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Abstract

This review presents theoretical and experimental aspects of (e,2e) spectroscopy specific to the study of
crystalline and amorphous solids. The cross section for (e,2¢) scattering is proportional to the spectral momentum
Jdensity of the ejected electron under certain approximations. The theoretical framework for interpreting (e,2¢)
measurements is summarized here and general prdperties of the spectral momén_tum density of solids are discussed.
Different designs of the (e,2e) spectrometer are described and sample preparation techniques are briefly reviewed. A
summary of recent (e,2¢) experiments on the electronic structure of valence electrons in graphite, ion sputtered and
evaporated amorphous carbon, and aluminum-aluminum oxide films is given. The review concludes with a

discussion of an "ideal" (e,2e) spectrometer for studying bulk properties of solids.
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1. INTRODUCTION

The potential power of (e,2e) spectroscopy to elucidate the electronic structure of solids has
been recognized for almost thirty years [1,2], but successful application of this technique to solids
has become a reality only in the last decade [3]. The central importance of this technique is that the
(e,2¢) scattering cross section is proportional to the spectral momentum density (SMD) of the
target; that is, the (e,2e) coincidence count rate is a direct measure of the probability of finding an
electron in the solid with given energy and momentum. To illustrate this, the SMD of a
hypothetical solid with a nearly-free electron valence band and an atomic-like core band is shown
in Fig. 1. The valence band disperses quadratically with momentum up to a small energy gap at
the Brillouin zone boundary and continues the quadratic dispersion in the second Brillouin zone.
The SMD is nearly constant except near a zone boundary where it falls off rapidly (for a given
band) in the neighboring zone. In a metal the SMD is cut off at the Fermi energy. The atomic-like
core band is nearly dispersionless and the SMD mirrors the momentum density of the atomic level.
Significantly, the (e,2e) technique can be applied to amorphous as well as crystalline systems.

The difficulty in applying the technique is that the cross section and, therefore, the count rate
is very small. Other techniques, such as photoemission and positron annihilation, can measure
integrals of the SMD more expeditiously and with higher precision. In crystalline solids, where
there is considerable symmetry in the electronic structure, one can often infer important features of
the SMD from the integrals. But in disordered solids, where the translational symmetry is absent,
the integrated SMD is typically smooth and featureless and, here, (e,2e) spectroscopy can make
significant contributions to our understanding of these materials.

The application of (e,2¢) spectroscopy to solids has progressed in three distinguishable stages.
The first experiments by Amaldi et al. on polyvinyl-formal film [4] and Camilloni e al. on carbon
films [5] demonstrated that the technique could be applied to solids. The resolution (~100 eV) was
sufficient to distinguish core and valence shells, but was not sufficient to resolve features of the
valence shell. A series of experiments on carbon [6,7], collodion [6], formvar [8], and aluminum

[7,9,10] also could not resolve details of the valence shell, but the energy resolution improved by an



order of magnitude during this period. The first stage in the application of (e,2e) spectroscopy to
the valence band structure of solids (reviewed in Refs. 11-13) ends with the energy resolution on
the order of a typical solid valence band width.

The second stage began with an experiment by Ritter et al. on evaporated amorphous carbon
films which resolved features of the valence band for the first time [3] Three prrme factors
contrrbuted 1o the success of th1s experiment [14]. First, the improved energy resolutron (6to 8eV)
and the forturtously broad band width of amorphous carbon (20 eV) made it poss1ble to resolve
valence bands derived from molecular o and 7 orbitals. Second, the use of ultra hrgh vacuum
technology contrrbuted to the stabrllty of the target under relatrvely 1ntense electron beam
bombardment over the necessanly long penod of data accumulatron Fmally, the mc1dent beam
energy was approxrmately a factor of two h1gher than earher experrments Th1s reduced multrple
scattering wlnch was a far more deletenous factor in (e Ze) experrments on sohds than had been
anticipated. The group at Vrrgmra Tech followed this ﬁrst expenment wrth studies of crystallrne |
graphrte [15] and dramondhke amorphous carbon [16] The resuits on evaporated amorphous
carbon were confrrmed Wrth hrgher resoluuon by Hayes et al [17] and Lower et al. [18] Thrs
second stage was marked by the ﬁrst clear ev1dence that (e, 2e) spectroscopy could provrde new
illuminating mformatron regardmg the electromc structure of valence electrons in crystallme and |
amorphous solids. o | f o | | | -

The major experrmental d1fﬁculty encountered by groups in the frrst and second stages was the
length of time requlred to take a complete set of data on one sample ThlS low data rate was due to
the small inherent cross sectron for (e,2e) scattermg and the experimental practrce of takmg each" “
energy and momentum pomt in serial order usmg smgle channel detectors Stage three is marked"
by the advent of multrchannel techmques permitting parallel collectron of data over extended energy
and momentum ranges whrch srgmfrcantly 1mproves the data rate and facrhtates srgnrfrcant
increases in energy resolutron [13,18-28; reviewed in 28] In this revrew, emphasrs is placed on stage

two and stage three developments in the apphcatron of (e,2e) spectroscopy to solids. More detarls'



about the earlier work can be found in previous reviews [11-13]. We will not discuss the
application of (e,2e) spectroscopy to core levels [29-31] and surfaces [32].

As the technical hurdles to the application of (e,2e) spectroscopy to solids are overcome, one
would, of course, like to apply the technique to problems of interest in solid state physics. But, as
with any new technique, it is important to apply it first to systems which are well understood
before attempting to study those materials and questions which are conceptually more challenging.
Systematic experimental errors can be detected more easily when the "correct” results' are known.
In addition to experimental sources of error, several assumptions and approximations in scattering
theory are hidden in the simple proportionality between the (e,2e) cross section and the SMD.
Their validity has been carefully studied by (e,2e) experiments on gas targets [11,33,34], but further
tests through studies of simple solid systems are essential.

Free electron systems, such as the alkali metals, would be ideal for initial (e,2e) studies of
solids, but these materials are extremely reactive and difficult to handle. Aluminum is an excellent
second choice. Hayes et al. studied a thin aluminum-aluminum oxide film, but did not observe the
distinctive parabolic nearly-free-electron band in aluminum [12,35,56], The observed spectra rather
was dominated by (e,2e) events from the surface oxide layers.

Though far more complex than the free electron metals, crystalline graphite has been studied
extensively by various experimental techniques and by several theoretical methods [37]. The SMD
of this material has been calculated using the LCAO approximation [38] and an ab inifio
pseudopotential approach [15,39]. The two theoretical calculations are in semiquantitative
agreement with each other and with an (e,2e) experiment [15]. These studies provide some basis
fof analyzing systematic errors and for confirming the validity of the proportionality between the
cross section and the SMD, but further studies on aluminum and graphite are desirable.

In parallel with studies of well understood solids have been several experiments to elucidate
the conceptually challenging questions surrounding the electronic structure of amorphous carbon.
Depending on the preparation conditions, this material can vary in properties from a black, soft ‘

semimetal to a hard, transparent insulator [40]. An obvious model for such a range of properties is



based on the assumption that a variable mixture of the graphitic (sp2) and diamond (sp3) bonding
(with possibly a small admixture of triple bonded sp form) exists in these materials. The SMD of
these different bonds are quite distinctive and can be easily differentiated, in principle, by (e,2e)
spectroscopy. As will be discussed in Section 4, the measured SMD of graphitic and diamondlike
amorphous carbon are poorly modeled by a variable mixture of sp2 and sp3 bonding.

This review is organized as follows. In Section 2, the theory.of (e,2e) spectroscopy, as it
applies to solids, is discussed. The utility of various integrals of the SMD in analyzing .~
experimental measurements is included in this section along with a discussion of multiple
scattering. A description of different (e,2e) spectrometers is given in Section 3 along with a brief
review of sample preparation methods. In. Section 4, a synopsis is presented of all (e,2e) studies
to date on the electronic structure of valence electrons in graphite, evaporated amorphous carbon, -
ion sputtered amorphous carbon, and aluminum-aluminum oxide films. Finally, a brief analysis of

the design properties of an "ideal" (e,2e) spectrometer for studying solids is given in Section 5.

2. THEORY OF (e,2¢) SCATTERING

2.1. Kinemﬁcs

An (e,2e) reaction is a binary ionization event in which the kinematics of the two electrons is
fully determined. Given the large scattering angles and high electron kinetic energies involved in
experiments on solids; the colliding electrons can be treated like "billiard balls" as shown in Fig. 2.
An electron with energy E, and momentum Py, incident on a target, is scattered by a target electron
into a final state of energy E1 and momentum PL . The fecoi]ing target electron has energy and
mdmeﬁ_tum Ej and Py, respectively. Conservation of energy and momentum give

Ep=Eo-E1-E2-E;. (D
- Q=P,-P-P) : | )
where the binding energy Ep is the energy difference between the initigl and ionized target state, Q.

is the recoil momentum of the target, and Eg is.the recoil energy. If Eg>>Ep, and the mass of the - .



target is much larger than the mass of an electron, then Er = 0 and q = -Q where q is the
momentum of the target electron prior to the collision.

The symmetric scattering geometry [Fig. 2a] in which 6; = 6 = 6 and E; =E3 [41] maximizes
the momentum transferred to the recoiling electron and, thereby, assures that an important
condition (see Section 2.3) for applying the impulse approximation to the calculation of the cross
section is satisfied. Furthermore, if the incident electron kinetic energy is large, then both the
scattered and recoiling electrons‘ have high velocities and, therefore, long mean free paths so that
multiple scattering (see Section 2.7) is minimized. In this geometry, the target electron momentum
18

q =2 Py cosO- P, cosd 3)
q,=Pysin @
where q, and q, are paralle] and perpendicular to the incident beam direction, respectively. The
disadvantage of the symmetric scattering geometry is that the cross section for (e,2¢) scattering isa
minimum when 6; = 6y = 45°. In order to increase the count rate, Weigold et al. use an

asymmetric scattering geometry [Fig. 2b] with 61 = 14° and 6 = 76° [24,25].
2.2 Cross section

The cross section for (e,2e) scattering in the plane wave-impulse-independent electron

approximation is (atomic units i=m=e=1)

do _Ppy (do) F(q = 2
= £ q=P; +P,-Py)" 8 (Eg +Ey-E;-Ey ()
dQ,dQdEdE, Fo \dQ/y,.

where IF(q =Py + P - Pg)i2 is the momentum density of the ground state orbital which was

ionized by the binary collision and (%) is the off-shell electron-electron Mott cross section
Mozt

[33]. A short discussion of the approximations in this expression and their validity is given in the
next section. The crucial feature of (e,2e) spectroscopy is that the cross section is proportional to
the SMD:; that is, the momentum density IF(q)/2 of electron levels (in the independent electron

approximation) with binding energies defined by the energy delta function in eqn. (5). If the



momentum transfer Po - Py is considerably larger than q, then the proportionality constant

between the cross section and the SMD is nearly independent of q and Ep [42]. The cross section

for (e,2¢) scattering is quite small because of the rapid drop-off of the Mott cross section with
momentum transfer [( do ) o< [P - Pol 4] and because of the small fraction of available final
Morr 7" ‘ ,- C R : y ‘

states which are detected. ..

In planning experiments, it is useful to know roughly how the count rate will depend on
experimental parameters such as incident energy, energy and momentum resolution, and electronic
structure of the orbitals. being studied. Using a simple model for the SMD, that it is constant for
Ep = E(q) and q<q. and zero otherwise (this might be an S-like band which does not cross the

Fermi surface), Amaldi and Atti [43] have shown that the count rate can be written

4
ntlyd. ( Aq » :
I(e,2¢) o< —(—) AE (6)
gy \%/ SR

where 1) is the density of primitive cells in a crystal (the density of atoms in amorphous solids), tis ;
the thickness, Io is the incident current, Eg is the incident energy, and Aq and AE are the .

momentum and energy resolution, respectively [see Appendix for the derivation of eqn: (6)]. The.

strong dependence of I(e,2¢) on Ag/qe demonstrates the value of having adjustable momentum

resolution {14]. In practice, the count rate is heavily influenced by multiple scattering which is not -

taken into account in eqn. (6); this complication is discussed in Section 2.7.

2.3 Justification of approximations

A derivation of the (e,2e) cross section is quite complen since it is at best a 3—body problem}

for hjrdrogen and at.nvqrst a rnEny—body problem for solids. Equation (5) was obtained assuming“

the plane—wave nnpulse (PWIA) and independent-electron approxnnanons The most compelhng
evidence for the val1d1ty of these apprommauons is the excellent agreement between theory and

expemnent for a large number of atomic and molecular systems [11, 33,34,44]. Initial evidence



validating the application of eqn. (5) to solid targets comes from experimental and theoretical
studies of crystalline graphite [15,35].

The PWIA is generally valid for solid targets because of the high incident energy and large
momentum transfer used to minimize multiple scattering. For the impulse approximation to be
valid, the collision must be localized and must occur on a time scale which is shorter fhan the
response time of the target system. The length scale for the volume in which the collision is
localized is set by the inverse of the momentum transfer. In the symmetric scattering geometry, |
this scale is 0.02 A (E, = 25 keV) which is much less than the average separation of electrons in
solids. The fastest time scale for the electronic system to relax is the period of the plasma
oscillation, which in solids is ~10-16 s. This time period is four orders of magnitude longer than
the time required for the scattered and recoiling electrons (E = 12.5 keV) to leave a typical unit cell.
McCarthy and Weigold review the PWIA for atomic and molecular systems and conclude that in
the symmetric scattering geometry, it is valid for E, > 1200 eV [33] providing further justification
for the validity of this approximation in (e,2e) experiments on solids.

The independent electron approximation is valid in solids when the electron-electron
correlation energy is small, as in valence bands derived from s and p atomic orbitals. Where
electron-electron correlation effects are large, such as in core levels and valence bands derived from
d and f atomic orbitals, the approximation is éxpected to break down. The signature for the
breakdown of this approximation, which is observed in atomic and molecular systems, is the
appearance of satellite structures in the (e,2e) spectrum [11,33,34,44]. To date, all (e,2e) studies on
solids have been on broad, weakly-correlated valence bands and no satellite structure has been
obéerved.

For completeness we mention other approximations incorporated in the cross section for
(e,2¢) scattering from solids which are quite rigorously justified. As discussed earlier, the
symmetric scattering geometry and high incident energies assure the interaction volume is quite
localized and that one can neglect diffraction effects arising from the wave nature of the electron.

The effects of electron diffraction have been studied theoretically [45-47] and may be significant in



an asymmetric scattering geometry where the momentum transfer is small [25,48]. The influence of
relativistic effects is < 5% for all present spectrometers which use Eo <50 keV. Both the recoil
energy of the ionized ion and. the temperature smearing of the Fermi surface can be neglected given

that both are signjf,icantlyyd less than the energy resolution of all exisg:igg spectrometers,
2.4 Spectral momentum density of crystalline solids

The Wavefunctipn of an orbital_in_ a c:ystg]line solid in the independent elec;tron approximation
can_be written by Bloch's theorem as L R L R
| - Py = Tu @ ‘ M
where n is.the band vi[nd_ex, k_, is the PryStal-mqmentum qu lie;s vyithin the Brillouin zone, apd y

Up k(r) has the translation symmeiry of the crystal. The SMD of this orbital is ‘ ‘
o ‘ 2 2
Fop@f =2 8q vtk 8 (B-Ey®) - ®
R . . G . L, (A . .

where G is a reciprocal lattice vector and uy k G is the reciprocal lattice expansion coefficient of
Uy, k(r).  The real momentum q is notrestricted to'the Brillouin zone. This general expression for
the SMD provides minimal insight into the electronic structure of crystalline solids. However, it is
ué_efu-l to -consider the two limiting approximations introduced in Section 1 and shown -
schematically in Fig. 1 which correspond to large (nearly-free) and small (tight-binding) overlap of -
the neighbor atomic wave functions. These limits were discussed previously by Williams and -
Hayes [12].

_In the limit of nearly free electron, Un k.G is constant and: Ey(q) disperses quadratically with
momentum except near a Brillouin zone boundary where a gap opens in the energy dispersion and
Un k,G drops rapidly to zero-passing from one. Brillouin zoné to the next (repeated zone scheme)
[213/49]. The next-band above the gap continues the free electron parabolic energy dispersion until
it approaches the next Brillouin zone boundary. If the Fermi energy lies within a band, then the

SMD will be cut off sharply by the Fermi function.
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In the opposite tight-binding limit for a band derived from nondegenerate atomic orbitals, one
obtains up k G = ¥nk(q = k + G) where ¢p k(q) is the momentum transform of the atomic orbital.
An extreme case of a core 1s level also is shown in Fig. 1. Since the atomic core orbitals are
tightly bound in real space, the SMD for the band will extend out through several Brillouin zones
in sharp contrast to the nearly-free electron limit where the SMD for a given band is strongly

localized to one Brillouin zone.
2.5. Spectral momentum density of amorphous solids

With the loss of translational symmetry in disordered solids, the crystal momentum k is no
longer a good quantum number and, therefore, the band dispersion relation E(k) no longer has
meaning. But the SMD is well defined and given in the independent electron approximation by

2
pEQ =Y |, (@) 8(E-E,) ©)

where o labels the eigenstates of the independent electron Hamiltonian and ®(q) is the one
electron orbital in the momentum representation. The difficulty, of course, is in finding the
eigenvalues and eigenfunctions of the Hamiltonian when one is unable to factorize the secular
détenninant because of the absence of symmetry operators which commute with the Hamiltonian.
In spite of this daunting hurdle, there have been several theoretical attempts to calculate the SMD of
amorphous solids. They have been based primarily on the continuous-random-network model for
tetrahedrally bonded solids [50]. These studies find remarkably well-defined energy-momentum
correlations in the amorphous solid which are similar to an angular average of the E vs. k band
dispersion in the crystalline counterpart.

One theoretical approach to finding the eigenstates and eigenfunctions of a disordered system
is to take advantage of approximate symmetries, such as the short-range order, which exist in
many of these systems. Sadoc and Mosseri, for example, developed the elegant idea thét an
approximate symmetry in real space might be an exact symmetry in curved space [51]. Di Vincenzo

et al. applied this concept to amorphous tetrahedreally bonded semiconductors [52]. Specifically,
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they argued that some long-range order persists in these materials due to the constraints imposed
by the existence of short-range order and that states generated by the exact symmetry in curved
space can provide a good basis set for representing the eigenstates in real space. Haydock also
developed a theoretical procedure for generating eigenstates of a covalently bonded, disordered
semiconductor based on the long-range symmetry arising from short-range order [53]. Gibson and
Haydock found an effective medium Hamiltonian based on a network momentum operator for a
three-fold coordinated continuous random network structural- model [54]. From their model they
calculated the SMD of graphitic amorphous carbon. .Beeby and Hayes [55] used an alternate
method based on a Green's function technique. They calculated the electronic structure at a given
site based on the local short-range ‘order taking into account the positionally disordered distant
neighbor sites in an iterative, self-consistent fashion.

A second approach to calculating the SMD of disordered solids is based on determining the
electronic structure of a finite size cell in which the positions of the atoms are random to the
maximum extent allowed by local bonding constraints Hickey and Morgan [56], using cells of
tetrahedrally bonded networks [571, calculated the SMD usmg an equatron of motion techmque w1th,
a plane wave basis set and with the local electromc structure modeled bya pseudopotentlal Bose
etal. used the same cells and a similar recursion technique [58]. Both works found, again, strong
energy-momentum correlatrons in the SMD srmrlar to the angular averaged crystalline band
drspersron o o

The only drrect measurement of the SMD of an amorphous solrd has been in studres of
amorphous carbon [3,35,38] by (e,2¢e) spectroscopy where energy-momentum correlations snmlar to
the band structure of crystallrne graphite [15,35] have been observed [59] [There are also srgmficant |
dlfferences See Sectrons 3.3.1 and 3.3.2]. Though direct comparrson between theory and these |
experrments is dlfﬁcult because carbon forms both trigonal (spz) and tetrahedral (sp3) bonds wrth‘
its neighbors, the evrdence is strong that vestiges of crystal band dlspers1on remain in amorphous
sohds Thus, (e,2e) spectroscopy is begmmng to address the basic questron rarsed by Welber and.

Brodsky almost twenty years ago: “"For those amorphous materrals that are characterrzed by an
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absence of long-range order and a retention of short-range order. . . what remains, if any, of the

crystal band structure...." [60].
2.6. Integrals of the spectral momentum density

The SMD p(E.q) obtained from the (e,2e) spectrum can be integrated to obtain the energy

density of states N(E) and the momentum density J(q)

N(E) =] dq p(E.q) (10)

J(g) =] dE p(E.q) (1D
where integral (10) can be compared to angle-integrated photoemission spectra and integral (11)
can be compared to Compton scattering and positron annihilation measurements. These integrals
provide useful checks on the (e,2e) data though eqn. 10 can be applied to data from measurements
on single crystals only if a large fraction (fraction depends on crystal symmetry) of momentum
phase space is studied. It is generally not feasible to cover such a large fraction of phase space
because of the low (e,2e) count rate. In the case of amorphous (and polycrystalline) solids, the
SMD is rotationally invariant so that integral (10) reduces to a one-dimensional integral and
profitably can be compared to photoemission measurements.

An important integral which can, in principle, allow one to determine the absolute spectral

momentum density is

n=JdE | dq p(E.q) (12)
where 1 is the total density of electrons in the solid. Generally the binding energies of the valence
and core electrons are well separated so that one can write

Dyalence = fvalence dE I dq p(E,q) (13)
bands

where Dyglence iS the density of valence electrons. Again, integral (13) is not helpful for crystalline
solids as data cannot be obtained over a sufficiently large volume of momentum space.

A useful extension of integral (13) for studying amorphous solids is the partial integral

13



E

Nyalence(E) = fvalence dE” I dq p(E",q) (14)
0 bands

where zero energy generally is the Fermi level. The utility of this partial integral is that one may
have some information regarding the atomic or molecular valence band levels of the constituents
making up the amorphous solid. The question then is; how do these atomic and molecular levels
shift, broaden, and hybridize in the solid. By comparing the measured fraction nyalence(E)/Nvalence
asa fnnction of E to the fraction calculated from the atomic and molecular levels, one can obtain .
insight into the nature of the electronic levels in the solid.: In practice, one compares yalence (E.q)
to theory where

. E - q s
Dyalence(E.q) = [aE J q2dq )
0

o}
for disordered solids. This is necessary because the experimental SMD often is lost in noise at

moderate values of q well before the momentum integral has converged to the g~y limit. - -
2.7 Imiplications of multiple scattering for solids

The application of (e,2e) scattering to solids revealed contributions to the spectrum from
multiple scattering events, a new feature not previously seen in (e,2¢) measurements oii’ gas
targets. The effect of multiple scattering can be seen (Fig. 3) in the extended data of Kheifets ez al,
from evaporated amorphous carbon [38] and Hayes et al. from aluminum-aluminum oxide films [36]
which show the coincidence rate as a function of binding energy (with respect to the Fetni energy)
for momentum g=0. In the absence of multiple scattering, the spectrum in the independent electron -
approximation would be zero between the bottom of the valence band, 21 eV for amorphous
carbon and ~28 eV for alummum oxide, and the ﬁrst core level. Instead, as seen in the figures, a
nearly constant spectrum extends below the bottom of the valence band to the limits of the
measurements. This continuum below the valence band is due to mu1t1ple scattermg events

consisting of a binary collision plus one or more small angle scattering events before or after the
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(e,2e) collision. The small angle collisions are predominantly ﬁom the creation of plasmons. An
analysis of multiple scattering contributions to (e,2e) spectra is given by Jones and Ritter [62].
Hayes et al. [12,35,36] used an alternative Monte Carlo deconvolution procedure to correct for
multiple scattering in their data.

The relatively high probability for small angle scattering events in solids has an enormous
impact on the optimum target thickness for an (e,2e) experiment on a given material. The (e,2e)
rate is obtained from coincidence timing spectrlim [see Fig. 4(a)] which ideally consists of a large
coincidence peak from true events of interest riding on a small background from uncorrelated
scattering events in which two electrons by chance arrive at the two detectors within the
coincidence timing window At [11,33,34]. In brief, multiple scattering reduces the true signal rate
without substantially affecting the background rate so that with increasing target thickness, the ratio
of the signal to background count rates falls off exponentially with the thickness/mean free path
ratio. In the limit of zero target thickness, the signal/background ratio diverges but the signal rate
goes to zero. So, there is an optimum target thickness which depends on the mean free path for
small angle scattering. The mean free path is approximately pfbportional to the energy of the
electron, so the optimum target thickness depends sensitively on the incident electron energy.

The optimum target thickness can be obtained from the expression derived by Lower and
Weigold [19] for the time T required to obtain a given statistical uncertainty & in the total count

taking into account the deleterious effect of multiple scattering

1
T 15)
S2fAqL, (

where & = ANy/N; (AN{ is the statistical variance in the number of true coincidence events and N is
the number of true coincidence events), I, is the incident beam current, Ag is the thickness of the
sample, and f is the fraction of single scattering events. (This factor f was not present in the

original expression of Lower and Weigold). Jones and Ritter [61] find for the symmetric (e,2e)

geometry
o AE/Ag

T2 -1 {expl - AW/A(Eo)] - expl - 4V2 AY/A(Eo)]} (16)
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where E, is the incident energy and A(E,) is the mean free path of the incident electron. For
Eo 2 1keV, A(E,) is proportional to Eo1n(E,). In the limit A(Eo) >> Ag, one can see that f— 1.

In order to minimize the data collection time T for a given relative statistical uncertainty &, one
must maximize the incident current I, and the effective thickness of the target fA. In practice, the
incident beam current is limited by sample heating and the Boersch effect (rapidly deteriorating
energy resolution with increasing incident beam current) [62,63]. The maximum value of fAg as a
function of Ag/A(E,) occurs when the target thickness is Ag=0.37 A(Eo),. At this optimum -
thickness, 33%. of the integrated (e,2e) spectrum is single scattering binary events of interest.
Thus, at the optimum thickness the spectrum still is significantly influenced by multiple.scattering. -
One must either correct for the multiple scattering by some deconvolution method or use thinner
samples at the cost of longer data accumulation times. One can also increase the incident energy E ..
to increase A(E,) and, thereby, reduce the multiple scattering, but at a stiff price; the data
accumulation time T increases proportional to EQ3 in the limit Ag/A(B,) << 1.

Jones and Ritter demonstrated .that the observed (e;2e) spectrum is proportional to the
convolution of a "smearing,.funcﬁo‘n?7.S(E,q), which,gccountsforfall kinematically allowed small
angle scattering, with the (e,2e) cross section of interest [64]. The smearing function depends
explicitly on energy and momentum and implicitly on the parameters Ao/A(Eo)inelastic and
Ad/A(Eo)elassic where A(Eo)inelastic and A(Eg)elusric ate the inelastic and elastic mean free paths,
respectively. The target thickness and mean free paths often are poorly known. One can estimate
these parameters and obtain a quick characterization of the degree of multi‘pIe scattering in a sample
from the smgles spectrum taken by one analyzer of the (e 2e) spectrometer [64]. An example of

such a spectrum for amorphous carbon is shown in F1g 4(b)

3. EXPERIMENT

3.1. Spectrometers

Schematics of two (e,2€) spectrometers [14,19] are shown in Fig. 5. They are representative of

other instruments for solid targets [4,13,18,24-2641]. The three primary elements are the electron
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source, target chamber/sample, and energy and momentum analyzers/electron multipliers. For the
symmetric scattering geometry, it is convenient to have the energy analyzers/electron multipliers
near ground potential which requires that the electron source and target chamber be at respective
potentials V<0 and V7>0. Those coincidence scattering events are detected in which the incident
and recoiling electrons have equal kinetic energies. If the pass energy of the analyzers is Ep and
the target electron binding energy with respect to the Fermi energy is -Eg (Eg>0), then

Ep=-eVg-eVr+ W+ 2Ep - 2Wy, (23)
where W and W4 are the work functions of the electron source cathode and the analyzer,
respectively. High quality commercial voltage supplies have a long-term stability of about 50 ppm.
When Vgl and V are greater than 10 keV, then long-term drift in these supplies is a significant
source of uncertainty in determining Eg. The certainty in W¢ and Wy (known to ~1eV) and
charging of insulating samples introduce further systematic errors. Ideally, zero binding energy
would be calibrated by observing the distinctive cut-off of the Fermi function in a metal, as is done
in photoemission spectroscopy, but this cut-off has not yet been observed in (e,2e) spectra.

The electron source generally is a commercial triode electron gun. The energy spread of the
electron beam is thermal for low currents and increases with current above ~1 UA due to the
Boersch effect [62,63]. One can reduce the energy spread of the electron source below the thermal
width (~0.25 eV) with a monochromator, but there is significant loss in current with increaéing
resolution. Kuyatt and Simpson made a careful study of the hemispherical analyzer as a
monochromator optimizing the beam optics through it for maximum energy resolution and
current [65]. They obtained 0.1 pA of current with a spread of 0.1 eV and found the current scaled
as ~AES/2. Therefore, improvement of the energy resolution in (e,2e) spectroscopy below the
thermal spread will require substantial implementation of parallel detection techniques to maintain a
reasonable data rate.

The energy analyzers in the spectrometer shown in Fig. 5(a) were Wien filters [crossed E and
B fields] with resolutions of ~4 eV FWHM [14]. For high resolution, hemispherical analyzers [see
Fig. 5(b)] have a very high figure of merit [66], significantly better than the Wien filter, and the
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hemispherical analyzer also couples naturally to microchannel plate detectors-and position sensitive
detectors for parallel detection of a range of energy and momentum{18,19,23-26]. For an asymmetric
scattering geometry and parallel collection of data, Storer et al. [24,25] combined a hemispherical
and a toroidal analyzer in their spectrometer to obtain optimum coupling of the scattered beams to
the energy analyzers. The fast.electron (scattered in the forward direction) and the slow electron
(the large scattering angle) were focused into the hemispherical and toroidal analyzers,
respectively. |

The target electron momentum is determined by the momenta of the incident, scattered, and
recoiling electrons (refer to Eqs. 3 and 4 and Fig. 2). For spectrometers similar to the one shown
chosen by varying the angle ¢ of the incident beam with pairs of electrostatic deflectors which
rotate (without translation) the direction of the incident beam on the target. . The component of
target electron momentum parallel to the incident beam is chosen by sets of electrostatic deflectors
in the exit paths of the scattered and ejected electrons which symmetrically rotate the opening angle .
6 of these two beams, The scale of momentum.one would like.to study is typically set by the
Brillouin zone boundary which is of order 2A-1. The change in momentum with respect to angle is
0.08 A’l/mrad for an incident energy of 25 keV so that an angular range of order +40 mrad must be
covered with an angular precision approaching a few milliradians. This level of precision places
severe demands on the alignment and calibration of the electrostatic deflectors.

The deflectors in front of the target can be calibrated by observing the Bragg diffraction peaks
of a suitable target, such as polycrystalline aluminum, with an energy analyzer and detector placed.
behind the target. The electrostatic deflectors behind the target also can be calibrated by Bragg
scattering if electron sources. are placed in front of the target in line with the detectors for the
scattered and ejected electrons. In practice, Ritter ef al. [14] scaled the calibration of the deflectors
behind the target to the Qaljbration of the deflectors in, front of the target by the relative kinetic
energies of the incident and scattered electrons and by the appropriate relative dimensions of the .

two groups of deflectors. The determination of the absolute momentum is based on suitably placed- -
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apertures to define the electron optics of the incident and scattered beams. In practice, mechanical
misalignment of these apertures and uncertainty regarding the position of the electron beam on the

target has been a major source of systematic error in determining the momentum [14].
3.2. Electronics and signal processing

The first (e,2e) spectrometers applied to solids (stages one and two in our historical sequence)
collected data for the energy-momentum phase space of interest in serial order. The energy is
determined from the energy of the incident, scattered, and ejected electrons while the momentum is
reconstructed from the scattering geometry. The two detected electrons can be scattered and ejected
electrons from binary vertices of interest or scattered electrons from two separate binary events
- which are uncorrelated in time. These true and accidental scattering events are disentangled by
coincidence spectroscopy. One electron starts a time-to-amplitude converter (or time-to-digital
converter) while the second detected electron stops the converter (with an arbitrary delay t, so that
events of interest do not appear at the electronically ill-defined zero time). The true events appear
as a peak centered at t, riding on the uncorrelated accidental events which appear as background
spread uniformly across the time spectrum [Fig. 4(a)]. The true plus accidental count is
- determined from integrating the spectrum over a time window Atc centered at t, while the accidental
count is measured from the background spectrum in a time window Aty well separated from the
delay time. The true events are then obtained by subtracting the background count from the true
plus accidental count taking into account the relative widths of the two windows.

| The parallel collection of data (stage three in our historical sequence) is done with
microchannel plates and resistive anode position sensitive detectors on the output focal plane of an
electrostatic analyzer. The first parallel-collection spectrometers used only one dimension of the
position sensitive detector to collect a range of the energy spectrum [13,18,19,26]. Recently
completed spectrometers use both dimensions of the position sensitive detector to obtain energy

and momentum information in parallel [23-25,28]. The rate at which information must be processed
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to obtain the true coincidence rate as a function of energy and momentum expands significantly ina .
parallel detection system. The position of the detected electrons on the resistive anode strip must
be translated into the binding energy and momentum and the timing information must be corrected
for the dispersion in transit times of electrons passing through the hemispherical analyzers with
different energies. This dispersion contributes to the width of the true coincidence peak and
seriously degrades the signal to background ratio. Techniques have been developed to compensate
for this effect [19,271. |

Two approaches address the expanded information processing in parallel data collection. The
Flinders group relies heavily on NIM hardware both for translating the resistive anode signal into .
an energy-momentum value and for correcting the timing signal [13,18,24,25]. A computer performs
higher level functions such as stepping energy and/or momentum ranges, storing the coincidence
and background counts as a fmcﬁon of energy and momentum, and providing graphical displays,
The second approach, taken by the group at Perth, relies more on software to translate lower level
resistive anode and timing signals into higher level information [23,26]. This approach relies less

on analog signal processing and permits tuning the experiment by computer.
3.3. Sample preparation

Each material to be studied by (e,2e) spectroscopy presents a new, formidable challenge for
sample preparation because of the extremely thin samples which are required.(~100A for incident -
beam energies ~ 25 keV) in order to minimize multiple scattering. As discussed in Section 2.7, the. .
opﬁmgmls_amp‘le thickness is 37% of the mean free path of the incident electron. The elastic and

inelastic mean free paths can be estimated from

o A
Aelasiic(E) = 882 A (E/25 keV) B (24)
. A A
Ainelas;‘ic(E) =48 A (E/25 keV) Ry . (25)

20



using expressions given by Crewe where A is the atomic weight, Z is the atomic number, and p is
the specific gravity [67]. The total mean free path is dominated by the inelastic contribution and
varies from 150 A for carbon to 900 A for cesium when E, = 25 keV.

Well developed techniques exist for preparing samples for transmission electron microscopy
[68]. These foils can be of order or greater than 1000 A thick since E;=100 keV for TEM. The
area of a thin foil only need be of order a few square microns since the beam is strongly
converging at the target. For (e,2e) spectroscopy, the film must be thinner by nearly an order of
magnitude and the area of the foil must be six orders of magnitude larger for a momentum
resolution of 0.1 A-l (at E, = 25 keV). High-energy, nonimaging, transmission EELS
spectrometers operate at the same energies as TEM, requiring, therefore, films of the same
thickness. But samples for EELS must be of comparable area as (e,2e) samples because both
techniques have similar momentum resolution. Some techniques for preparing transmission EELS
samples have been discussed by Fields and Fink [69].

Amorphous and polycrystalline films often can be prepared by evaporation or sputtering of the
material either on detergent-coated glass slides or on rock salt c;ystals. They are floated off in
water and mounted either across an aperture or on a TEM grid. A difficulty with many of these
films is the oxide surface layer which can be comparable in thickness to the film itself. Preparing
good quality, single-crystal films which are several thousand angstroms thick is difficult: going
another order of magnitude thinner is heroic. One general approach which can be applied to many
materials is to prepare an ~1000 A thick foil using standard techniques from EELS and TEM and,
then, approach the final thickness using ion milling or reactive ion etching. There is evidence that

plasma etching does less damage to the surface than ion milling [70].
4. EXPERIMENTAL STUDIES OF SOLIDS

Four systems have been studied with sufficient resolution to observe distinct features in the

SMD of the valence band. Several groups have studied evaporated amorphous carbon which has
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become the operational standard for evaluating a new spectrometer. Graphite and diamondlike
amorphous carbon have been studied by the group at Virginia Tech and graphite and an aluminum—
aluminum oxide film has been investigated by the group at Perth. We will discuss graphite first
because the theoretrcal SMD can be calculated qurte accurately for th1s material and because the
experimental SMD of amorphous carbon and crystalline graphlte are remarkably snmlar A |
theoretical framework for calculatlng the SMD of amorphous solids i is much less well developed
than the corresponding theory of crystalhne solids and comparison of the crysta]hne and d1sordered

spectra may provide guidance in developing such a framework
4.1 Graphite

The (e,2¢e) spectra of partrally oriented graphlte was measured by Gao et al. for momentum
parallel and perpendicular to the c-axis and the results were compared to a frrst prmcrples |
calculation of the SMD [1s1. A relatrvely thrck fllm was prepared by the "standard scotch-tape" |
method from a crystalline graphrte mclusron in quartz ThlS film, mounted across an aperture, was
thmned further by reactive ion etchmg using an oxygen plasma The c-axis of the crystal was
perpendrcular to the frlm but the domaln structure of the basal plane was not determrned All
ev1dence from Raman spectroscopy and electron d1ffractron suggested that the crystallme order of
the ongmal graphite ﬂake survived the trauma of the thmmng process [15 711.

Graphrte has a simple hexagonal Bravars lattlce witha basrs of four atoms. The recrprocal
1att1ce is shown in Fig. 6(a) The band structure of graph1te calculated by Holzwarth et al is also
shown in Fig. 6(a) [39]. They used a fnst—pnncrples, self-consrstent techmque based on densrty-!
functional theory in the local-densrty approximation using the mixed- bas1s pseudopotentral

approach. The sixteen valence electrons per pnmmve cell fill eight bands cons1st1ng of three c
doublets and one 7 doublet. The ¢ doublets are nearly degenerate because of the weak interaction

between sp2 orbitals in the ne1ghbor1ng hexagonal sheets whlle the two & bands are split by nearly

2eV at the T‘ point because of the relatrvely large overlap of the pz-hke orbrtals on adJacent sheets |
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The band structure of graphite has been measured by angle-resolved photoemission and excéllent
agreement exists between the experimental results {72] and the calculations of Holzwarth et al.

The SMD is directly related to the expansion coefficients of the Bloch wave functions [see
eqn. (8)]. These coefficients were calculated by Gao et al. [15] by the same theoretical approach as
was used by Holzwarth ez al. in calculating the band structure and are in fair agreement with a
similar calculation by Kheifets et al. [38]. The SMD is plotted in Fig. 6(b-d) in the high symmetry
directions ¢ = '>A, g =T'—>K, and g = '->M for the three ¢ and one 7 doublets. The
momentum densities of the two members of the doublets aré nearly the same in all four cases. The
different partial wave symmetries of the bands are clearly evident. The S-like character of the o1
bands is seen from the monotonic fall-off of the SMD with increasing momentum both
perpendicular and parallel to the c-axis. The SMD of the P-like 6, and 3 bands are zero along the
c-axis. In the T—K and IT'—M directions, the SMD of the o, bands are negligible out to ~1.0 A-1
and then go through a peak just outside the first Brillouin zone. The momentum densities of the 3
bands in these directions are negligible until well into the second Brillouin zone. The momentum
densities of the w-bands have a node in the basal plane and go through a broad maximum in the
second and third Brillouin zones. |

The experimental measurements by Gao et al. of the SMD of the graphite bands as a function
of energy for different momenta are shown in Fig. 7 [15]. In Fig. 7(a), the momenta, in steps of

0.6 A-1 perpendicular to the c-axis, include a constant component gy = -0.61 A-1 parallel to the c-

axis due to a misalignment of the spectrometer. In Fig. 7(b), the momenta, in steps of 0.6 A-l
parallel to the c-axis, include a constant component q; = -0.35 A-1 perpendicular to the c-axis.
The energy resolution for these measurements was 8.6 eV FWHM and the momentum resolution
was estimated to be 0.47 A-1 FWHM and 0.73 A-l FWHM for momentum parallel and
perpendicular to the c-axis, respectively. Statistical error bars are shown for each spectra.

The theoretical SMD are shown as bars in Fig. 7. The widths of the bars are equal to the
splitting of the respective band doublets. The calculations were made for the actual measured

momentum, taking into account the misalignment of the spectrometer, so that a weak peak is
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predicted for the s-band in Fig. 7(a) even though the nominal momentum is perpendicular to the c-
axis. For momentum in the basal plane, the theoretj,cal results for thf; I'-M direction are plotted in
Fig. 7(b) since variations in the theoretical SMD betwgen the I‘—>M and I'—>K directions are
smaller than the scatter in the experimental data. The experimental data has been scaled to the
theoretical results using the peak at 20 eV in the g = 0.0 Al spectra in Fig. 7(a).

One can clearly see in Fig. 7(a) thp dispersion of the ¢ bands for momentum in the basal plane
despite considerable scatter in the data. The experimental dispersion appears to be stronger than
the theoretical pred@ction, bgt the @xpegirqgntal and theoretical SMD are in good agreement for these
bands. For momentum parallel to the c-axis, the & and © bands are prcdjcted to be nearly
dispersionless and this is confirmed by the data in Fig. 7(b). The P-wave behavior of the 7 band
is also clearly evident with the SMD going through a maximum at q~2 A-1. A stringent test of the
theory is the predicted ratio of the maximum SMD in the m and o bands. The observed ratio is, in

fact, in good agreement with the theoretical prediction.
4.2 Amorphous carbon e T 3 o

g T_he‘ properties of amorphous carbon films vary, depending on how they are prepared and on
how much hydrogen is.incorporated into the material, from soft, black, conducting graphitic films
to hard, transparent; insulating diamondlike films [40]. Initial models of amorphous carbon were -
based on the assumption that graphitic films contain a high proportion of sp? carbon-carbon
molecular bonding while the diamondlike films contain a high proportion of sp3 bonding. There is:
general agreement that the soft, black films contain predominantly graphitic sp2 bonding, but sharp
disagr,eemqgt exists regarding the nature of carbon-carbon bonding in hard, transparent films [40]. .
The SMD of these different bonds are quite distinct and can be easily distinguished, in principle, ..
by ‘(e,2e‘)~ schtroécopy; The (e,2e) data indicates that even in graphitic amorphous carbon the

nature of the carbon-carbon bqnding is more subtle than present models would suggest.
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Three groups have studied graphitic amorphous carbon [3,18,35,38] and one group has studied
diamondlike amorphous carbon by (e,2e) spectroscopy [16]. These studies find that in both forms
of amorphous carbon significant spectral weight exists near the binding energies of the r and ©
bands of graphite. Within experimental error, the SMD of the lowest ¢ band of graphite is
identical to a feature at the corresponding energies in the SMD of graphitic and diamondlike
amorphous carbon. But the 7 band SMD in graphite is qualitatively different from the
corresponding feature in graphitic and diamondlike amorphous carbon. There are electron levels in
amorphous carbon with binding energies which overlap the © bands of graphite, but the
momentum densities for the amorphous carbon levels and the graphite © band levels are
qualitatively different. Thus, evidence from (e,2e) spectroscopy does not support a model which
describes amorphous carbon as simply a variable mixture of graphitic sp? and diamond sp3
bonding. We will review the experimental results for ion sputtered and evaporated amorphous

carbon and then discuss the interpretations of the measurements.

4.2.1. Evaporated amorphous carbon

In all these studies of evaporated amorphous carbon [3,18,35,38], the films were ~100 A thick
and were prepared by striking an arc between two high-purity graphite rods and allowing the
carbon plasma to condense at room temperature on a glass slide which had been coated with a
water soluble detergent [73]. The films separate from the slide when it is emersed in water and then
can be mounted on sample holders.

A serious concern in studying such thin films is whether the local bonding is oriented with
respect to the substrate. Grill ez al. [74] found that the nature of carbon-carbon bonding in plasma
deposited, hydrogenated amorphous carbon films depended upon the depth into the film from the
film-substrate interface. The bonding was inhomogeneous to a depth of 400 A from the interface.
If evaporated amorphous carbon tends to form sp? bonded sheets, there might be significant

alignment of these sheets with the substrate in very thin films. Since the SMD of graphite is quite
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anisotropic for momentum vectors parallel and perpendicular to the c-axis, the SMD of evaporated
carbon is also likely to be anisotropic if the sp? ,bo_ndeq sheets tend to align with the substrate.
Kheifets e al. [38] measured the SMD of their sample with momentum vector (magnitude 1 A-1)
paralle] and perpendicular to the film and-saw no,anisotropy within their error bars. Electron
diffraction studies of similarly prepared films revealed diffuse rings consistent with an amorphous
structure [75]. The Raman spectra of equivalent samples also was broad and featureless [15].

A representative spectrum from Kheifets et al. of (e,2e) count rate as a function of binding
energy (with respect to the Fermi energy) for g =0 is shown in Fig. 3(a). The solid line is the data
corrected for multiple scattering events. The two peaks centered at 8 eV and 21 eV in,this spectra
are at the same binding energies as the centroid of # and ¢ band doublets at the zone center of
graphite. These two features are present in all published measurements on evaporated amorphous.
carbon. The full data set of Kheifets ef al. showing the SMD as a function of binding energy for
different momenta is shown in Fig. 8(a) [38]. The energy resolution is 1.5 eV FWHM and the .
momentum resolution is 0.3 A-1 FWHM. The measurements of Hayes et al. are shown in Fig.
8(c), where the energy and momentum resolutions are 4.5 ¢V, FWHM and 1.0 A-1 FWHM,
respectively [35]. The measurements of Ritter ez al. are shown in Fig. 8(d), where the energy and
momentum resolutions are 6.0 eV. FWHM and 0.5 A1 FWHM, respectively [3]. The three
measurements are in good agreement within their respective energy and momentum resolution. We
now.consider the data in more. detail.

- A strong feature in the spectra shown in Fig. 8 disperses from 22 eV at.g=0 to 11-eV at
q=1.9A-1 where it coalesces with a second feature. The intensity of the first feature displays S- .
wave angular momentum symmetry decreasing monotonically with \@nprez}sing momentum. The
second feature is weaker than the first and is dispersionless within the: experimental uncertainty.. -
The binding energy of this feature is approximately 10 eV and its intensity peaks between.
q=1.9A-1 and 2.6A-1. But the intensity does not appear to. g0.10 zero at g=0 as would the
momentum density of a level with pure P-wave angular momentum symmetry. The question of

whether or not the SMD of the second feature goes to zero at zero momentum has significant .
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implications for the interpretation of the amorphous carbon spectra and will be discussed further
below. The measurements of Kheifets et al. reveal a third feature, a weak shoulder at a binding
energy of 5 eV visible in spectra with g=1.13 A-l. All three of these features were analyzed by
Gaussian curve fitting to the spectra in Fig. 8(a). The energy dispersion of the features as a
function of momentum is shown in Fig. 9(a). The intensity of the features as a function of
momentum is shown in Fig. 9(b). The solid and dashed lines in these figures are derived from a
heuristic model for the SMD of evaporated amorphous carbon which will be discussed after

presenting the experimental results for ion sputtered amorphous carbon.
4.2.2. lon sputtered amorphous carbon

Gao et al. studied an ion sputtered diamondlike amorphous carbon film prepared by dc
magnetron sputtering (argon pressure of 36 mTorr and RF sputtering power of 200 W) [16]. The
film was hard and transparent with a DC conductivity of <10-2/Q cm which is four or five orders
of magnitude smaller than the DC conductivity of evaporated amorphous carbon.

The (e,2e) spectra as a function of binding energy for various momenta are shown in Fig. 10.
The spectra were fit by two Lorentzian functions shown as solid lines in the figure. The widths of
the Lorentzian peaks were independent of momentum and approximately equal to the energy
resolution. The high binding energy peak disperses from 20 eV to 15 eV where it coalesces with
the low binding energy peak. The low binding energy peak at 8 eV does not disperse. While the
two peaks are resolved, the intensity of the high binding energy peak falls off monotonically with
inéreasing momentum and the intensity of the low binding energy peak is nearly constant. The
SMD of ion sputtered amorphous carbon is qualitatively the same as the SMD of evaporated

amorphous carbon.

4.2.3  Models of evaporated and ion sputtered amorphous carbon

27



‘The SMD of ion sputtered amorphous carbon [Fig. 10] is remarkably similar, within the
experimental scatter; to the SMD of evaporated amorphous carbon (Fig. 8). The diamondlike, ion
sputtered system is expected to have a much lower concentration of sp2 bonding.than the graphitic,
evaporated system and, yet, at first glance the degree of sp? bonding appears to be the same in the
two systems. That is, the relative intensity of the nondispersing feature at 8 eV (associated with
electron levels from the sp? bonds) to the dispersing feature (Which presumably has contributions
from both sp? and sp3 bonds) is qualitatively the same in ion sputtered and evaporated amorphous
carbon. A straightforward prediction of the variable sp2/sp3 local bonding model is that the relative
density of w electron levels to ¢ electron levels should be much larger in evaporated amorphous
carbon than in ion sputtered carbon.

In order to quantify the relative intensities of the two features in ion sputtered and evaporated
amorphous carbon, Gao et al. calculated the partial intensity n“,(q) and n’x(q) of each feature by
integrating over energy the two Lorentzian functions in Figs. 10(b) and 8(d) [16] and adding the
respective intensities (weighted by g2) for the different momentum 0<q’<q. .In the limit g—>eo, the
ratio n“z(q)/n’(q) is 1/3 for:pure sp2 bonding and is zero for pure sp3 bonding. Fora fnixture of -
bonding with concentration Csp2 of sp? bonding and 1 - Csp2 Of sp3 bonding, the ratio is
0" g(g—o0)/n 5 (q—o0) = csp2/(4 - c‘SI-)‘-Z_)_, Unfortunately, the © and & features in the experimental
data cannot be resolved for :q21.5 A-1, and, therefore, the g—>oc limit of the ratio cannot be
determined. A model dependent analysis is necessary to determine Cep2-

The partial intensities n"y, 77¢0-(q) and 0'g, Theor(q) Of the 7 band in graphite and the ¢ bands
in graphite and diamond were calculated from an angular average of the respective theoretical -
SMD. The solid lines in Fig. 11 are the ratios 'z Theo(Q)/N" 6, Theor(q) as a function of momentum
for different relative concentrations of graphitic bonding. Notice the break in the abscissa and the -
exact asymptotic results for the limit g—>eo. The open and solid circles are data for evaporated and .
ion sputtered amorphous carbon, respectively. The experimental ratio is very sensitive to statistical
fluctuations in the data at low momenta, but the ratios for evaporated and ion sputtered carbon are .

clearly approaching the same limit, within the experimental uncertainties, as the momentum
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exceeds q = 1.5 A-l. The experimental ratios for both diamondlike and graphitic amorphous
carbon are consistent with 100% sp2 bonding, but given the experimental scatter, it is not possible
to rule out 10% to 20% sp3 bonding in these materials.

Given that both evaporated and ion sputtered amorphous carbon have predominantly sp?
bonding, it is reasonable to ask how well the SMD of these materials might be modeled by an
angular average of the SMD of graphite. Kheifet et al. [38] suggested such a heuristic model for
evaporated amorphous carbon. They calculated the SMD of graphite based on an ab initio, self-
consistent linear muffin-tin orbital method\. The results, which were in agreement with earlier
calculations of energy bands and momentum densities in graphite [15], were then averaged over
solid anglé. This average, convoluted with the experimental resolution function, is compared to
the experimental measurements in Fig 8. The scale factor between the experimental [Fig. 8(a)] and
theoretical [Fig. 8(b)] results was determined by matching the intensities of the 21 eV peaks in the
g=0 spectra. The major dispersing peak in the theoretical spectra is associated with the ¢ bands.
The asymmetry in the shape of this peak is due to the asymmetry in the dispersion of the & bands
for momentum parallel and perpendicular to the c-axis in graphite.-' Excellent agreement is evident
between this ¢ band peak in the model SMD and the strongest feature in the experimental data.

The contribution of the % band SMD to the model spectra is the weak bump in Fig. 8(b) which
appears at g = 1.2 A1 and goes through a maximum at q =2.1 A-1. The intensity of the theoretical
7 band SMD is significantly weaker than the theoretical ¢ band SMD because of the anisotropic
energy band dispersion combined with angular averaging of the dumbbell-shaped momentum
density. The  orbital momentum density is maximum in the polar regions of angular phase space
where the energy density of states is low and is small over the equatorial regions of angular phase
space where the energy density of states is largé. The momentum density of an S-wave symmetry
o orbital, on the other hand, has a much weaker angular dependence and so, regions of angular
phase space with a high energy density of states are weighted equally with those regions having a

low density of states.
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The second feature at Ep= 10 eV in the experimental spectra is clearly not modeled well by an
angular average of the w band SMD in graphite. The most obvious difference is the relatively
strong spectral weight of this feature at low momentum where the model calculation has no weight.
It could be argued that the finite weight at zero momentum in the experimental data is due to the
finite momentum reéolution, If this were true, one would expect the ratio of the intensity of the
second feature to the intensity of the first feature at q = 0 would scale with the momentum
resolution. Instead, the relative mten31ty of the two features at .= 0 is about the same in Figs.
8(a),__8(c;_),, and 8(d) even though the momentum reselution of Kheifets e al. [38] is a factor of two
or three better than the resolution in the measurements of Hayes et al. [35] and Ritter ez al. [3].

The wealk, third feaure n the spectza of Kheifts et al. docs qualitaively behave ke the,
angular average of the 7w band SMD of graphite (-sée Fig. 9), but ﬂl'eexperjlqentald uncertainty.in_;heb ’
position and intensity of this feature is too large for this agreemeﬁt with the model to be significant.

The level of disagreement between the SMD of amorphous carbon and an angular average of
the SMD of graphite, should not be surprising; that there is any agreement is noteworthy. The
atomic structure of amorphous.carbon, measured by diffraction é};peﬁments, is certainly not an,
angular average of some linear cqmbinaﬁon_ of graphite.and diamond structures. The SMD of
amorphous carbon also will not be an angular average of the crystalline SMD and one would prefer
to compare experiment with first-principles calculations of the SMD, such as have been made for .
tetrahedrally bonded amorphous solids. But those studies were based on ﬁighly s,implificd models
and do not readily apply to amorphous carbon with its variety of local carbon-carbon bonding. In
the absence of first-principles calculations, one seeks through heuristic models, such as. angular,g
averagmg the crystalline SMD, for guidance in developing better models for the electronic structure-
of these materials. . . - . ” ‘ '

In summary, several lines of evidence from (e,2e) spectroscopy.on graphitic and diamondlike .
amorphous carbon are, in strong conﬂvi_ct: with thg intuitively appg—:aling model ithjat amorphous
carbon is a variable mixture of sp2 and sp3 bonding. The basic problem is that the SMD of

graphitic and diamondlike amorphous carbon which should have very different ratios of sp2/sp3
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bonds look very similar within the experimental scatter. As Kheifets ez al. demonstrated, the
dispersing feature in the spectra is very similar to an angular average of the sigma bands in
graphite. Unfortunately, this agreement does not rule out the possibility that this feature is
associated with sp3 bonding. Though no one has done the calculation, it is clear from inspecting
the band structure of diamond that the dispersing feature in the (e,2e) spectra of amorphous carbon
might also be described by an angular average of the diamond SMD, if the chemical potential fell
right at the top of the diamond valence band (The valence bandwidth of diamond is ~21eV). This
leaves the second, nondispersing feature at ~8 eV as our only handle for discriminating between
sp? and sp3 bonding.

The energy of the nondispersing feature in the SMD of amorphous carbon falls right at the
zone center energy of the graphite 7 band. The integrated spectral weight of this feature,
normalized to the spectral weight of the dispersing feature, is the same in graphitic and diamondlike
amorphous and is consistent with 100% sp2 bonding. Thus, there appears to be no difference in
the relative concentration of sp2 and sp3 bonding between the two forms of amorphous carbon in
contradiction to the variable bond model, as it is interpreted most-literally. But the disagreement
between the variable bond model and experiment goes even deeper. Not only is the relative
concentration of sp? and sp3 bonding not variable, but the SMD of the levels at 8 eV (nominally 7

electron levels) is not consistent with pure sp2 bonding. That is, the SMD of these levels does not

g0 to zero as g—>0 in either evaporated or ion sputtered carbon. Gao et al. suggested that the finite

value of the SMD as q—0 might be due to rehybridization of graphitic & and & levels [16].

4.3 Aluminum/aluminum oxide

Hayes et al. studied thin aluminum/aluminum oxide films [12,35,36]. They prepared samples
for their study by evaporation of aluminum on a water soluble substrate. Analysis by Auger
spectroscopy revealed a high level of oxide and carbon contamination on the surface. The

transmission electron diffraction pattern for the samples had sharp Bragg rings at the aluminum
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reciprocal lattice vectors and a diffuse background from the disordered aluminum oxide
component. The aluminum diffraction ririgs were relatively uriform in intensity indicating random
orientation of the crystallites. The total film thickness was ~100 A while the oxide surface layer on
each side of the film was estimated to be 20 - 30 A thick.

The data were taken at an incident energy of 7.5 keV using parallel detection as described in
Section 3.1 [36]. The energy resolution was 4.5 ¢V FWHM and the momentum resolution was 1.1
A'TFWHM. The spectra as a function of biniding energy for momenta from -3.9 to 3.9 A-1 (steps
of 0.8 A-1) are shown in Fig. 12. The extended spectra for q =0 A-1is shown in Fig. 3(b). The
peak at 13 eV is primarily single scattering ionization events and the broad featureless spectra
below 40 eV is du€ to multiple scattéring. The region bétween 13 eV and 40 eV (including the
peak at 31 V) is 4 mixtufe of single and multiple scattering featutes. The authors deconvoluted the
multiple scattering from the spectra by a Monte Carlo procediire and the solid line in Fig. 3(b) is
the estimated single scattering spectra. .

No evidence of the nearly frée-electron band of aluminum i§’séen in the spectra. The
dispetsion of this band has been' fieasured by ARPES and is kiiown to vary quadratically with
momentum from a binding eneérgy of 11'¢€V (with respect to the Fermi efiergy) at the Brillouin zone
center to a binding enérgy of 1.5 eV at the X point of thie Brillouin zone where a 2 €V gap exists
between the first and second band [76]. Hayes et al. argué that the two dispersionless features at 13
eV and 31 eV probably arise from the amorphous aluminum oxide surface layers. Their argument
is based on XPS [77] and soft x-tay [78] measurements Of the density of states. E

The density of states of amorphous alumina valence bands is difficult to determine, but XPS
and soft x-ray measurements suggest that there are a high density of states derived-from hybridized
O 2p - Al 3p levels extending down 10 eV from the top of the valence band. This band of levels
consists of two poorly resolved peaks which aré roughly 3 eV apart. Then there is'a:gap between
thesé "upper valence band levels" and a narrow péak of "lower valence band levels" derived from™
O 2s levels and centeréd 21 €V below the top of the valénee band. “The total band - width from the

top of the valence band to the bottom of the O'2s band is estimated to be <27 &V,
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If the feature at 13 eV in the (e,2e) spectra is identified with the upper valence band seen in
XPS and XES spectra, then the chemical potential in aluminum oxide must be just below the
bottom of the conduction band (band gap is ~6 eV). It is not unreasonable for defects to pin the
chemical potential a substantial distance from the center of the gap. The separation between the
upper and lower valance bands (16 eV) agrees reasonably well with the separation between the two
features in the (e,2e) spectra and the atomic-like levels are not expected to disperse significantly
with momentum. Thus, there is reasonable evidence supporting the identification of these two
nondispersing features with the upper and lower valence bands in amorphous aluminum oxide. It
is also reasonable that the (e,2e) spectra is dominated by contributions from the oxide surface
layers since the density of states of the nearly free electron band in aluminum is roughly five to ten
times smaller than the peaks in the density of states of aluminum oxide.

The contribution of multiple scattering to the spectra in the neighborhood of the 31 eV feature
introduces significant uncertainty into analysis of the shape and intensity of this feature. In
particular, the 31 eV peak falls uncomfortably close to a double scattering event consisting of the
13 eV ionization feature in aluminum oxide combined with the creation of a 15 eV plasmon in
aluminum. Though Hayes et al. attempted to correct for the multiple scattering contributions, the
single scattering spectra will be quite uncertain below the 13 eV peak and extensive theoretical

analysis in this range of binding energy is not warranted until better data is available.

5. THE NEXT GENERATION OF (e,2¢) SPECTROMETERS

The two major technical problems hampering the full application of transmission (e,2€)
spectroscopy to solids are low count rate and the necessarily high kinetic energies of the incident,
scattered, and recoiling electrons to minimize multiple scattering. The two problems are inversely
correlated since the coincidence rate is proportional to Eo 772 in the symmetric scattering geometry.
One approach, which is already being utilized, is to measure the SMD at several energy-momentum

points in parallel rather than in serial order. Another approach to increase the data rate is to use an
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asymmetric scattering geometry in which one detector is moved to the forward direction and
captures a fast electron while the second detector is moved to a larger scattering:angle and captures
a slow electron [24,25). The count rate is proportional to sin(8)-4 so that moving one detector from
45° to 15°, for example, increases the date rate by over a factor of 50. Combining this geometry
with parallel detection, one obtains, in principle, over three orders, of magnitude improvement in
data rate. This scattering geometry looks promising, but initial experiments [24] indicate that the
problem of multiple scattering is exacerbated by the short mean free path of the slow electron.

 Finally, we consider an idealized spectrometer based on the symmetric scattering geomeitry
(to minimize multiple scatteﬂng)i‘cqnsisting of an array of detectors at different azimuthal angles
around the incident beam direction, The idea is to utilize the degeneracy of scattering geometries-
corresponding to the azimuthal placement of the detectors. A version of this concept was built-by
Moore et al. for studying atoms and molecules in gas targets [20]. The question is: how many
pairs of detectors (for the scattered and ejected electrons) are required in the azimuthal ring to take a.
complete set of data on a sample in a few days..

First, we assume that the incident energy of an ideal spectrometer would be ~100 keV in
order to study films which are ~500 A thick (the approximate mean free path for-a 100 keV electron
in most materials) without being overwhelmed by multiple scattering. We seek an energy
resolution of 1 eV and a momentum resolution of 0.2 A-1, For a single energy-momentum
channel, the data rate of this spectrometer is 3 x 10-4 times the rate observed by Ritter et al.,
N~0.02 events/sec [3,14], using a spectrometer withan incident beam energy Eg =25 keV to study
a target t = 100 A thick with energy and momentum resolution of 7 eV and 0.4 A1, respectively
(L=t Bo-"2AEAq#). Using position-sensitive detectors for both the scattered and ejected
electrons and assuming each det,ector:_'e,overs a range of energy and momentum of 10 eV and 1 A-1,
respectively, we obtain a factor of 104 improvement in the data rate. The energy and momentum. -
range can not be too much larger because of mechanical constraints and the effects of aberrations -
on the electron optics. In.order to obtain data on ~1000 energy-momentum points with 5%:. -

statistical accuracy requires taking data for 80 days, if one pair of such position sensitive detectors
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is used. To take the data in four days requires 20 pairs of such detectors placed around the
azimuthal ring.

Is it worth the time and effort to build such a spectrometer (not necessarily the spectrometer
design described above, but some approach which allows the SMD of relatively thick samples to
be measured with good energy and momentum resolution in a few days)? One of the great
unifying concepts in our understanding of crystalline solids is Bloch's theorem and the
concomitant energy versus wavevector band dispersion. As Ashcroft and Mermin stated in an
obscure footnote of their classic textbook: "Although there has been a great burst of interest in
amorphous solids (starting in the late 1960's), the subject has yet to develop any unifying
principles of a power even remotely comparable to that provided by the consequences of a periodic
array of ions ... the subject of amorphous solids still lacks the kind of broad principles suitable for
inclusion in an elementary text" {79]. The spectral momentum density, we suggest, is an ideal
theoretical tool for bridging the chasm between crystalline and amorphous solids and only (e,2e)

spectroscopy can cleanly measure it.
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APPENDIX: Functional dependence of (e,2e) count rate
We repeat the heuristic derivation of Amaldi and Atti [43] for the functional dependence of
the (e,2e) count rate on momentum density cut-off qc, incident energy Eo, and momentum and
energy resolution Aq and AE, respectively. Their approach is to calculate the contribution to the
singles (e,e”) scattering rate from the target orbital of interest and then find the fraction of this rate
giving the (e,2e) coincidence rate. We assume the same scattering geometry discussed in Section
2.1 and take as a model for the momentum density lg(q)I2 o g¢3 for q < qc and Ig(q)I2 = 0 for q >
qc. We further assume that for the singles scattering calculation particle 1 is detected and particle 2
is ejected from the orbital of interest and is not detected. In the Bom approximation, the singles
scattering rate is
Wsingtes o= 21V 12 p(E1,E2,Erecoir) (A1)

where the sum is an average over initial states and a sum over final states. In the plane-wave—

impulse approximation
2
=P -P
IVI2 oc |¢(q 1+ P24 0 )I (AZ)
[Py-PJ ‘
and assuming Egecpir ~ 0
) .
P(E1,Ep) o< P1dE1dQ1P5dP2dQ8(E1 + E3 - B, - Ep) (A.3)

where Ep is the binding energy of the orbital being studied. Since the ejected particle 2 is not
detected in the singles rate, the sum over final states includes a sum over P. The energy delta

function reduces the 3—dimensional integral to a surface integral and we find
dE1dQ; P1 .2

og — TS e = Py - 2 -
Weip P, A Py [P;dQy 1g(q=P1+P2-Py) | (A4)

where Py = Y2(E + Ej - E;) in atomic units. The scattering geometry is chosen such that P1 = Py
for the orbital of interest. Given our model of the momentum density, the surface integral, then, is
proportional to 1/gc. Ultimately, in the (e,2e) coincidence measurement we want to measure q
with an uncertainty Aq. In order to achieve this precision, the magnitude of the solid angle must be

of order (Ag/P1)2. Dividing by the incidence flux (< Py), the singles scattering rate from a single

orbital is
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. 1 Aqy2
Ismgles n ti P - Po|4 POPIPZA 1( ) (A.5)

where m is the target density, t is the target thickness, and AEj is the energy resolution. The
ejected electron 2 comes out in a cone with solid angle of order (qc/P2)2. In order to determine q
in the (e,2¢) measurement with the desired precision Aq, a fraction (Ag/qc)? of the ejected electrons
are detected with a second detector of solid angle (Aq/P2)2. The count rate for (e,2e) scattering is

then

t - AE
T(e,26) = qﬁz 1 ( (A-6)

where in the symmetric scattering geometry, Py, P1, P2, and [P1 - Pyl are all of order VE,.
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Figure Captions

Fig. 1 L1m1t1ng examples of the (e,2e) cross section for solids. The upper curve illustrates a
nearly-free electron distribution with Eg = ﬁ2q2/2m + E(0) except near the Brillouin zone
boundary. The lower curve illustrates a tight-binding distribution derived from nondegenerate 1s
atomic orbitals with nearly constant"'binding ‘energy E = E,. The solid curve shows the amplitude
of the SMD. The dashed curve shows the dispersiqn relation Eg(q) projected onto the Ep,q plane.

The instrumental broadening is represented by the Gaussian curves.

Fig. 2(a) Kinematics for symmetric non-coplanar (e,2e) scattering. The incident, scattered and
recoiling electrons have energies Eq, E1 and E and momenta Pg, P1 and P», respectively. The
momentum vectors P1 and P define the scattering plane. (b) Momentum conservation diagram

for non-symmetric coplanar (e,2e) experiments, showing the sampled binding momentum .

Fig. 3  The effects of multiple scattering events in extended (e,2¢) data of the coincidence counts
as a function of binding energy (with respect to the Fermi energy) for momentum q = 0 from (a)
evaporated amorphous carbon (Ref. 38) and (b) aluminum/aluminum oxide (Ref. 36). The solid

lines are the "true" (e,2e) spectra with the multiple scattering deconvolved from the data.

Fig. 4 (a) Quasi-elastic scattering at Eg = 25 keV and 6 = 45° from evaporated amorphous
carbon used to estimate the parameters in the multiple scattering function. The elastic peak is at
Eioss = 0 and the main contribution to multiple scattering due to bulk plasmon creation is centered
at~23 eV. Inset (b) shows a typical time coincidence spectrum. Atc, Aty, and tg are the coincidence
timing window, background timing window, and coincidence delay shift, respectively. After Ref.

38.
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Fig. 5 TWo (e,2e) spectrometers for scattering from thin film solid targets (a) Spectrometer of
Ritter et al. [14] with serial data collection. (b) Spectrometer of Lower, et al. [18] with paralle] data
collecﬁon for both scattered and recoiling electrons: (EG) electron gun, (FC) Faraday cup, (QD)
quadrupole electrostatic deflector, (HSA) hemispherical analyzer, (MCP) microchanne] plates, and

(RA) resistive anode.

Fig. 6 (a) Brillouin zone and theoretical band structure of graphite [39]. (b-d) Spectral
momentum densities for different graphite bands as a function of momentum. (b) Momentum

densities of the 61 and 7t bands for momentum parallel to the ¢ axis (I'-A). Momentum densities of
the 67 and o3 bands are zero by symmetry. (c) Momentum densities of the 1 and ©2 bands for
momentum in the I'-K direction. Momentum density of the 7 band is zero by symmetry. (d)

Momentum densities for 61, 07, and o3 bands for momentum in the I'-M direction. Momentum

density of the & band is zero by symmetry.

Fig. 7 The spectral momentum density of graphite as a function of energy (with respect to the
Fermi energy) for different momenta. Symbols show data points which have been corrected for
multiple scattering. The height of the bars indicates the relative intensity of the calculated SMD.
The widths of the bars are equal to the splitting of the respective band doublets. (a) Momentum
perpendicular to c-axis (parallel component is -0.61 A-1). (b) Momentum parallel to the c-axis

(perpendicular component is -0.35A-1). After Ref. 15.

F1g 8 The spectral momentum density of graphitic arc-evaporated amorphous carbon as a
function of energy (with respect to the Fermi energy) for different momenta. Data have been
corrected for multiple scattering. (a) Measurements by Kheifets et al. (AEFwaM = 1.5 eV)[38].
(b) Theoretical calculations of the SMD of amorphous carbon based on a spherical average of the

SMD of crystalline graphite [38]. (c) Measurements of Hayes et al. (AEFwnM = 4.5 eV) [35]. (&)
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Measurements of Ritter et al. (ABpwuM = 6.0 €V) [3]. Dashed lines in (c) and (d) indicate the

energy-momentum dispersion of the bands.

Fig.9 (a) Binding energies of peaks for the three bands in<the SMD of arc evaporated,
amorphous carbon as a function of momentum based on the data of Kheifets et al. [38] shown in

Fig. 8(a). (b) Integrated peak intensities for the three bands as a function of momentum. The

solid and dashed lines are based on the theoretical calculations of the SMD of amorphous carbon .

shown in Fig. 8(b). - .

Fig. 10 The spectral momentum density of diamondlike ion-sputtéred amorphous carbon as a:
function of energy (With respect to the Fermi energy) for different momenta. .Solid lines are fits of

two Lorentzians with the data at four different momenta. - After Ref. 16.

Fig. 11 The ratio of the partial integrated spectral intensities for the "%" and "G" bands of
graphitic arc evaporated -amorphous ‘carbon (open circles) and diamondlike -ion=$puttered
amorphous carbon (solid circles) as a function of momentum. The solid lines are theoretical -

predictions of this ratio for different concentrations of sp2 carbon bonding [16].

Fig. 12 The spectral momentum density of an aluminum/aluminum oxide film as a function of
energy (with respect to the Fermi energy) for different momenta measured by Hayes et al. [35].
Dashed lines indicate the lack of energy-momentum dispersion. The data have been corrected for

multiple scattering.
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