 125(keb 9) ]
' ko .
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FIG. 2. The coincidence binding-energy distribution of argon
gas collected at 7.5 keV at an energy resolution of about 4.5 eV
FWHM. The first peak is the 3p ion state (15.76 eV), while the
trailing peaks form the 3s manifold, the largest ion state occur-
ring at 29.3 eV.

Equation (5) indicates that to obtain a measurement of' —1

q, =O A the angular resolution of the analyzer must
approach zero. With the above resolutions the momen-
tum measurement at 0, =45' is not the ideal q =0 A
but a finite momentum. The effect is especially noticeable
in the case of the measurement of a P state as shown in
Fig. 3(b). Here the intensity is changing rapidly as a
function of momentum near q=O A ' with an ideal
sharp drop to a node.

There are a number of sources of systematic error.
The magnitudes estimated below are maximum values.
Systematic errors arise in the absolute momentum mea-
surement through the limit of positioning the electron
beam at the central interaction region to within +0.2
A ' with the main component in the plane of the foil and
the limit of alignment of the analyzers of +0. 1 A '. The
energy scale is referenced to the 3p state of argon of 15.76
eV with a maximum error of +0.75 eV within which the
zero of the binding-energy scale shown in later figures is
equal to the Fermi energy. The voltage supplies were sta-
bilized so that the drift in binding energy was less than
+0.5 eV.
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VI. TARGET PREPARATION

Thin amorphous carbon and polycrystalline aluminum
foils were prepared through vacuum evaporation onto a
soluble substrate. The sub strates used were room-
temperature high-quality glass slides coated with Decon-
90 detergent. To prepare a uniform coating, the Decon-
90 is diluted with distilled water (1 part in 100) and the
slides dipped into the solution and then allowed to dry in
air. The advantage of this substrate is that the foils readi-
ly release from the glass slide and that Auger electron
spectra indicate that the Decon 90 does not appear to ad-
sorb to the surface of the target.

Evaporation is carried out in a liquid-nitrogen trapped
vacuum system at a base pressure of about 10 Torr.
The carbon is evaporated from two spectroscopically
pure rods of carbon through intense local heating pro-
duced by an arcing current at a poor point contact. The
aluminum targets were made by evaporating 99.9% pure
aluminum from a cleaned wire tungsten filament. Once
deposited, the foils are coated free of the glass slides in a
bath of distilled water. They are then transferred to a
second bath for rinsing and picked up on an annular ring
and dried in air. The thin foils used in this study were
microscopically free of holes, and Oat, stretched over a
2-mm-diam hole through each target washer. The foil
thickness was estimated to within 20% from helium-neon
laser transmission readings and in situ transmitted
single-channel energy-loss spectra.

X-ray emission and Auger-electron-spectroscopy mea-
surements suggest that the major contaminants in the
case of aluminum are carbon and oxygen. Tungsten was
present but in quantities less than 0.1%. The Auger tests
suggested that carbon was largely deposited in the first
few monolayers on each side of the foil. The oxygen was
thought to be bonded in the form of the aluminum oxide.
By exposing the aluminum foil to the atmosphere and the
water bath a stable amorphous oxide layer forms at the
surface of the foil to a depth of 15 to 30 A. Since both
sides of the foil oxidize, the target, which was typically
about 120 A thick, had a composition that was con-
sidered an equal combination of polycrystalline alumi-
num metal and amorphous oxide.

The graphite samples were prepared by the "scotch-
tape method. " A pyrolytic graphite sample was carefully
cleaved into thinner planes by gluing to each side of the
thin sample, paper grips, then prying them apart. The
division process was repeated until the sample became
transparent ()70%) over an area greater than 1 mm.
The sample was then coated free by dissolving the glue,
cleaned in subsequent baths of hot distilled water, and
mounted on a target washer. To further thin the sample
the technique of plasma etching was applied. A gas
discharge was started between an anode and the sample
in a gas mixture of argon (80%) and oxygen (20%) which
reactively etched the exit surface of the sample. The
etching rate was monitored by the transmission of a laser
beam through the sample. It has been shown, through a
comparison with Raman-scattering measurements, that
plasma etching does not significantly disrupt the crystal
order at the surface.

The structures of the foils were verified by transmission
electron-diffraction measurements using a 200-keV elec-
tron microscope. The evaporated carbon foils revealed
only weak diffraction, with diffuse rings corresponding to
its amorphous nature. The sample produced the same
pattern independent of orientation relative to the
transmitted beam, which indicated that the substrate had
no bulk ordering effect of the sample in the plane of the
foil. The thin targets of aluminum were composed of
small crystallites whose orientation was random over a
wide beam sampling diameter. The diffraction pattern's
low-order rings matched that of aluminum metal, with no
evidence of any crystalline contamination. The amor-
phous oxide layer was not apparent in this exploration.
The graphite sample showed a uniform hexagonal spot
pattern corresponding to the c axis orientated perpendic-
ular to the slab. The pattern, however, did exhibit rota-
tion as the sample traveled under the electron beam, that
is, the crystal was composed of large crystallites that
were rotated about the foil perpendicular relative to each
other. Large numbers of dislocations were seen at the
boundaries.

VII. RESULTS

A. Evaporated carbon

The amorphous carbon results shown are from a single
sample with an estimated thickness of 110 A. The inves-
tigation of other samples with similar thickness was
found to give identical results at 0, =0, =45'. The data
plotted in Fig. 4 were acquired at a beam energy of 7.5
keV, with momentum and energy resolutions of 4.5 eV
FWHM and 0.9 A ' FWHM, respectively. With the
analyzers stationed at 45' and an incident electron
current of 380 nA, the real coincidence count rate was
about 3 counts/sec into a coincidence window set 5.6
nsec wide. The total background coincidence rate was
about 6.5 counts/sec into a timing window 110 nsec wide
defined around the coincidence window. It is noted that
the "quality" of the experiment from a statistical
viewpoint improves as the coincidence window (resolving
time) decreases and as the ratio of the coincidence win-
dow to the background coincidence window decreases.
The energy of the system remained fixed during the 11-
day collection time with the measured momentum swept
cyclically. Periodically the 45 data were analyzed and
compared to earlier spectra in the same run to identify
long term drifts. No significant differences were
identified. Spectra were also collected at order-of-
magnitude lower beam currents to verify that differential
charging was not occurring in the foil. These spectra
were identical to those collected at the higher currents.

The experimental data revealed two distinct peaks in
the valence region. At the analyzer's detection angles of
45', the maximum datum points of these peaks are locat-
ed at 12.8 and 26.5 eV, respectively. The relative
difference in energy of 13.7 eV corresponds closely to that
measured by Ritter et al. for their amorphous carbon
target experiments of 13 eV at their measured q = 1 A

d

At their higher-beam energy of 25 keV with resolutions
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FIG. 4. Spectral momentum map for an evaporated carbon foil, 110 A thick. The lines were the result of deconvoluting single-
channel energy losses from the coincidence spectra. The scattered angle and corrected momenta are recorded with each spectrum.

~ P \ ~

I ~ I ~ I ~ I ~ I ~ i ~ I ~ I I ~ I ~ i ~ I ~ I

4

I ~ I ~ i I ~ I 1 I I ~ i ~ I I I I

0 20 40 60 80 100 l20
Binding Energy (eV)

FIG. 5. The extended binding-energy spectra for an eva-
0

porated carbon foil 110 A thick, at symmetric scattered angles
of (a) 45' (q, =0.66 A ), (b) 41 (q, =3.8 A ), and (c) 50
(q, = —4. 1 A ). The solid curve in (a) was the result of decon-
voluting the multiple-scattered energy smearing function shown
dotted.

of 6 eV FWHM and 0.5 A FWHM two bands were
clearly identifiable. The first showed a nondispersing
band at about 9 eV below the Fermi energy, while the
second revealed a parabolic dispersion with a minimum
at q =1.0 A ' and a binding energy of 23 eV. From Fig.
4 the Fermi energy would appear to be located at a mea-
sured energy of about 4.3 eV, which gives good agree-
ment between results. Further, the second peak as a
function of increasing binding momentum magnitude
moves towards lower binding energies and monotonically
decreases in height. The first peak is stationary in bind-
ing energy with a local minimum at 45. Tentatively,
from the momentum densities, we describe the first
valence state as P like and the second as S like with free-
electron dispersion.

The raw data are affected by multiple-scattering events,
whose effects grow as the measured binding energy is in-
creased. This is clearly seen in the energy profiles of Fig.
5, which investigate binding energies below the valence
band at three different measured momenta. Past the
valence band we would expect no significant structure.
These detected events, for the most part, can be attribut-
ed to the energy-straggling collisions discussed earlier.
This is demonstrated by deconvoluting the estimated
smearing function from the raw data. The resultant solid
curve shown in Fig. 5(a) tends toward zero intensity after
the bottom of the valence band. Besides the primary
valence peaks, however, there are two further peaks that
are most likely related to an incomplete deconvolution.
The separation distance of these peaks is again close to 13
eV, which suggests they are satellites of the primary band
structure. We cannot, however, discount the possibility
of multielectron states or diamondlike bonded band
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FIG. 6. The deconvoluted curves of Fig. 4 redisplayed in a
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three-dimensional format. Note that q, =0.66 A has been re-
peated at positive and negative values.

structure. The lowest diamond band should exist close to
the shoulder at 32 eV. It is interesting to note that the
binding-energy tail turns down at progressively higher
energies as the measured momentum magnitude in-
creases. This is a result of more probable momentum
events (i.e., a q closer to zero) undergoing a number of
multiple collisions and being scattered into the less in-
tense momentum stations. The effect is outside the
valence band and does not significantly contribute to the
features observed in this region.

The solid lines in Fig. 4 represent the deconvoluted
valence-band spectra obtained from the van Cittert tech-
nique. For a comparison of relative peak heights the
deconvoluted curves have been replotted in a three-
dimensional format in Fig. 6. Little is known about the
energy-level scheme in an amorphous solid. Carbon in
crystalline form has two common bonding schemes, dia-
mond and graphite. From other work the bonding in
evaporated carbon is largely graphitic. The single-
channel energy-loss measurements (see Fig. l) on this car-
bon sample reveals that the bonding is predominantly
graphitic. The spectrum shows the existence of a vr-

plasmon peak at 7.5 eV, which occurs only in the graph-
ite form of carbon. The position of the o. +~ volume
plasmon at 26 eV is also consistent with graphite at 27
eV rather than diamond, which occurs at the higher ener™
gy of 31 eV. In theory, close to the center of the Bril-
louin zone, the long-wavelength states are dependent on
an averaged crystal structure that will be similar to amor-
phous carbon. It would be expected that the band
structure of crystalline graphite would then match the
energy-level scheme of amorphous carbon at low mea-

sured momentum. Away from the zone center, the local-
ly varying bonded network is likely to modify the band
relations. For polycrystalline samples the measured band
structure is an average over all crystal orientations. If
the band map is strongly anisotropic this will cause the
measured bands to widen away from the zone center. A
broadening of individual bands with increasing measured
momentum is also expected for amorphous materials.
The degree of short-range order will influence this effect,
with trends in dispersion following the similarly bonded
crystal.

The deconvoluted spectra place the two major peaks at
12.8 and 26.2 eV for analyzer positions of 0, =6, =45',
respectively. The lower band intensity is more clearly
shown as a function of measured momentum. A Gauss-
ian curve-fitting procedure was performed on the decon-
voluted data. The primary band structure was closely
fitted by two Gaussians of identical width 8.9+0.4 eV
FWHM. The tail structure was also fitted with two
Gaussians of the same width to account for their
inAuence on the primary band. For momentum magni-

0
tudes above 2.4 A ' it was impossible to separate the two
peaks without employing some prior knowledge. For the
higher momenta of

~ q ~

) 3.0 A ' the Gaussian width had
to be progressively reduced to about 7.4+0.4 FWHM to
obtain a reasonable fit. The trend is the reverse of the
earlier prediction. This may be related to the band-edge
intensity being close to the Fermi energy; there is, howev-
er, no indication of broadening of the band. The fitted
Gaussian's FWHM is nearly twice the measured instru-
mental resolution. The cause is most likely either an ina-
bility to resolve closely space bands or an averaging over
a single dispersive band by a wide pass momentum. In
the case of the first peak, which appears to be only slight-
ly dispersive, it would be assumed that this is composed
of several states. The second peak does disperse; howev-
er, its width does not increase from the minimum disper-
sion position. To help identify the contribution of a wide
momentum resolution, the analyzer's acceptance angle
was reduced to give a calculated momentum resolution of
0.4 A ' FWHM. The new data repeated the structure
found in the earlier experiments, with poorer statistics
due to the reduced coincidence rate. In particular, the
relative intensities of the two peaks did not significantly
change, which would not have been expected with strong
S- and P-orbital characters. The width of the second
peak was marginally sharpened but other differences were
within the momentum errors quoted above. The amor-
phous character of the foil did seem to be blurring the
band structure.

A comparison of structure close to zero measured
momentum between the amorphous carbon data of Ritter
et aI. and our data in Fig. 7 shows close agreement be-
tween the positions and relative intensities of the two
peaks after Ritter's energy scale is moved by 5.25 eV onto
the present scale. We have allowed also for a probable
momentum offset in Ritter's data which he describes as
between 0 and 1 A '. The symmetry of his data suggests
a systematic offset of about 0.6 A . The comparison is
conducted between the nearest pair of momentum posi-
tions in each study. At low measured momenta good
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agreement exists between the positions and relative inten-
sities of the two peaks. Differences exist at higher mea-
sured momenta where Ritter's lower dispersing band ap-
pears to maintain a slowly declining intensity over about
3 A . This picture suggests that most of the intensity,
where the bands merge at higher momentum, is derived
from the lower band. The trend indicated by the present
data is that the lower valence state declines rapidly over
this range, with the upper band being the major contribu-
tor at higher binding momenta. The intensity of the en-
ergy spectrum drops rapidly after 3.0-A ' magnitude
measured momentum. The discrepancies do not appear
to lie within the experimental errors of either study. The
target preparation is a possible answer with the bonding
structure or degree of crystallinity being different in the
two foils. In our case, the foil after the (e, 2e ) probe gave
no indication of electron-beam-induced recrystallization
through sampling the foil using an electron microscope
and analyzing its diffraction pattern. The difference in
energies of the two probes may also contribute through
different sampling depths with the solid target.

In general the foil behaved like nonoriented graphite,
with the energy levels approximately corresponding to
theoretical self-consistent calculations " shown in Fig. 8.
Close to zero measured momentum the upper band
would then be a composite of the ~ and 0.

2 and o.
3 bands

and the lower peak equated to the o. , bands. The
momentum densities for these bands in crystalline graph-

FIG. 7. The comparison of coincidence data for amorphous
carbon between that presented here ( ~ ) and Ritter et al. (Ref.
3) ( ) at 25 keV. Ritter mentions a probable systematic offset,

o
which we estimate to be about 0.6 A . For this reason a com-
parison with the nearest momentum spectra is performed at (a)
q=OA (i.e., q, =0.66 A ) with 1 A and (b) q= —1.6 A
(i.e., q, = —1.7 A ) with —2.0 A, where the first stated
momentum belongs to this study and the second to Ritter et al.

ite have also been calculated. The o bands are formed
from the trigonal planar bonding electrons, the remaining
p, orbitals generate the two ~ bands. For symmetry
reasons the momentum density of the ~ bands must drop
to zero in the basal plane of the crystal. The ~ and upper
o bands have zero momentum density at q=0 A ' and
are said to be P-like, while the lower bands are S-like
with a maximum at the center of the Brillouin zone. The
major attributes of the spherically averaged crystal struc-
ture fit the data. A possible exception is that the major
band gap is filled even at the lowest momentum data.
This may be a result of elastic scattering not deconvolut-
ed from the data which yields a small background related
to higher momentum states.

The comparison with graphite is further justified by the
(e, 2e ) experimental results obtained from a thin graphite
foil, as shown in Fig. 9. The foil, prepared to an estimat-
ed average thickness of 170 A, was investigated using the
previous experimental energy and momentum resolutions
of 4.5 eV and 0.9 A ', respectively. At about q =0 A
the coincidence count rate dropped to about 1 count/sec
with an accidental coincidence count rate of 6 counts/sec
into a wider background window of 275 nsec. The raw
data had a similar form to that of amorphous carbon
close co the center of the zone, with peaks located at 13.2
and 26.2 eV. The second peak lies on the rising back-
ground of satellite counts from the first state. The tail at
higher binging energies has a greater intensity in this
thicker sample because of the increased probability of
multiple inelastic scattering. Away from q =0 A ' the
structure follows the predicted atomiclike bonding along
the c axis, with both bands remaining dispersionless. The
upper band closely rejects the amorphous carbon band at
these resolutions. Graphite's lower band declines rapidly
in intensity with increasing momentum as with amor-
phous carbon, but does not appear to disperse. This be-
havior agrees with the calculated momentum density in
this direction, which also monotonically decreases. The
correspondence between theory and experiment for paral-
lel momentum densities is shown in Fig. 10. The theoret-
ical momentum densities have been folded with a 0.9-
A ' FTHM Gaussian. For comparison we have as-
sumed that the momentum density parallel to the basal
plane is constant within the analyzer resolution. The ex-
pected analyzer aperture momentum offset perpendicular
to the c axis was about 0.4 A '. The data are extracted
from the plots with the assumption that the peak widths
do not vary and that the inelastic background at the
lower peak position is a constant fraction of the initial
peak's height. The fraction of 0. 1+0.05 is obtained from
the wide momentum position. These assumptions were
used since the plasmon loss becomes anisotropic to the
incoming and outgoing directions, which complicates the
deconvolution procedure. The wide momentum resolu-
tion does sample the band structure off the ideal I -3
axis, which partly describes the peak widths (about 4 —5
eV) and nonzero intensity of the first peak at the 45' posi-
tion. It is also worth mentioning that with the probe
sampling close to the exit side of the foil that surface
roughness may be contributing to the observed discrepan-
cies.
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FIG. 8. The first Brillouin zone for graphite is displayed in (a) and the electronic band map in this zone along the high-symmetry
directions is shown in (b) and (c). The map has been obtained from Holzwarth et al. (Ref. 24).

B. Aluminum and aluminum oxide foils
0

Evaporated 130-A-thick aluminum foils have been
studied by us under conditions similar to those of amor-
phous carbon. The spectra covered a similar range of
momenta and energies and revealed two valence peaks
situated at 13 and 30 eV. These states were dispersionless
and their intensities indicated that the upper state was I'-
like, while the lower state was S-like. By taking into ac-
count the target-depth sampling profile of the (e, 2e)
probe and the distribuion of oxide within the foil, it is
likely that most of the signal was derived from the oxide
rather than the aluminum metal. The nondisper sing
lower band did not correspond to the free-electron-like

band of aluminum. The results, for this reason, were
compared to the band map of crystalline o; alumina with
the view that the amorphous oxide should approximate it
close to zero measured momentum. The upper valence
structure is composed of many closely spaced bands
which are relatively dispersionless. The band itself splits
into contributions from the 02p lone pair orbitals (0—2
eV from the top of the band) and the hybridization of the
oxygen-aluminum orbitals (2—6 eV), with the major com-
ponent being the 02p orbitals. The lower dispersionless
bands range in energy from 16 to 19 eV below the top-
most band, which agrees with the experimental separa-
tion. The character of this band is S-like with bonding
contributions from the 0 2s and Al 3s —0 2s orbitals,
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(a)

again agreeing with the experimental results.
In this study, the measurement has been repeated at

the analyzer position of 45 with the improved measured
energy resolution of 1.5 eV FWHM. The momentum
resolution was maintained at 0.9 A ' FWHM. The in-
tention was to resolve the upper val~. nce structure into
two bands described above, which experimental x-ray
photoemission spectroscopy density-of-states studies on

0
FIG. 11. The results from an aluminum foil (130 A thick) at

two different energy resolutions (Q) 4.5 eV FWHM and ( ~ ) 1.5
eV for a scattered angle of 45' and a fixed momentum resolu-
tion. The measured resolution of 1.5 eV FWHM from the argon
3p state is shown in the inset.

a-alumina crystals have shown to have a separation of
about 4 eV. The data, however, repeated the structure
from the earlier study as shown in Fig. 11, with the not-
able exception of the minima, which appear to deepen at
this energy resolution, and a small upward energy shift,
which locates the peaks at 11.3 and 29.5 eV. The shift is
related to the improved resolution and being able to
define the absolute energy within +0.25 eV. The first
peak, however, does not reveal any sign of splitting into
two distributions. This may be an outcome of the amor-
phous characteristic smoothing out the valence-band
structure, especially due to surfacelike band states. A
small contribution from surface carbon may also smooth
out the distribution at this energy position.

VIII. CONCLUSION
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FIG. 10. Coincident rate as a function of parallel binding
momentum for the two dispersionless bands at (a) 13.2 eV and
(b) 26.2 eV. The curves are the theoretical momentum densities
(Ref. 4) for the m. and a.

&
bands, respectively, along the c axis,

folded with a 0.9-A FWHM resolution and Mott scattering
term. Both plots have been normalized by the same factor.

The foils studied here revealed well-defined structure in
the valence region which approximately agreed with
similar bonded crystalline forms. In particular, for amor-
phous carbon close to zero measured target momentum,
the binding-energy loss spectra were in good agreement
with that of oriented graphite, with the peak positions at
12.8 and 26.2 eV. Earlier studies by Ritter and Gao en-
abled us to compare for the first time data obtained by in-
dependent (e, 2e) technique on solids. Cfood agreement
was found close to zero target momentum, but the distri-
bution did appear to change at higher momenta. The
amorphous data presented here followed an atomic
momentum density distribution with the lower band
structure showing a concave dispersion.

From this experiment at these energies, it is evident
that single-channel collisions are a major factor in the
data analysis and that multiple-scattering events cause a
reduction in the total coincidence signal and the appear-
ance of satellite events. A possible advantage of the mea-
surements, as with Auger measurements, is that at low
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probe energies the surface becomes the major source of
detected (e, 2e) reactions in the valence region, even in
the symmetric transmission mode. To avoid the multiple
events for the investigation of bulk spectral momentum

0
maps in low atomic number foils prepared around 100 A,
the beam energy would need to be about 50 keV. The
17-fold decrease in signal, because of a reduced (e,2e)
difFerential cross section, should be compensated by the

increased probability of being able to detect single
scattering events. Work in this direction is continuing.
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