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(ABSTRACT)

We have measured the spectral momentum density p(E,q) of graphite by (e,2e)
spectroscopy for momentum parallel and perpendicular to the crystal c-axis. In the
independent electron approximation, p(E, q) = Z I U';-(é‘)lz x 8(q — K — G) 6(E — E(K)) where
the one electron wave function is ‘I’;(F) = e';‘.'?tu;(-(é) e%*" and G is a reciprocal lattice
vector. The measurements covered a range o(f; momentum parallel to the c-axis equal to
0<|g|l <1.84A7" and a range of momentum perpendicular to the c-axis equal to
0< |g| <£2.35A7". The energy range spanned the valence band of graphite from 4.4 eV
above the Fermi energy to 27.6 eV below the Fermi energy. The momentum resoiution was
0.47 A and 0.73 A~' (FWHM) for momentum paraliel and perpendicular to the c-axis re-
spectively. The energy resolution was 8.6 eV. The maximum coincidence rate was ~
0.02 counts/second. The band structure E(E) and spectral density IU,—(-((_S.)Iz have been cal-
culated from first-principles using a self-consistent, density functional theory. The agree-
ment within experimental uncertainties between measurement and theory is excelient.

We also have measured the spectral momentum density, p(E, Ei) , of ion sputtered
amorphous carbon.  Previous studies of this material have demonstrated that it is quite hard
and nearly transparent while evaporated amorphous carbon is soft and dark. The local
carbon - carbon bonding of ion sputtered a-C is thought to be a mixture of graphitic (sp? and
diamond (sp?® bonds. In the literature are claims that the concentration of sp® bonds can
be as high as 75 % depending on the film making power. We find that in sampies which

optical measurements suggest have a high concentration of diamond bonding, our (e,2e)



measurements show nearly zero diamond bonding. The large difference between the
properties of evaporated and ion sputtered carbon may be due to subtie differences between
the electronic structure of the =n electrons in the two materials. We propose a new
hybridization model of = - o bond mixing for amorphous carbon which explains our data suc-

cessfully.
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. Introduction

This dissertation presents the investigation of electronic structure of graphite and ion
sputtered amorphous carbon by {e,2e) electron spectrometer. Our spectrometer has been
described very detailed in refs.[1,2]. A block diagram of the Spectrometer is shown in Fig.
1. A This vis a new technique in condensed matter physics. Direct comparison between the
theoretical spectral momentum density, p(E, q), and the experimental coincidence count rate,
R(E, q), can be made as a function of binding energy E and momentum G . The spectral
density, p(E, 6), is the probability per unit energy and unit volume in momentum space of
finding an electron with energy £ and momentum q in a system. In the independent electron
approximation, p(E, q) is the square of the one electron wave function in the momentum rep-
resentation for states in the energy interval E — E + dE.

The density of electronic states is given by

2V — -
dq p(E,
2y J.QP( q)

nE)= pl€.7) =
;.

where V is volume of the system.  In a translationally periodic system, p(E, q) is nonzero

only along the line E=E,,(6), where c_i=hR. + hé,,, and n is a band index(ém is a reciprocal
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lattice vector and K is a wavevector in the first Brillouin Zone). itis the weight at a particular
E and'ii which reflects the component of the Block wave function of energy £ having real
momentum q.

In a disordered system, such as amorphous carbon, the wavevector is no longer a good
quantum number and the spectral density, p(E, 6), spreads over regions of the (£, 6) space.
At a particular energy there can be contributions from a finite range of momenta. The function
p(E. q) thus contains information about the momentum distributions, taking the place in dis-
ordered systems of the detailed Block wave function for the perfect lattice.

The spectral momentum density provides very detailed information about the
electronic structure of solids. it can be calculated by Green’s function methods[17] and can
be measured only by (e,2e) spectroscopy. The band structure of crystalline solids can
be measured by angle resoveled photo-electron spectroscopy(ARPES), but at this time infor-
mation regarding the one electron wave functions can not be obtained from the intensity
of the photo-emission peaks. The density of states can be measured by angle integrated
photoemission. The integral of p(E, 6) over energy, the momentum density, -can be obtained
from Compton scattering and positron annihilation. The price one pays to measure the full
spectral momentum density by (e,2e) spectroscopy is low count rate. The technique is
a coincidence measurement, explained in more detail in the next chapter, and our maxi-
mum coincidence rate was approximately one event per minute. The experiment for graphite
required four months of data taking. In order to obtain this rate, the energy resolution was
AE = 8.6eV (FWHM) and the momentum resolution was estimated to be 0.47A-'and 0.73A-
(FWHM) for momentum parallel and perpendicularto the crystal c-axis, respectively.
The coincidence rate is proportional to AEAq*. Possible ways to increase the data rate
are being explored, but it is clear that in general most information regarding the electronic
structure of crystalline solids can be obtained more expeditiously and with higher resolution
by other techniques. Where (e,2e) spectroscopy provides fundamental insights is in the
investigation of disordered solids. For example, in an initial experiment on amorphous

carbon [16], two well defined bands were observed which did not broaden (within the
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experimental resolution) even well out beyond the momentum of the crystalline Brillouin
zone boundary. This counter intuitive result is~ being investigated theoretically [17,18].

The first (e,2e) measurements on solids were made over 15 years ago[19,20]. The en-
ergy resolution was not sufficient to resolve features in the valence band of the sample. In
contrast, studies of gaseous atomic and molecular system have been very successful[28-31)].
For example, excellent agreement between the (e,2e) cross-section énd exact quantum cal-
culations of hydrogen momentum wave functions has been found by Lohmann and
Weigold[21].  The most complete (e,2¢e) study in solids to date was performed by Ritter et.
al.[16] using evaporated amorphous carbon film ( ~ 100A). However, the validity of deriving
(e,2e) cross-section in condensed matter remains unknown. It needs to be verified by a well
characterized system, such as crystalline material. Using graphite as such system has three
advantages. First, there is a mature theory of the electronic structure of graphite which
agrees very well with existing experimental data. Secondly, it enables a comparison be-
tween results of the crystal form of carbon and the existing results of the amorphous form of
carbon[16), which may lead to some significant conclusions regarding' amorphous materials.
And finally, it is easy to thin a layered material to a thickness of ~ 100A while retaining crys-
talline order.

We measured the spectral momentum density p(E,q) of graphite by (e,2e)
spectroscopy for one direction of momentum in the basal plane (0< |gl| <2.35A™") and for
momentum parallel to the c-axis (0< |q| <1.84A™"). This is the first study of a crystal by
this experimental technique. In the single particle approximation the spectral density is
equal to |D(q =k + G=)|? when E=E(k) . The spectral density of graphite has been
calculated from first-principles using self-consistent, density-functionai theory in the
locai-density approximation with a mixed-basis pseudopotential technique. Excellent
agreement is found within the experimental uncertainties between theory and the meas-
urements reported here. The same theoretical approach has been used to calcuiate the band
structure and charge density of graphite [3]. The band structure has been measured by

several groups using angie resolved photo-electron spectroscopy (ARPES) for electron
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momentum in the basal plane of the crystal[4-13]. The difference between theory and these
measurements is less than or of order 1 eV. There is also good agreement between the
calculated and measured charge density[3]. The density functional technique has been used
to calculate the ground state properties of many solids and the agreement with measure-
ments is often within a few percent. Thus, from our perspective, a mature theory of graphite
exists and has been confirmed well by several independent experiments. We view the cal-
culated spectral density as a benchmark for evaluating this new experimental technique,
(e,2e) spectroscopy. The agreement between our measurements and theory is strong evi-
dence that the analysis [14,15] relating the (e,2e) coincidence rate to the spectral momentum
density is correct.

We also measured the spectral momentum density, p(E, 5), of two forms of ion sput-
tered amorphous carbon films for momentum 0. < /gl £3.75A™'.  One was made at low
RF power (200 W), referred to as the low power sample. The other was made at high RF
power (1000 W), referred to as the high power sample. The first conditions generally produce
hard films with high resistivity while the second conditions produce softer films with low
resistivity[22,23]. Our (e,2e) results are very similar to the spectral density of graphite except
at small g around 8 eV. The spectral momentum densities in this region of phase space are
significantly larger than those of graphite. Previous studies of these materials have dem-
onstrated that they are quite hard and nearly transparent while evaporated a-C is soft and
dark. The local carbon - carbon bonding of ion sputtered a-C is thought to be a mixture of
graphitic { sp? ) and diamond { sp® ) bonds; and according to indirect experimental measure-
ments, the concentration of sp® bonds can be as high as 75 % depending on the film making
power. We find that the bonding is almost entirely graphitic in our samples, which is con-
trary to the optical resuit of Savvides [22,23] and the EELS result of Fink et al.[70,71). The
study by Fink et al. was done on hydrogenated amorphous carbon and may not be directly
applicable to our results. The large difference between the properties of evaporated and

ion sputtered carbon may be due to subtle differences between the electronic structures
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of the = electrons in the two materials.  Based on the strained layer model of Egrun{80,85]
and on the suggestion of Haydock[18], we compare the observed spectral momentum density
with an angular average of the graphite bands and propose a new hybridization model of =
mixing with ¢ bonds for amorphous carbon which explains our data successfully.

The rest of this dissertation is organized as follows. The second chapter deals with the
theory of (e,2e) scattering from solids, describes the details of calculating the spectral
momentum densities of graphite and diamond, and discusses various models for the elec-
tronic structure of amorphous carbon. Details of sample preparation and the experimental
resuits are given in the third chapter. The experimental data are analyzed and the results
summarized in the fourth chapter. The effects of multiple scattering and. multiple dimen-

sional integrals are presented in appendix a and appendix b, respectively.
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ll. Background

1. Theory of (e,2e) scattering

In (e,2e) analysis there are three dominant electron scattering processes which can be
identified as elastic, inelastic, and (e,2e) scattering.  Elastic scattering is mainly coherent
Bragg scattering at small angles and becomes incoherent Rutherford scattering from target
nuclei at large angles. In small-angle inelastic scattering, a small momentum coupled with
an energy loss is transferred to the target. Detailed calculation of the total small-angle ine-
lastic scattering is given in refs.[24-26,103]. Plasma excitation and interband transitions have
the largest cross section in forward scattering.  The large-angle inelastic scattering process
involves the incident electron knocking off a target electron. In the piane-wave impuise ap-
proximations the scattering probability is given by the Mott cross-section. An (e,2e) scat-
tering event can be defined as a large-angle inelastic scattering event in which the kinematics
of incident, scattered, and recoiling electrons are fully determined by conservation of energy
and momentum (see Fig. 2).

In a typical (e,2e) experiment on a thin film, the target thickness is much less than the

mean free path of large-angle scattering and is comparable to the mean free path of smali-
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angle scattering. Therefore, in an (e,2e) experiment it is only small-angle collisions which
contribute significantly to the multiple scattering background. An electron which scatters by
a large angle may have one or more small-angle collisions before or after the large angle
vertex. Similarly, the recoiling electron may suffer one or more collisions before leaving the
film. A general procedure for correcting muitiple scattering has been given by Jones and
Ritter[101].

The kinematics for (e,2e) scattering are shown in Fig. 2(a). The energy of the incident
electron is 25 KeV. The angles of the scattered and recoiling electrons are 8; = §,~45° so
that the energies of the outgoing electrons are ~12.5 KeV. The precollision binding
energy and momentum of the ejected electron is determined by conservation of energy and
momentum. Electrons in the target with momentum perpendicular to the incident beam di-
rection can be observed by varying the angle 4. Eiectrons with momentum parallel to the in-
cident beam can be detected by varying 8, and 8, symmetrically about 45°. The cross section

for (e,2e) scattering from a target electron with binding energy ¢ and real momentum q is [15]

do _ m|P|[P,] [dc] = = = =
dE,dE,dQ,0Q, ﬁ3|50| aQ M|F(q =P+ P, Po)l
X 6(E1 +E2 "‘Eo— 8) ["1]
with
2 ]2
do | _| e Y PP ~2 -4
[ o ]M_[ 2E; ] x4cos B[ sin™0 ~(sin@ cos @) +cos 6] [n.2]

where [do/dQ], is the Mott electron-electron cross section which is a function of the scat-
tering angle @ between 5., and 5, in the Lab frame. The function |F(¢-i)|z is the momentum

density of the one electron target orbital ‘Y_(F)
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F@ = (1120%[ 6797 w7y oF [13]

where in a crystal, the one electron orbital can be written as a Bloch wave function

lk' ~ ik -.n.. .
¥, =e r u; )= Z (G) ek +Orr [11.4]
so that
F@)I= ) |u; @%@ -k - &) (5]

Thus, the spectral momentum density is a map of the band structure in the repeated
zone representation with the intensity. equal to the square of the fourier expansion coeffi-
cient. In deriving the cross section, two approximations were made that require exper-
imental verification. The first approximation is th_at the incident, scattered and recoiling
electron can be represented by plane waves. There have been several studies of atomic
and molecular systems [29-31] which indicate that the plane-wave approximation is good
when the incident electron energy is greater than ~ 2 KeV. The energy of the incident
electron is an order of magnitude larger than this lower limit in our case so that the plane
wave approximation should be quite accurate. The second assumption, the impulse approxi-
mation, is that at large scattering angles and for incident energies much larger than the
binding energy of the recoiling electron, the spectator electrons are frozen while the col-
lision takes place. In other words, the single particle states of all electrons except the in-
cident and recoiling electrons do not change during the collision. This typically is not a good
approximation in strongly correlated systems such as atoms, molecules, and narrow d and

f bands of solids. In these cases “satellite” peaks to the single particle spectrum are ob-
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served which arise from the excitation of spectator electrons during the collision process.
These shake-up processes rarely occur in weakly correlated S and P valence bands of
solids. Consistent with this general observation, we do not observe any structure in our
(e,2e) data which could be associated with multi-electron excitations. The good agreement
between our measurements and the spectral momentum density predicted on the basis
of the single-particle approximation is strong evidence that the approximations in the
derivation of the (e,2e) cross section are valid.

Finally, in our scattering geometry the proportionality constant between the
spectral momentum density and the (e,2e) coincidence rate is nearly independent of the
target electron momentum 6 which is being observed. The proportionality constant does
depend on q because of the angular dependence of the Mott cross section, but the de-
pendence is very weak. The Mott cross section éhanges by less than 6% as we sweep from
qg=-3A"t 3 A, Thus, to an excellent approximation the measured coincidence rate
is a direct map of the spectral momentum density. It is difficult to make an absolute_
determination 'of the proportionality’ constant between coincidence rate and spectral
momentum density, but it is the relative variation of |Fj2 with energy and momentum which

is of primary interest and this quantity can be measured accurately.

2. Theory of graphite and diamond

Carbon in its crystalline form can exist either in three-fold coordination as graphite, a
semimetal, or in four-fold coordination as diamond, a wide bandgap semiconductor. Group
IV elements with four valence electrons are expected to form four bonds. As ¢ bonds are
more stable than = bond, one might think the diamond lattice with its four ¢ bonds per site to
be the most stable. Recently, realistic total-energy calculations for group IV elements in a

variety of crystalline lattice have been carried out by Yin and Cohen[27]. Si and Ge are found
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to be more stable in the diamond lattice and less stable in the three-fold coordinated graphite .
structure or the six-fold simple cubic lattice. Carbon is atypical in that it is slightly more stable
in the graphite lattice, and increasingly unstable in a lattice of high coordination. The fun-
damental reason for this behavior is that only the first row elements are missing P -like core
electrons[28]. This causes their valence P orbital to be more compact and more tightly
bound, compared to the S states. This effect strengthens carbon’s sp? bonds compared to
its sp? bonds, and favors the graphite structure.

Graphite as a prototype of the layered structure has attracted considerable attention
both theoretically and experimentally during the last decades. It has not only potentially im-
portant technological applications but also provides a realistic situation for the fundamental
study of two dimensional phenomena. It has a crystal structure built up of flat layers in which
the trivalent carbon atoms occupy the lattice sites of a two dimensional honeycomb network.
The layers are stacked in a hexagonal crystal structure corresponding to the space group
P6,/mmc ( Dy, ). Half the carbon atoms are located directly above each other in the adjacent
planevs and half are located above the centers of the hexagonal cells in the adjacent planes.
The unit cell has four atoms: two from each contributing layers, and each atom contributes
four electrons to form valence bands in graphite. In single crystals of graphite, the shortest
interatomic distance is 1.42A in the planes, while the distance between the consecutive planes
is 3.354A . Bonding within the layers is strong and is described by sp? hybridized 2s, 2p,
and 2p, atomic orbitals. The bonding between layers is weak, originating from the overlap
between 2p, orbitals. The resulting band structure consists of manifold six ¢ bands and two
= bands forming the filled valence band, above which lies the conduction band consisting of
the corresponding anti-bonding K and = bands.

The band structure of graphite has been calculated by several groups (3.32-39).
Holzwarth, et al. used a first-principles, self-consistent technique which has been very
successful in describing many ground state properties of crystaliine solids. The technique
is based on density-functional theory in the local- density approximation (Hedin-Lundques

approximation) using the mixed-basis pseudopotential approach. In addition to the band
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dispersion relations, the expansion coefficients for the band wave functions come out di-
rectly from these calculations. In Figs. 2(b) and {c) are shown the Brillouin zone of graphite
and the band structure for particular symmetry directions. The six o valence bands, based
on sp? orbitals in the basal plane, are shown as solid lines, while the two = valence bands
from the P, atomic orbitals are represented by dashed lines. Due to the weak interlayer
interaction, the electronic structure is nearly two dimensional collapsing the number of
valence bands to three ¢ bands and one = band. The spectral densities of graphite bands
are shown as solid lines in Fig. 4. The spectral densities of the o and = bands are shown
in Fig. 4(a) for momentum in the basal plane (I' = M). The wave functions for the lowest
o bands are S-like, that is the momentum density is maximum at g = 0 and decreases
monotonically as q increases. The wave functions for the upper two ¢ bands are P-like.
The momentum density of the o, band is zero at g = 0, rises abruptly near the Brillouin zone
boundary to a peak in the second zone, and then falls off exponentially as q = co. The mo-
mentum density of the o, band peaks in the third zone. The spectral densities in the
I’ = K direction are shown in Fig. 4(b). They are qualitatively similar to' the momentum
densities in the I' = M direction. The momentum density of the =-band is zero for q in the
I — K — M plane because the = -orbital has a node there. In Fig. 4(c) are the spectral mo-
mentum densities for [i along the c-axis in the I — A direction. The bands are quite flat in this
direction dispersing less than or of order 1 eV. The momentum density of the lowest ¢ band
again falls off monotonically from q = 0. The momentum densities of the upper ¢ bands are
zero for Ei along the c-axis for symmetry reasons. The momentum density of the = -band
displays P-wave character; it is zero at the origin and peaks in the third zone at g~1.5A-".
From these calculations one can see that graphite is an interesting blend of nearly free-
electron behavior for g in the crystal plane and atomic character for momentum perpendic-
ular to the crystal plane.

Diamond has a fcc crystal structure and there are two atoms per unit ceil. The atoms

are in tedrahedral bonding with a nearest neighbor distance of 1.54 A Using the same

technique as for graphite,
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Holzwarth[42] has calculated the band structure and the spectral momentum densities for
diamond. In Figs. 3(a) and (b) are shown the Brillouin zone of diamond and the band structure
for particular symmetry directions. The valence electrons form four ¢ bands, based on
sp? orbitals. The spectral densities of diamond bands are shown as dashed lines in Fig. 4.
The spectral densities of bands are shown in Fig. 4(a) for the I — L direction. = The wave
functions for the lowest o bands are S-like, that is the momentum density is maximum at q
= 0 and decreases monotonically as q increases. The. wave functions for the upper three ¢
bands are P-like. The momentum density of the ¢, band is zero at q = 0, rises abruptly near
the Brillouin zone boundary to a peak in the second zone, and then falls off exponentially
as g — oco. The momentum density of the o, band peaks in the third zone and the ¢, band
peaks in the fourth zone. The spectral densities in the I" = K and I" — X direction are shown
in Figs. 4(b) and (c), respectively . They are qualitatively similar to the momentum densities
inthe I' = L direction.  From Fig. 4 the spectral momentum densities of o bands in graphite
and diamond are very similar to each other within our resolution. In diamond there is nothing
in the region of the = band in graphite for g < 1.5A™'. From our experimental point of view
this is the major difference between graphite and diamond that we can observe in our meas-
urements. The difference between the valence band width of graphite and diamond is on the

borderline of our statistical accuracy.

3. Models of amorphous carbon

Carbon exists not only in the crystalline form but also in the amorphous state and may
possess intermediate properties between graphite and diamond. The properties of a-C
depend on the preparation methods. Different kinds of a-C have been classified as glass
carbon, evaporated a-C, ion sputtered carbon, and hydrogenated a-C. Glass carbon can be

formed by heating certain organic polymers[43]. Evaporated a-C can be obtained by using
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evaporation and arc discharge[44] and by using high ion energy ( ~ 3000 eV ) sputtering from
a carbon cathode{45]. Those two kinds of a-C are polymer-like(i.e., electrically insulating,
soft, and optically trasparent) or graphitic (i.e., electric;ally conductive, soft, and optically
opaque). Two other types of carbon film which were produced by using low ion energy
sputtering or by cracking hydrocarbon gases with a negative bias in dc or rf plasma
modes[46-49] are described as ion sputtered a-C and hydrogenated a-C, respectively. Those
two kinds of a-C are diamondlike (i.e. electrically insulating, hard, and optically transparent).
Table 1 shows some physical properties of different forms of carbon. The two carbon films
we studied were made by a low energy ion beam technique and fall in the diamondlike carbon
category because their properties are closer to those of diamond than those of graphite.

The first reports on the formation of dense, inert and glassy carbon films date back
more than three decades[50]. Schmellenmerier[51,52] was the first person to apply deposi-
tion from a d.c. plasma sustained in C,H, to prepare carbon films in which he conjectured the
presence of diamond-like constituents. The topic has received steadily increasing attention
since Aisenberg and Chabot{46,47] in the early seventies published their findings on the for-
mation of diamond-like carbon films by the condensation of energetic carbon ions onto various
substrates. Within the last decade many investigations have confirmed that very hard and
electrically insulating carbon layers are obtained when ionized hydrocarbon species{53-58]
or carbon ions of sufficient energy are deposited[59-62]. Moreover, Weissmantel et al.
demonstrated that ion beam sputter deposition of carbon under simultaneous bombardment
by energetic inert gas ions ( Ar+, Kr+ ) yields films of a similar type[63] . Recently, it has
been reported that polycrystalline films of true diamond structure have been prepared by
vapor-deposition[65].

The diamondlike properties of a-C raise a very interesting question about the bonding
of carbon atoms because the atoms in graphite are all in sp? bonding and the atorns in dia-
mond are all in sp?® bonding. Robertson[64] has discussed the possible bonding of a carbon
atom. In principle, a carbon atom can have three bonding configurations, sp', sp? and sp?.

At a carbon sp! site, two of the four valence electrons form ¢ bands along + p,, and the other

ll. Background 14



two electrons are left in orthogonal p, and p, orbitals to form = bands. At sp? sites three
electrons are assigned to the trigonally directed sp? hybrids which form & bands; the fourth
electron lies in a p, orbital lying normal to the o bonding plane. The p, orbital forms weaker
n bonds with adjacent p, orbitals. In the sp® site, all of the four electrons are assigned to
tetrahedrally directed sp? hybrid orbitals which then form strong ¢ bonds with adjacent atoms.
It is generally believed that atoms in evaporated a-C are mainly in sp? bonding since the
properties of this kind of a-C are very similar to those of graphite. Zelez and Savvides[66,22]
demonstrate that ion-assisted deposition greatly changes the properties of a-C close to those
of diamond. This leads them to hypothesize that the fraction of sp? sites in a-C increase
under ion-assisted deposition. They suggest the following mechanism for producing the sp?
bonds. In evaporation the incident particies only have thermal energies. However, in
plasma deposition the major species in the plasma are believed to be radicals[67,68]. A
physical deposition regime now exists with radicals arriving directly from the bulk plasma at
the substrate. The bias voltage also gives the positive ions incident on the substrate with a
higher kineti.c energy. According to the modei of Weissmantel[63], the incident particles cause
an intense local thermal and pressure spike. Noting that diamond is stable in the high
temperature high pressure zone of carbon’s phase diagram, Weissmantel asserts that the
spike favors the formation of sp? sites. This results in a higher fraction of sp? sites which make
film ‘diamondlike’.

A great number of analytical techniques have been employed recently to characterize
film microstructure including a) Raman , ESR, and EELS measurements[62,69-74], b} trans-
mission electron diffraction and x-ray photoemmision spectroscopy [75,76], and c) optical
specotrscopy[62,73,77,78]. What has emerged from these studies is that different film dépo-
sition techniques and system configurations lead to highly variable film properties. It is be-
lieved that various forms of amorphous carbon have similar short range structure(either
tetrahedral or graphitic bonds) with differences which depend on the starting material, on the

method of preparation and on the heat treatment temperature(43,78,79]. There thus remains
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some uncertainty concerning bonding and the origin of diamond-like properties in a-C films.
This uncertainty suggests that research on solid carbon is far from being terminated.

Based on X-ray, electron and neutron diffraction[80-85]), several models have been
proposed for the microstructure of a-C. In the strained layer model of Egrun[80,85], the glassy
carbon consists of strained graphite layers stacked in a disordered manner. There is no sp?
in this model. Using this model, Egrun reproduced the experimental diffraction intensity F(k)
of his glassy carbon sample. Stenhouse and Grout[86] tried to develop a theory which wouid
handle a greater degree of disorder. They postulated that a-C could be modelied by consid-
ering it as a microcrystalline of graphite inter-linked by an sp® banded random network. They
calculated the radial distribution function(r.d.f.) as a function of microcrystatllite size and the
proportion of sp? sites. Then, dif.fraction intensities can be obtained from the r.d.f.
Stenhouse and Grout compared calculated intensities with those measured by Kakinoki et
al.[82] and Franklin[87]. They concluded that the Kakinoki sample contained about 75% sp?
sites-and had 12 A graphitic domains, while the Franklin sample had about 50 % sp? and
20A domains. However, Mildner and Carpenter[84] and Summerfild et al. [88] found an error
in the analysis of Stenhouse and Grout which caused them to over estimate the importance
of sp? regions in the case of small crystallines. Beeman et al.[89] considered even more
disordered structures. They constructed four model random networks containing different
proportions of sp? and sp? sites. The model which contains only sp?® is just the Polk [30] model
rescaled from Ge to carbon. After an extensive comparison with r.d.f.,, Robertson[64] con-
cluded that the random network models of Beeman et al. are valuable in pointing out the types
of disorder present in evaporated a-C, but they probably possess insufficient correlations be-
tween their sp? sites.

The existence of a distinct graphitic phase interspersed in a diamondlike medium and
vice versa also has been proposed|[79,82,86,89,91] for ion sputtered a-C, but convincing ex-
perimental proof is lacking. The boundary between two regions would consist of defective

bonds. Its bonding microstructure has been of intense interest and speculation for more
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than a decade [79,82,86]. Recently, based on EELS and optical data, Fink et. al[70,71] and
Savvides[22,23] estimated the proportion of sp® bonding in a-C by using sum rules.

The existence of bands structure in amorphous solids has been discussed by
Ziman{92,93], Beeby et al.[17] and Haydock[18). Ziman argues that the coherence length for
the phase of one electron wave function is finite. This corresponds to a broadening in mo-
mentum space of the crystalline delta function wavepacket. itis uhderstandable, because
the wavenumber is no longer a good quantum number in disordered system. Moreover, it is
argued that at small q, that is for wavelength much longer than the dimension of potential
fluctuations, electrons in amorphous materials propagate in an effective medium which is not
significantly different from the crystal lattice. This implies that the spectral momentum den-
sities of a-C near g = 0 should be those of graphite or diamond.  Our results show that this
is not the case because the spectral momentum densities of both graphite and diamond are
much smaller than those of a-C near ¢ =0 and around E; = 8¢V. It also implies that graphite
and diamond should have the same band structure at g =0 which is obviously not right.
Ziman also argﬁes that when q gets larger, that is the wavelength geﬁing shorter, electrons
suffer more scattering by disorders in propagation. Therefore, the coherence length is getting
shorter. This meéns that the wavepacket of electrons is getting broader in momentum
space. When the coherent length approaches the correlation length of potential fluctuations,
the bands in an amorphous material will coalesce. In the disordered system, the spectral
momentum density should be p(E, K) instead of p(K)6[E — E(K)] for a perfect lattice. That is,
p(E, k.) for the crystalline phase is nonzero only along the dispersion curve E(E) . In the
disordered system, p(E, f() spreads over regions of (E, IZ) space. At a particular energy there
can be contributions from a finite range of momenta. Beeby et al.[17] have calculated this
distribution function by Greens function methods for the tetrahedrally bonded amorphous.
Their results show that there is indeed a well defined band corresponding to the lowest energy
crystal valence band which generally has S-wave symmetry. The less spherical P-like bands
at the top of the valence band are more diffuse. Recently, Haydock[18] proposed a theory

for amorphous systems and applied it to a particular model. His mode! is a 2-D graphite
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structure in which two hexagonal rings have been replaced by a 5-fold and a 7-fold rings.
The translational symmetry is broken, but Haydock finds another operator, S , which com-
mutes with the Hamiltonian and is analogous to the translation operator. The operator S can
be written as S = E‘:t, ; here each t, maps orbitals from one site to another. But, here the sum
may include several mappings from and to each site, and even several different mappings
between the same pair of sites. He assumes that each atom has a similar local environment
throughout the structure, and concludes that the eigenfuctions of S and H in the momentum
representation consist of concentric fuzzy spheres of finite thickness, possibly overlapping.
He defines the magnitude at the first maximum as ‘network momemtum’ which is analogous
to the definition of the crystal momentum as the momentum of the site nearest zero in recip-
rocal lattice of momenta contributing to a Bloch state. The dispersion relation between en-
ergy and “network momentum ” is very similar to an angular average of the graphite band

structure and agrees very well with the (e,2e) experiment on evaporated a-C[16].
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for momentum in the ' = K — X direction of diamond. Momentum densities of the o, and o,

bands of graphite are zero by symmetry.
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Table 1. Properties of different forms of carbon. Room-temperature conductivity(s,;), optical
gap, density, and hardness of forms of dlamond, graphite, glass carbon, evaporated a-C, lon-

beam a-C, and hydrogenated a-C[64].

Oy E, Density Hardness

, Q-'em=" eVv) (gcm™3) (kg mm 3)
Diamond 10-'8 55 3515 104
Graphite 225x 10% (1¢ ~-0-04 2:267
Glassy carbon 102-103 10°2 1:3-1-55 800- 1200
Evaporated a-C ~10 3 0-4-07 ~2-0 20-50
lon-beam a-C ~10°2 0-4-30 1-8-27
a-C:H 10-"-10" '€ 1-5-4 1-4-1-8 1250-6000
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lll. Experiment

1. Experimental considerations

Our (e,2e) spectrometer has a symmetric coplanar scattering geometry. The details
have been described in refs.[1,2]. The incident electron energy was 25 KeV in these
measurements. for the amorphouse carbon experiment, the energy resolution was 8.6 eV
FWHM and the momentum resolution was estimated to be 0.73A-". The measurements
covered a range of momentum perpendicular to the incoming beam equal to
0<1q] £3.75A-'  The energy range was from 5.0 eV above the Fermi energy to 33.0 eV
below the Fermi energy. For the graphite experiment, the energy resolution was 8.6 eV
FWHM and the momentum resolution was estimated to be 0.47A-' and 0.73A- for momentum
parallel and perpendicular to the c-axis, respectively. The c-axis was perpendicular to the
incoming beam. The measurements covered a range of momentum parallel to the c-axis
equal to 0< /gl <1.84A-" and a range of momentum perpendicular to the c-axis equal to
0< |5| <235A-'. The energy range spanned the valence band of graphite from 4.4
eV above the Fermi energy to 27.6eV below the Fermi energy. The band structure E(I? )(3] and

spectral density IU'-(-(é)l’ have been calculated from first-principles using a self-consistent;

IIl. Experiment 23



density functional theory. The comparison between our measurements and the theoretical
caiculation of the spectral density provides evidence to verify the assumptions and ap-
proximations in the derivation of the (e,2e) cross section and also demonstrates whether
(e,2e) spectroscopy gives sensible results when applied to a system which is well char-
acterized. This is a crucial question to determine whether the (e,2e) technique can or can
not be extended to other materials, such as amorphous solids, 'where the electronic
structure is less well understood.

The coincidence experiment of (e,2e) is time consuming. It requires weeks even
months of data taking. We took data over a four month period for the graphite measure-
ments, for example. There are several sources of systematic errors which can arise over
such a long collection time. We have considered 1) the incident electron current will vary,
2) the electron optics will vary affecting the incident current and the transmission of scattered
electrons from the target to the detector, 3) high frequency noise on the power or ground lines
will produce bursts of false coincidence events, 4) the sample will change with time. The
variation in beam current and tune conditions is mitigated by sweeping through a set of
energy-momentum values in a period which is shorter than the drift time of the system. The
energy-momentum set is swept repetitively in random order under computer control. After
approximately nine hours a computer file is created which stores the coincidence data, and
other information, for that period of time. Then all counters are cleared and the process
starts again. |If there is evidence of false coincidence events in the file (the coincidence
count more than ten standard deviations from the average), due, for example, to high fre-
quency noise triggering the counter, then the file is rejected. Out of 174 files, we have re-
jected 6 in the graphite experiment. We monitor whether the sample is changing during the
experiment by comparing files taken at the beginning of the run with files taken at the end.
We saw no evidence of time dependence in the data. Finally, we took data in overiapping
regions of binding energy and momentum rather than attempting to measure the total
energy-momentum set in one block. This allowed us to monitor the experiment better and

meant that complete data for some energy-momentum values would still exist if the ex-
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periment aborted unexpectedly (the sample breaking, for example). The first set of data
was taken on a coarse grid of momentum points, but spanned all the energy values.
Then the other momentum columns were filled in. To normalize the data properly, we
overlapped the later data sets with at least one momentum column from the first set. The
ratio of the coincidence counts in the overlapping momentum columns was used as the nor-
malizing factor.

The maximum coincidence rate we observed was =0.02 counts/second for total
momentum approximately zero and binding energy ~20 eV. We find that multiple scattering
is a major factor in determining the maximum rate. Coincidence events are removed from
a particular energy-momentum bin by small-angle scattering (typically creation of a
plasmon) either before or after the wide angle (e,2e) collision. The optimum film thick-
ness to maximize the coincidence rate is 1/2.7 which can be derived by maximizing Cgq With
respect to A/A ( see appendix B ) where 1 is the total mean free path of the incident
electron. In the analysis of multiple scattering in our graphite data we found that the ratio
of thickness to mean free path was 0.5. The coincident count rate would have been roughly

50% higher if the sampie thickness of graphite had been optimum.

2. Sample preparation and characterization

The ion sputtered amorphous carbon films were from Aluminum Company of America.
One was made using low RF power (200 W), referred to as the low power sample.  The other
was made at high RF power (1000 W), referred to as the high power sample. The first con-
ditions generally produce hard films with high resistivity while the second conditions produce
softer films with low resistivity. The thickness of the film is about 157 A for the high power

sample and about 144 A for the low power sample. The TEM measurements show that our
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samples have the diffused diffraction ring which prove the amorphous nature of our ion sput-
tered carbon samples.

The sample for the graphite experiment was natural graphite from the mines at
Ticonderoga, New York. Itis a hard task to prepare crystal samples for (e,2e) analysis since
the thickness of sample should be less than one electron mean free path at half incident en-
ergy ( typically ~ 150A ). Initial thinning of this layered material was by the “standard
Scotch-tape method”.  Layered materials have a sheet-like structure. Therefore the layers
can be pulled apart with pieces of cellophane. Successive applications of this results in a thin
film ( ~ 1000A ). We were not able to obtain usable samples less than 500A thick by this
procedure. In order to reduce the thickness to 106A we took samples which were 1000 A
thick and thinned them further by reactive ion etching using a mixture of oxygen and argon
at the National Research and Resource Facility for Submicron Structures(NRRFSS). In prin-
ciple the carbon is chemically etched by oxygen to form an oxide loosely bound to the surface
and the argon physically knock off the oxide from the surface. There is evidence that
plasma etching does far IéssAdamage to the surface layers of a crystal than ion miiling f40].
We obtained an area of film, slightly larger than the area of our electron beam spot
(~ 3mm), which we estimated was 150A thick based on the attenuation of a laser beam
passing through the sample. From an anélysis of the multiple scattering contribution to our
elastic scattering data (described in appendix A) we found the thickness was 110A in rough
agreement with the estimate by laser beam attenuation. The technique for preparing the
film assured that the c-axis was perpendicular to the film surface. We attempted to measure
the orientation of the crystal axes in the plane of the film by LEED, but were not successful
due to the requirement of high temperature treatment for graphite surface. This is not too
significant because with our present resolution the predicted variation in the spectral density
for different momentum directions in the basal plane can not be resolved.

In order to evaluate how much damage was done to the crystal by our thinning proce-
dure, the Raman spectra of the sample were measured before and after etching it. We also

checked the spectra after taking data for several weeks to see if the sample had been ad-
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versely affected by the electron beam. In Fig. 5(a) is the spectra of pristine graphite which
exhibits a single Raman line at 1575 cm~' . After thinning sample with tape (Fig. 5(b)) and
etching the sample (Fig. 5(c)}, the 1575 line is still present and has not broadened. A new line
at 1355 cm~' is present which has been observed by others in microcrystalline graphite and
arises from the breakdown of the k-selection rule as the crystallite size gets smaller [94-97].
it has been observed that the relative intensity of the 1355 line with respect to the 1575 line
varies inversely with the planar dimension of the crystallite. The small peak at
~ 1622cm~-* has been associated with weak disorder in the crystallite. In Fig. 5(d) is the
Raman spectra of a sample after taking (e,2e) data for five weeks. There is no visible
change in the spectra. Finally, in Fig. 5(e) is the Raman spectra of amorphous carbon. It

is clear that our sample has retained crystalline order through the process of thinning it.

3. Experimental results for graphite

The coincidence rate as a function of binding energy (with resbect to the Fermi
energy) for totali momentum approximately equal to zero is shown in Fig. 6. The open
circles are the raw data. Statistical error bars for one binding energy are shown. The
coincidence rate goes to zero above the Fermi energy, but does not go to zero below the
bottom of the valence band (Es ~ 20 ev) because of multiple scattering. A generai proce-
dure for deconvoluting the contributions of multiple scattering from the raw data has been
given by Jones and Ritter[101].  Specific application of this procedure to graphite, which
is complicated by the crystalline anisotropy, is discussed in appendices. The solid circles
in Fig. 6 are the deconvoluted (e,2e) scattering rate. A weak peak at ~ 8 eV and a more in-
tense peak at ~ 20 eV are clearly evident. The complete set of deconvoluted data is shown
in Figs. 7(a) and 7(b). In Fig. 7(a) data is shown for the momentum vector in the basal plane

and with the magnitude of the momentum ranging from —0.35A-' to 2.35A-' in steps of
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0.3A-'. The component of momentum parallel to the c-axis was nominally zero, but due to
a misalignment of the spectrometer, the parallel offset was —0.61A-". In Fig. 7(b) data
is shown for the momentum vector parallel to the c-axis from —0.61A-'to 1.84A-' in steps
of 0.27A-'. Again, the perpendicular component of momentum was not zero, but was offset
by —0.35A-' because of misalignment. The solid-lines in Figs. 7(a) and 7(b) are generated
by fitting one or two gaussian peaks to the data with the center and amplitude of the
gaussians as free parameters. The width of the gaussian peaks was determined from
the data near zero momentum. The momentum dependence of the width is negligible.
In Table 2 and Table 3 are the resulting parameters for momentum parallel and perpendicular

to the c-axis, respectively. These results will be compared to theory in the next chapter.

4. Experimental results for ion sputtered a-C

Our experimental results are shown in Figs. 8 and 9. The coincidence rate as a
function of binding energy (with respect to the Fermi energy) for total momentum ap-
proximately equal to zero is shown in Fig. 8 for the high power sample. The triangles are
the raw data. Statistical error bars for one binding energy are shown. The coincidence
rate goes to zero above the Fermi energy, but does not go to zero below the bottom of the
valence band (E; ~ 20 ev) because of multiple scattering. The deconvoluting procedure
for multiple scattering is described in refs. {2,101] except that for better modeling we have
used a Lorentizan distribution, instead of a Gaussian distribution, for the energy resolution of
our spectrometer. The parameters for the deconvolution are given in Appendix A. The
stars in Fig. 8 are the deconvoluted (e,2e) scattering rate. A weak peak at ~ 8 eV and a more
intense peak at ~ 20 eV are ciearly evident. The complete set of deconvoluted data is
shown in Figs. 9(a) and 9(b) for the high power and low power samples, respectively . In

Fig. 9(a), data for the high power sample is shown for the momentum vector perpendicular
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to the electron beams and with the magnitude of momentum ranging from —2.75A-" to
—.75A-" in steps of 1.0A-" and from —0.75A-" to 3.75A-" in steps of 0.5A-". In Fig. 9(b), data
for the low power sample is shown for the momentum vector perpendicular to the electron
beams and with the magnitude of momentum ranging from —~3.25A-" to —1.25A- in steps of
1.0A-' and from —1.25A-" to 3.25A-' in steps of 0.5A-* . The component of momentum
parallel to the incoming electron beam was nominally zero, but due to a misalignment of the
spectrometer, the parallel offset was —0.4A-" in both cases.

The solid lines in Figs. 9(a) and 9(b) are generated by fitting two Lorentzian peaks to
the data. The standard least square method is employed. It is clear that two peaks are
resovied in our data when g < 1.75A". When g > 1.75A™" our resolution can not resoive the
peaks. There are three free parameters, peak position, width and amplitude, for each
Lorentzian peak. Thus six free parameters are in our fitting. In order to reduce the number
of free parameters, we choose the position of the two peaks from viewing the data and then
let the computer program searches for the other four parameters based on the least square
fitting. For the bottom peaks, the resulting width fluctuated ~ 1 eV éround 8 eV as a function
of momentum for g < 1.75A7"; for the top peaks thé resulting width also fluctuated ~ 1 eV
around 6.6 eV as a function of momentum for g <1.75A™".  These results indicate that the
widths do not depend on momentum within our experimental resolution. Then the fitting
procedure is run again using the average widths of 8 eV and 6.6 eV for the bottom and top
peaks, respectively, and letting the computer program search for peak positions and ampli-
tudes. We used two peaks with the above two widths to fit the single broader peak of our
data for g > 1.75A7" based on the consideration that the width should not jump discontin-
uously. In Table 4 and Table 5 are the resulting parameters for the high power sample data
and the low power sample data, respectively. These results will be discussed in the next
chapter.

In order to get some feeling about the true peak width in the amorphous phase without
resolution broadening, we have done the following simulation. We convolute a ¢ function

with the smearing function for amorphous carbon using the parameters in Appendix A. Then
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we deconvoluted the resulting function by the methods used for the a-C data exactly(the same
number of iterations and the same deconvoluting range). We would get zero width for the
simulation peak after deconvolution if both the deconvoluting range and the number of iter-
ations were infinite. In practice, we use a finite number of iterations and finite energy range
so that the resulting width is only a little bit less than the resolution of the experiment. The
resulting width for the simulation peak is ~ 6 eV which is about 2 eV narrower than the width
of the bottom peaks and 0.6 eV narrower than the top peaks. The additional width in the
experimental data may arise from the broadening of the electron states in the amorphous
phase or may be due to noise of our data. It is too ambitious to make any conclusion at this

point because our resolution is 8.6 eV.
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Fig. 5. . Raman spectra of our samples and of amorphous carbon. (a) Raman spectra of

graphite crystal. (b) Raman spectra of graphite film after thinning with scotch tape. (c)
Raman spectra of graphite film after thinning with scotch tape and with reactive ion
ctching. (d) Raman spectra of graphite film after electron bombardment for five weeks. (e)

Raman spectra of amorphous carbon.
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Fig. 6. The experimental spectral momentum density of graphite.  The spectral momentum
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circles are the data after correcting for multiple scattering.
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Fig. 8. The experimental spectral momentum density of ion sputtered a-C. The spectral

momentum density of high power ion sputtered a-C as a function of energy (with respect to the
Fermi energy) with the component of momentum parallel to the incoming electron beam equal

to —0.4A™' and with the component of momentum perpendicular to the incoming electron beam

equal to —0.25A-!.  The triangles are the raw data.  The stars are the data after correcting for

multiple scattering.
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Fig. 9. The deconvoluted spectral momentum densities of ion sputtered a-C.  The spectral
momentum densities of two ion sputtered a-C samples as a function of energy (with respect to
the Fermi energy) for different momentum. The solid lines are least square fits of Lorentzian
peaks to the data. (a) High power sample (the component of momentum paralle] to incoming
electron beam = —0.4A™"). (b) Low power sample (the component of momentum parallel to

incoming electron beam = —0.4A™") .
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Table 2, Fitting parameters for graphite(momentum paralle! to the c-axis with perpendicular

component = 0,35 A™')

-1 Energy (ev) | Amplitude Energy (ev) Amplitude
q(A™) first peak first peak second pea4 second peak
-0.61 1 0.24 10.65 0.12 22.3 0.56
-0.34 6.06 0.11 20.9 0.47
-0.07 2.94 0.04 22.5 0.67
0.21 6.53 0.10 221 0.53
0.48 9.79 0.31 22.9 0.53
0.75 9.21 0.32 245 0.42
1.02 9.32 0.55 25.3 0.40
1.29 8.60 0.44 25.4 0.31
1.57 6.85 0.42 26.2 . 0.23
184 8.48 0.25 255 0.09

ill. Experiment 36



Table 3. Fitting parameters for graphite(momentum perpendicular to the c-axis with parallel

component = -0.61 4)

a A-1) E’?ergy (ev) | Amplitude Energy (ev)'{ Amplitude

rst peak first peak second peal second pea
-0.35 £ 0.37 7.10 0.08 20.1 0.57
-0.05 7.49 0.19 230 0.60
0.25 6.00 0.09 21.4 0.53
0.55 7.7 0.16 21.3 0.50
0.85 12.50 .26 19.3 0.37
1.15 4.64 0.12 17.2 0.48
1.45 12.1 0.55
1.75 9.20 0.62
2.05 '7.18 0.40
2.35 | 8.53 0.19
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Table 4. Fitting parameters for high power ion sputtered a-C

- Energy (ev) | Amplitude Energy (ev) Amplitude
qA7) first peak first peak second pea4 second peal
-2.75 + 0.37 3.41 0.0345 8.62 0.128
-1.75 5.50 0.120 13.81 0.198
<0.75 6.51 0.132 18.33 0.284
-0.25 5.92 0.123 19.61 0.318
0.25 6.45 0.106 18.59 0.312
0.75 6.55 0.113 18.20 0.307
1.25 7.01 0.151 16.28 0.222
1.75 5.99 0.136 14.58 0.186
2.25 4.59 0.065 10.63 0.171
2.75 3.70 0.031 7.27 0.095
3.25 4.02 0.018 8.39 0.045
3.75 4.30 0.0038 8.74 0:029
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Table 5. Fitting parameters for low power ion sputtered a-C

-1 Energy (ev) | Amplitude Energy (ev) Amplitude
q(A™) first peak first peak second peakl second pealJ

-3.25 £ 0.37 4.50 0.024 9.40 0.64

-2.25 5.00 0.070 10.25 0.168
-1.25 6.02 0.138 15.80 0.268
-0.75 7.96 0.176 19.60 0.353
-0.25 7.90 0.166 21.15 0.392
0.25 7.80 0.156 21.50 0.395
0.75 6.98 0.109 17.98 0.355
1.25 7.03 0.136 17.70 0.291
1.75 7.01 0.162 14.34 0.185
2.25 5.99 0.089 1141 0.136
2.75 5.00 0.054 9.00 0.075
3.25 6.50 0.014 8.47 0.066
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IV. Discussion and Conclusion

1. Discussion of graphite

Our data is compared with theory in Figs. 10 and 11 for momentum parallél and per-
pendicular to the c-axis, respectively. There is one free parameter for matching experiment
and theory.which is an overall scale factor. This factor has been determined from the av-
erage spectral density nearg=0(g < 0.5A-'of the o, band). The same scale factor is ap-
plied to all the data, for momentum both parallel and perpendicular to the c-axis. In the
first case, Fig. 10, there is a constant component of momentum perpendicular to the
c-axis, g, = —0.35A, while the component of momentum paralilel to the c-axis is variable.
The theoretical =-band (dashed line) and ¢, band (solid line), almost dispersionless along the
c-axis, are drawn in the repeated zone representation. The dispersion is < 1 eV and has
not been shown since it can not be observed with our energy resolution.  The first Brillouin
zone boundary for momentum parailel to the c-axis is g, =0.47A-' . We represent the
spectral momentum density as an arrow on the energy-momentum plane. The theore-
tical densities are light arrows on top of the band dispersion; the experimental results

from Table 2 are the heavy arrows. The agreement between theory and experiment is ex-
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cellent for the = band. The spectral density of the o, band agrees very well with theory;
the apparent dispersion of the band to larger binding energy is probably due to incomplete
deconvolution of muitiple scattering from the data. The spectral momentum densities
of the two less tightly bound sigma bands, ¢, and a,, are zero for symmetry reasons.

The spectral densities as a function of momentum perpendicular to the c-axis are
shown in Fig. 11. In this case there is a constant component of momentum parallel to the
c-axis gs, =—0.61A . Again the theoretical density is represented by the light arrows
placed on the energy dispersion curves, while the experimental resuits from Table 3 are re-
presented by heavy arrows. There is very good agreement between theory and ex-
periment for the o, band. The spectral densities of 5, bands are predicted to be negligible in
the first Brillouin zone, then rise sharply at the zone boundary and peak in the second
Brillouin zone. For g <1A-' we can not resolve the =, o, and o, bands because of our low
resolution. We tentatively identify the weak structure at ¢ =0.25A-' (E = 6 eV), g = 0.55A""
(E=77¢eV) andq= 1.15A-" (E = 4.6 eV) with the = band. The existence of = band spectral
density is due to the small component of momentum parallel to the c-axis. The data
at q=0.85A'1 can be fit almost equaily well with two Gaussians centered atE = 12.5 eV
and E = 19.3 eV (as plotted on Fig. 11) or with one Gaussian at E = 15.4 eV. The first choice
preserves the continuity of the spectral density in the o, band but raises the question of
whether the peak at E = 12.5 eV is associated with the a, band. Ifitis, then the spectral
density of the o, band in the first Brillouin zone is much larger than predicted by theory.
But this possible discrepancy is tentative until the measurement can be repeated with better
resolution. In Fig. 11 we have compared our data to the calculated spectral density for
momentum in the I' = M direction. Within our resolution and statistics, the difference in

spectral density for different directions in the basal plane can not be resolved.
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2. Discussion of ion sputtered a-C

There are three primary aspects to be discussed in this section. First, we will discuss
the “band structure”, sum rules, and the discrepancy between our result and that of Savvide.
Secondly, we will compare the spectral momentum densities with those of an angular average
of graphite.  Finally, we will propose a new hybridization model to explain the discrepancy

in the comparison.

A. Band structure and sum rules

The "band structure” of ion sputtered carbon can be obtained by projecting the peak
posétion and amplitude of our data onto the (E,q) plane. The results are shown in Fig. 12.
The arrows and the dashed arrows are spectral momentum densities from Table 4 and Table
5 for the high power and the low power sampie, respectively. The scale factor for each set
of data has been determined from a model which will be discussed next. The band width is
about 16.5 eV, while the band width is 21 eV for diamond and 20 eV for graphite. There is a
band around 8 eV which is remarkably similar to the = band of graphite.  Figs. 9 and 12 show
that there is no difference between the spectral momentum densities of the high power and
the low power samples within our resolution and statistics.

As discussed in chapter ll, the existence of a distinct graphitic phase interspersed in a
diamondlike medium and vice versa has been proposed[79,82,86,89,91] for ion sputtered a-C.
Recently, based on EELS and optical data, Fink et al.[70,71] and Savvides[22,23] estimated the
proportion of sp® bonding in a-C by using sum rules.

Sum rules have been discussed in detail by Wooten[98]. For solids, there are two sum

rules which are analogous to the sum rule >/, =Z for atoms. One is
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it 12
I w (w)dw =T wp
o 2
which is related to the rate of energy absorption by transverse fields (photons} and hence is
related to interbands transitions. The plasma frequence is w, = 4nN,Ze?/m where N, is the

density of atoms. Another is

o0
=1 =2
Jlo olm @) do = > T wp
which is related to plasma excitations by longitudinal fields (electrons). Sum rules are
frequently defined in terms of an effective number of electrons per atom, n,,. contributing to

the optical properties over a finite energy range. Thus

E
I E' e(E')IE = % 7 (4N, m)A2 noedE)
0

and

J; “e'im —8-2—'(515- OE' = = (4N e /m)H2 nordE)
One thing must be noted that these two sum rules give different values for n,, for small £, but
the same values for large enough E ( larger than the plas;rra energy ) because of the different
origin of the sum rules[99,100].

In applying the first sum rule, Savvides argued that the = — anti = transitions are ex-
hausted at 9 eV from energy-band calculations and detailed optical spectra of graphite. Since
one electron per carbon atom is available for = bonding, the effective number, n,,, for

graphite increases with photon energy to a value of 1 at about 9 eV. At this energy, the
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o — anti ¢ begins and leads to n,, rising rapidly with energy and asymptotically to a value of
4. In diamond, the ¢ — antio transitions are zero before 7 eV from energy-band
calculations(about 5 eV band gap) and therefore n,, =0 for energies up to 7 eV and it rises
sharply above 7 eV. Briefly, since most = electrons in graphite make their contribution to n,,
below 9 eV, and no electrons in diamond make contribution to n,, before 7 eV, therefore
Savvides and Fink et al. argued that it is possible to determine C,pz, the concentration of
threefold coordinated carbon atoms using their data(see Fig. 13). C,. is simply equal to the
ratio of n,, for a-C films to n,, for graphite at 7 evV. Subtracting C,;, from unity yields C_ , the
concentration of fourfold coordinated carbon atoms. In this way, Savvides and Fink et al.
conclude that there is almost no sp® bonding in evaporated a-C, and there can be as high as
75 % sp? bonding in ion sputtered a-C depending on the film making power.

in their analyses, Sawide§[22,23] and Fink et al.[70,71] assumed that a-C has a band
structure consisting of two parts. One is the pure band structure of graphite and the other one
is the pure band structure of diamond. From Chapter Il we know that the momentum density
of = electrons in graphite peaks around g=15A", and the vertical z-anti = splitting at
q =15A""is less than 9 eV.  There is negligible momentum density of = electron near
g =0.A"" where the =- anti = splitting is larger than 9 eV. Of course, there are no transitions
in diamond for energy less than 7 eV, because there is no state within this range of energy for
o electrons making transitions (band gap is about 5 eV). Thus, based on the assumption that
the band structure of a-C is simply a linear combination of the graphite and diamond band
structure, Savvides and Fink et al. can separate = transitions from o transitions, and therefore
determine C_. and C_.

Unfortunately, our results show that the “band structure” in a-C is different from that in
graphite or diamond (see Fig. 12). The momentum density of the = band is significantly dif-
ferent from that of graphite. The momentum density of = band is nearly constant from
g=0 to g=~20 -, with a binding energy of about 8 eV. That is, the = electrons near
g =0A""' make significant contribution to = transitions, requiring energy up to about 16 eV.

And also because the » band has been flattened up to g~2.0A™"' , the = transitions for
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qg<20 require about 15 eV energy, if we assume that the anti # band also has been flat-
tened in the same way. Even if we assume the anti = band is the same as in graphite the =
transition still requires a larger energy than that in graphite because of the flattening of the
n band. These two factors imply that the oscillator strength for the = — anti n transitions is
not exhausted by 8 or 9 eV as Savvides and Fink et al. assume, but saturates at energies
> 12eV and cannot be separated from ¢ transitions. Assuming that the osciliator strength
saturates at ~ 8eV will result in an estimate for C_. in a-C which is too small and in turn to
predict sp® which is too large. These are qualitative arguments which should be checked
by calculation of the frequency dependent dielectric function e(w) for a-C.

From the above analyses, it is clear that the estimate of sp? and sp? of Savvides and
Fink et al. in a-C is incorrect because of their assumption of a crystalline band structure for
a-C, due to the lack of experimental results on the band structure for a-C. Our {e,2e) meas-
urements provide just this information about the band structure of amorphous solids.

An estimate of the number of electrons occupying each band can also be obtained by

integrating the spectral momentum density of a band over energy and momentum. It is

useful to define a partial sum

had q 12 ’ ’ q 12 Y ]
nel@) = fo [/ 4maroote. i = [/ 4700 tacq (V1]

and

*fd, 2 , A LN S
n,,(q)=_L J-o 4nq'“p.(E. q')dEdq’ = J; 4nq'“p.(q')dq pv.2]

where n,(q) and n(q) are the numbers of electrons occupying, respectively, the lower and the
upper band within a spherical volume of radius q in the momentum space. The results are
shown in Fig. 14. The pluses and the stars are the number of electrons in the bottom and

the upper bands for the high power sample, respectively. The squares and the triangles are
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the number of electrons in the bottom and the upper band for the low power sample, respec-
tively. The n,(qg> 2.25A") for the high power sample seems larger than that of the low power
sample. This may be just an effect of our scaling procedure.  As discussed in Chapter ll,
the spectral momentum densities of the graphite ¢ bands and the lowest three diamond
bands are similar up to the third Brillouin zone( q=3.0A"). The spectral momentum density
of the fourth diamond band is significant only in the fourth Brillouin zone. The spectral mo-
mentum density falls off like 1/q?® (normalization condition ) and with our statistics cannot be
measured for g=4.0A"'.  Therefore, if there were significant diamond bonding, we would
not observe the fourth band.

From Chapter Il we know that n,(3.0)/n,(3.0)=1/2 for graphite. That is, within
g =3.0A"" there is one = electron and two ¢ electrons. We also know that there are two
o electrons in diamond too, within this momentum range. That is, the ratio of n,/n, only de-
pends on the amount of = electrons. Therefore, we can estimate the amount of sp? or sp?
bonding from equations IV.1 and V.2, provided that the sp® mixing with sp? model is correct.
In this way, we get n,(3.0)/n,(3.0)~0.87/2 for the high power éa_mple and n,(3.0)/n,(3.0)~1.11/2
for the low power sample. That is, there is 87 % sp? or 13 % sp? bonding in the high power
sample and there is 111% sp? bonding in the low power sample. Of course, it is impossible
for any sample to possess more than 100 % sp? bonding. However, 11 % is within the
statistis and fitting error bar in our data. Our result is definitely different from Savvides’s
result which shows that there is 55 % sp? bonding. This is a further evidence that the argu-

ments of Savvides and Fink et al. for estimating sp® bonding in a-C are not correct.

B. Comparison with an angular average of graphite

The spectral densities of the bottom and the upper bands are shown in Fig. 15 for mo-
mentum from 0. to 3.75A". The pluses and the stars are momentum densities of the bottom

and the upper band for the high power sample, respectively. The squares and the triangle
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are momentum densities of the bottom and the upper bands for the low power sample, re-
spectively. The wave function for the bottom band is S-like; that is, the momentum density
is maximum at q=0 and decreases monotonically as q increases. The wave function for the
upper band appears to be a mixture of S and P characteristics. The momentum density is
finite at g =0, but appears to peak at g =1.5A"".  This peak is not resolved from the error
bars, but the momentum density of thg upper band is not consistent with a pure S or P wave
function.

Based on the strained layer model of Egrun(80,85] and on the suggestion of
Haydock{18], we compare our spectral momentum density with an angular average bands of
graphite. In Fig. 15, the upper solid curve is the spectral momentum density of ¢ bands of

graphite after simple angular average.  Namely,

Pol@) = [05 M@+ 05 (0) + o} @] [v3]
It averages over only I' — K, " — M, and I" — A directions since we do not have information for
other directions. However, it is almost exact for g < 1.5A" because the spectral momentum
density has a S-like character which does not depend closely on direction.  The right side
( g>1.5A"") of the curve has been adjusted by the normalization condition based on the
consideration that the angular average of the ¢ band for this part of curve is uncertain. The
lower solid curve is the spectral momentum density of the = band of graphite after angular

an average. Namely,

elQ) = ﬁ f pal(@. 6)IQ = f p(q) cos’f dQ = % P=(a) [v.4]

Here, we neglect the dispersion along the different direction since it is within our energy re-
solution; and p,(q) is shown in Fig. 4(c).
As Fig. 15 shows, if we scale the data for the bottom band so that it equals the theore-

tical density at ¢ =0, then the spectral momentum density of the bottom band agrees well with
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that of the ¢ band for g < 1.5A7' . The spectral density is larger than that predicted by the *
theory for g > 1.5A7". The spectral momentum density of the upper band does not agree
with that of the theoretical = band but the experimental resuits for evaporated a-C does [109].
One definite difference is that the spectral momentum density is much larger than that of
graphite for g < 1.5A7, There is no way to scale the data to make the experimental and
theoretical results for the = band agree. = We propose the following model to explain this

discrepancy.

C. Hybridization model

The momentum density of the upper band appears to be an admixture of ¢ band with

the = band of graphite. Namely,

m.-‘ _ 1 =~ -
. (f)————m [Og(r) +a O (r)] [IV.5]
and
OM(F) = —=t==[0,() + « O, ()] (V6]

«/1+a2

Here, @7 and @7 are the wave functions for the ¢ bands and n bands after mixing, respec-

tively. Therefore,

2 - ey _".“ - - =
pP = —1 =gt = pp+ 2"‘2 j¢a(r)<b,,(r')e qer+m & ar [v.7]
14+a 1+a 1+a

and
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Here, p™ and p™ are the spectral momentum densities for the bottom and the upper bands
after mixing, respectively.

As discussed in Chapter ll, the spectral momentum density is the square of the wave
function in momentum space. Therefore, no phase information can be obtained from our
measurements. In our ¢ — n mixing model we will neglect the cross terms in the integrals in
the equations V.7 and IV.8 or in the equations IV.5 and IV.6, since we do not know the phase
of the wavefuctions. This is not a bad approximation because local symmetries minimize this
term{the orbitals lie in orthogonal planes){64]. Taking an angular average for equations IV.7

and 1V.8 with the above approximation, we have

a 1 a -
Po= Pe+ P , [v.9]
7 9 + PO + 2 "
and
a 1 - a2 -
Pr= + Pq [iv.10]

- p
1+a> " 1+4?

Here, p2 and p? are the spectral momentum densities after the angular average for the mixing
bottom and upper bands of graphite, respectively.

There are two parameters, an overall scale factor and «, for fitting the theoretical ex-
pressions to the data. The scale factor was determined from the o band at q=0. The scale
factor and « were adjusted for optimum fit of the total data set. The dash curves in Fig. 16
correspond to « =0.58 4 0.08 in equations IV.9 and IV.10.  That is, there are 75 + 5% of p,
and 25 + 5% of p, in p2; and there are 25 + 5% of p, and 75 + 5% of p, in p2 . The mixing
results agree very well with our data. Our ¢ — = mixing modei can explain our measurements

quite well. The physics behind this model is the following.
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In graphite, the basal plane is a symmetry plane. The 2p, orbital is odd under re-
flection in this plane, while the 2s, 2p, , and 2p, are even under reflection.  Thus, 2p, does
not mix with 2s, 2p, or 2p,. In a-C, the long-range symmetry is broken, but the local sym-
metry is not known. In one extreme, 2p,, 2p, and 2p, equally mix with 2s orbitals forming a
tetrahedral random network. In the opposite limit, there may be large regions of graphitic
structure which bend and twist on a large length scale, say thousands of angstroms. The
question is, what happens between these two limits? Our model is that the bonding remains
sp?, but the twisting and bending is on a shorter length scale resulting in significant ¢ — =
mixing.

Viewed from the energy aspect, our model also suggests why the energy splitting be-
tween the upper and the lower bands is the same in a-C as in graphite. In graphite, three
valence electrons form hybridized sp? orbitals. At the I" -point, the phase of the sp? orbitals
in the upper two ¢ valence bands is such that the bands have P-symmetry[2,107]. At this
point, those two bands are degenerate and about 5 eV below the Fermi energy. Also at the
I" -point, the phase of the'spz orbitals is such that the lower band has S-symmetry. The en-
ergy level is about 21 eV below the Fermi energy. The valence = band is derived from 2p,
atomic orbitals, with their nodal plane being the basal plane. At the I -point, the energy level
is about 8 eV below the Fermi energy. In the strained layer model of Egrun{80,85], the
bending of layers makes the energy level of the = band move closer to the Fermi energy, be-
cause the bonding energy of adjacent = orbitals decreases as a function of the angle between
the axes of the P, orbitals(bonding is maximum when the angle is zero [64]). Any perturba-
tion that couples two energy levels will push them apart, the splitting depends on the strength
of the perturbation. But it is also inversely proportional to the difference between the energy
levels. Thus, the mixing of the = band with the upper two ¢ bands will compensate for the
decrease in bonding energy due to the misalignment of the P, orbitals. The mixing of the
lowest ¢ band with the = band also tends to push the = band towards the Fermi energy, but
the effect of the lowest ¢ band is much smailler than that of the upper two ¢ bands because
E,=3eV). A full calculation is required

the energy splitting is larger ( £, — E,, = 13eV, E,

23
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to determine whether these qualitative arguments correctly explain the remarkable similarity
between the band structure of graphite and a-C.

A detailed analysis of the measured band structure is also limited by our instrumental
resolution.  As discussed previously, when q approches the Brillouin zone boundary, our
resolution can not resolve the peaks. Therefore, it is somewhat uncertain to rely on the data
for g > 1.75A7" in our data analysis. Fortunately, our ¢ — = mixing model is mainly based
on small q data because the discrepancy between our data and graphite after the angular

average is in the small q region in which data can be resolved by our spectrometer.

3. Conclusion

The spectral momentur;n density of graphite has been measured for momentum in the
basal plane and for momentum parallel to the c-axis of the crystal. The results were
compared to a first-principles calculation of the spectral density and excellient
agreement was found. This is a further confirmation of the power and accuracy of the density
functional theory. Viewed from another perspective, graphite has been investigated by
several experimental and theoretical techniques and the electronic structure of this
material is well understood, certainly at the level of ~ 1 eV accuracy. The agreement be-
tween our measurements and the theoretical calculation of the spectral density provides
evidence that the assumptions and approximations in the derivation of the (e,2e) cross
section are valid. The agreement further demonstrates that (e,2e) spectroscopy gives
sensible results when applied to a system which is well characterized. The technique
can be extended with confidence now to other materials, such as amorphous solids,
where the electronic structure is less well understood.

The spectral momentum density of two forms of ion sputtered a-C also has been

measured. One was made using low RF power (200 W), referred to as the low power sample
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and the other was made at high RF power (1000 W), referred to as the high power sample.
The results are the same for both samples within our resolution and statistics. We observed
two well defined bands which were also observed for evaporated a-C[16]. We show from the
integral of the spectral density of these bands that there is almost no sp? bonding in our
samples which is definitely different from Savvides’s resulits. Saavides’s analysis would
suggest that we should see about 45 % sp? bonding in our samples.  Our (e,2e) results are
very similar to the spectral densities of graphite except at small g around 8 eV. The spectral
momentum densities in this region of phase space are significantly larger than those of
graphite. We propose a new hybridization model of ¢ — = mixing to explain this discrepancy

successfully.
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Spectral momentum density (Arb. units)

Momentum (A1)
10

Fig. 10. The spectral densities of graphite as a function of momentum and energy. The
momentum is parallel to the c-axis (I" — A) with a constant component perpendicular to the c-axis
g=—035A"". The dashed and solid lines are the = and o bands, respectively. The. light
arrows are the theoretical spectral densities and the heavy arrows are the measured spectral den-
sities from Table 2.
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Fig. 11. The spectral densities of graphite as a function of momentum and energy. The

momentum is perpendicular to the c-axis (theoretical curves are for I — M direction) with a con-
stant component parallel to the c-axis g, = —=0.61A™". The dashed and solid lines are the = and
o bands, respectively.  The light arrows are the theoretical spectral densities and the heavy ar-
rows are the measured spectral densities from Table 3.
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,r Spectral momentum density (Arb. units)

Momentum (A™)

Fig. 12.  The experimental spectral densities of ion sputtered a-C as a function of momentum
and energy. The momentum is perpendicular to the incoming electron beam with a constant
component parallel to the incoming electron beam ¢=—04A"'. The solid arrows are the
measured spectral densities from Table 4 for the high power sample and the dashed arrows are the

measured spectral densities from Table 5 for the low power sample.
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Fig. 13.  The effective number of valence electrons Ry per carbon atom taking part in optical
transitions vs photon energy. Curves 1-5 represent films made at power 500, 50, 20, 10, and SW,
respectively. Curve G represents graphite(electrical field perpendicular to ¢ axis); the dashed curve
shows the = component for graphite. Curve D represents diamond[22).
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Fig. 14. The number of electrons occupying each band as a function of momentum for ion
sputtered a-C.  The pluses and the stars are the number of electrons in the bottom and the upper
bands for the high power sample, respectively. The squares and the triangles are the number of

electrons in the bottom and the upper bands for the low power sample, respectively.
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Fig. 15.  The experimental momentum densities of ion sputtered a-C as a function of mo-

mentum. The momentum is perpendicular to the incoming electron beam with a constant com-
ponent parallel to the incoming electron beam ¢=—04A"" The pluses and the stars are the
measured spectral densities of the bottom and the upper bands from Table 4 for the high power
sample, respectively; the squares and the triangles are the measured spectral densities of the bottom
and the upper bands from Table 5 for the low power sample, respectively. The upper solid curve
is the spectral density of the o bands of graphite after a simple angular average; the lower solid curve

is the spectral density of the = band of graphite after an angular average.
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Fig. 16.  The hybridized momentum densities of ion sputtered a-C as a function of momentum.

The momentum is perpendicular to the incoming electron beam with a constant component par-
allel to the incoming electron beam ¢=—04A"". The pluses and the stars are the measured
spectral densities of the bottom and upper bands from Table 4 for the high power sample, respec-
tively; the squares and the triangles are the measured spectral densities of the bottom and the upper
bands from Table 5 for the low power sample, respectively. The upper solid curve is the spectral
density of the o bands of graphite after a simple angular average; the lower solid curve is the spectral
density of the = band of graphite after an angular average. The upper and lower dashed curves

are the spectral densities after o — 7 mixing with « = 0.58 in equations IV.S and IV.6, respectively.
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Appendix A

in a typical (e,2e) experiment on thin films, the target thickness is comparable to the
mean free path for small angle scattering. Jones and Ritter[101] have shown that the
{e,2e) coincidence rqte, R, for a film of thickness A can be written as the convolution of a
"smearing function”, S, with the differential .inverse mean free path for (e,2e) scattering,

dZ, .»/dEAQAQ, , which is the quantity of interest.

dZ(o 26)

R(e,q)=ly+A+S0 m

AEAQ,AQ, [A1]
where "0” is the convolution operation, /, is the incident current (electrons/sec.), and
AE, AQ, and AQ, are the experimental resolutions. The differential cross section is re-

lated to the differential inverse mean free path by

G  _ 1 a9 [A2]
dEdQ,d8), P dEAQ.dQ, :
where p is the density of target -electrons. The smearing function incorporates all

kinematically allowed combinations of small angle, elastic and inelastic scattering events
which can contribute to the multiple scattering background in the (e,2e) coincidence data.

The smearing function can be written as
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S(e.q.E Q) = z Cie ke le jiki (E. B) Kje ke,te jikiilE: q) [A3]
Je.ke,le ki, li=0

where E is the incident energy, C is defined in ref. [34), and K is a function of the probability
for small angle scattering with total energy loss ¢ and total momentum transfer . The in-
teger je(ke,le) is the number of elastic scattering events before the (e,2e) collision (after the
(e.2e) collision for the scattered, recoiling electron) and ji(ki /i) is the number of inelastic
scattering events before the (e,2e) collision (after the (e,2e) collision for the scattered, re-
coiling electron). The function K integrated over ¢ and q is normalized to unity. The sum
of all the coefficients Cis also one. Thus, the term CipseyikisE. B) Kiesete inis(e: q)
in the function S is the probability that je + ke + < elastic scattering events and ji + ki + i
inelastic scattering events will occur in a film of thickness A when the energy of the incident

‘beam is E, the total energy loss is ¢, and the total momentum transfer is g. The function

K is
Kio,xe,teikiii = Pja,e10 Piiin© P'ke,010 P'kijin © P 10,610 P11 [A4]
where
d*Ey
Pnei = 4e 0Pp 40 [A5]

dEd’q

P,, = resolution function of the incident beam

d*s,,
Pnin = 4in dEd’q 0 Fp_,in [AS6]
Poin = 6(a) 5(E) [A7)
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‘Eol - dszcl
dqde — (gig ) 9() and d3

where are the differential inverse mean free paths for
elastic and inelastic scattering respectlvely. The factors 4, and 4,, are the mean free
paths for elastic and inelastic scattering. The functions P’ and P’’, referring to the scattered
and recoiling electrons, are the same as the function P except that the energy of the
electrons are roughiy half the energy of the incident electron and the coordinate system for

the momentum is different for the incident, scattered, and recoiling electrons. Thus, the
‘2el dszel d‘zin

d*qds = ( dq ) 6B dqds ' Poer

and Py, (in our spectrometer the resolution functions for the scattered and recoiling

smearing function is determined Dby four functions:

dz(e.Ze)
dEdQ,.Q2,
from the measured coincidence rate. We have used the iterative technique suggested

electrons, Py, and P’’,, are equal). There are several ways to deconvolute

by Van Cittert [35].

M _ _2R RoS
Zio2e) = Axly  Axly [48]

Zore) = Eoan+ Tup ~ Tea9 S [Ag]
where Z,,, = (0Z,2,/dEAQQ,) AEAQ,AQ, We discuss next the differential inverse
mean free path for elastic scattering and then the differential inverse mean free path for
inelastic scattering. With these functions, we have calculated S up to second order multiple
scattering. We estimate how the cutoff at second order affects the accuracy of Z, ,,,.

Elastic scattering will occur only if the Bragg condition is satisfied. In our scattering
geometry to observe target electron momentum Zi in the plane of the film we vary the angle
of the incident beam with respect to the normal of the film (See Fig. 2). For our graphite
sample the c-axis is normal to the plane of the film. There will be no Bragg scattering when
observing electrons with momentum inside the first Brillouin zone. The incident beam will
be elastically scattered when the component of the momentum perpendicular to the c-axis
first touches the Brillouin zone boundary (g, = 1.5A™"). The Bragg reflection changes the

sign of the angle between the incident electron and the c-axis but does not affect the
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magnitude of g,, which is observed. Since the band dispersion and spectral momentum
density are invariant under the transformation g — —q the (e,2e) data is not affected by
Bragg scattering of the incident beam. The scattered and recoiling electrons leaving the
(e,2¢e) vertex also can be Bragg reflected before they exit from the sample. There will be
no scattering of these two electrons until the component of momentum parallel to the c-axis
is Qp, = 29A7". Thisis nearly six times the momentum of the first Brillouin zone boundary
in the direction of the c-axis and lies beyond our last data point at q=1.84A"' . Thus, for
momentum perpendicular and parallel to the c-axis of graphite our (e,2e) data was unaffected
by elastic Bragg scattering.

The smearing function to second order contains contributions only from small angle,
inelastic scattering of the incident, scattered and recoiling electrons. Since graphite
is anisotropic, the differential inverse mean free path for small angle scattering is a tensor
which depends on the initial and final direction of the scattered electron. The tensor is
diagonal in a coordinate system in which the momentum is measured relative to the c-axis.

The differential inverse mean free path written in terms of the dielectric function is [103]

R — &(q + V|V —wp|V)
3 ~ 3 Im T e a,
d qde 89 i &j 9y

1l
- m — 5 + V|V = wpV) A
8 E q° cos’0 epy(e, q) + a2 sin’8 cpe(c. q) :

instead of%lm;;— for an isotropic dielectric function. Where # =1, a, is the Bohr radius,
E is the incident energy, 8 is the angle between 5 and the c-axis, ¢, is the dielectric function
for g parallel to the c-axis, ¢, is the dielectric function for c_i perpendicular to the c-axis,
wp is the plasmon energy, and V is the incident velocity. Measurements[104] of d“T,,/d%qde

as function of |g| show that it is proportional to 1/q? out to a critical momentum q.~1.25A-"
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, then it falls off more rapidly than 1/q2. We have made the approximation that ¢,, and ¢,,
are independent of q for g < q. and that d*Z, /d%qde is zero for g >q. . For the energy de-
pendence of the parailel and perpendicular dielectric function we fit the experimental data
of ref.[105] to the Drude-Sellmeier formula [106]. The perpendicular dielectric function was
fit with a plasmon energy of 21 eV and the two harmonic oscillators at 15 eV and 4 eV.
The damping constants (h /relaxation time) were 3.0 eV, 7.0 eV, and 2.0 eV for the
plasmon and two harmonic oscillators, respectively. The oscillator strengths were 0.15,
0.80, and 0.15 respectively. The parallel dielectric function was fit with a plasmon energy
of 15.0 eV and three harmonic oscillators at 15.0 eV, 10.0 eV, and 4.0 eV. The respective
damping constants were 1.5 eV, 12.0 eV, 0.75 eV, and 2.0 eV. The respective oscillator
strengths were 0.35, 0.50, 0.20, and 0.05. These parameters gave an excellent fit for the
positions of the small angle, energy loss peaks. The experimental and fitted peak heights
differ by less than 3% for momentum parallel to the c-axis and 12% for momentum
perpendicular to the c-axis.

For amorphous carbon, the energy loss function can be fitted by the Drude free electron

gas model[2,101].

2
-1 wpTWw

€ 2 [A11]

Im 2

(0 — co%)2 4o

The parameters were determined from high resolution EELS data of Wang and Ritter{74]). For
the high power sample hAw,=22.0 eV and h/r=15.2 eV. For the low power sample
hwp = 23.25 eV and A/t = 17.25 eV.

The last parameters which enter the smearing function are the target thickness and the
mean free path for inelastic scattering. These parameters always appear as a ratioin the
smearing function. This ratio can be determined from the multiple scattering peaks
associated with elastic scattering of electrons at 45°. In addition to the elastic peak, there
are peaks at lower energy corresponding to electrons which have created plasmons either

before or after the ~ 45° elastic vertex. The ratios of the plasmon peaks to the elastic peak
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can be calculated in the same way as the smearing function. Assuming that the elastic

mean free path for graphite is infinite, the ratio of the first plasmon loss peak to the elastic

peak is
lone—piasmon _ S de da dAZm (Ep—E,0— 5) F(E.q)
letastic—peak Coo fn d3qdE AEAq,Aq,Aq,
Cor - d'T,(Ep—E0-7q) FE. Q)
—_— dEdqg 2
+ Coo a fin d®qdE AEAqG,Aq,Aq,
- A g de @ d*z,, (Ep—E 0-7) FE. q)
Ain n d°qdE AEAq,AqyAq,
, 2 ngy | ae a1 4T, (Ep—E.0—q)  F(EQq) (2]
din " d°qdE AEAG,AGyAQ,
gB)=1-1g+1)(ef =1) | - [A13]
hB) =1+ 18— ePj(ef —1) [A14]
B=(2 —1) Al [A15]
A ] Kk
dt _—at- 2 aa—n (ot} [A—1)]
CindE. 8) = .[ i Ve j k!
()
K S+ .
T2 —aaj ik — i) G+i-0 [ (2 -1an
I=0 I=0
J7 ab k y Kemi
K2 —A2 i 4 - -

Wz -naap Lt (7
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where a = 1/1,,, tis the depth at which ~ 45° elastic scattering occurs. j and k denote the
numbers of inelastic scattering event before and after ~ 45° elastic vertex. d“Z,/d*qde and
d‘¥’,|d%qds are the differential loss functions before and after the 45° elastic scattering

event respectively. The resolution function F(E,q)=f(E) () is defined such that

RE=0)=fg =0)=1 [A17]
jf(E) dE = AE . [A18]
[1@) @ = aq, 8q, aq, [A19]

Fitting the one parameter, A/l,, ,to our data we find A/, =0.5 for an electron of energy
25KeV. The inelastic mean free pathis, A= 220A , from integrating d“Z,,/d*qdE . This implies
thatt = 110 A which is cohsistent with our estimate of the thickness from the attenuation
of light.

In the deconvolution of our graphite data, only first and second order terms in the
smearing function were calculated(see appendix b). The first order term is the (e,2e) vertex
with no other scattering. The second order term is an (e,2e) vertex with one small-angle,
inelastic vertex for either the incident, scattered, or recoiling electron. In the deconvolution
procedure, the second order term required numerical integration of a four dimensional
integral. A third order term would require numerical evaluation of a six dimensional
integral. We have estimated the error in our deconvolution procedure from dropping
higher order terms in the smearing function by the following argument. Assume the
differential inverse mean free path for (e,2e) scattering is zero for binding energies less than
the Fermi energy and constant (say Z° ) for binding energies greater than the Fermi energy.

Then it is straightforward to show that the measured coincidence rate at binding energy,

Es , is X' times the integral of the smearing function over energy and momentum with the
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upper limit on the energy integral equal to E; . The first order term in the smearing
function peaks near Eg =0 (the Fermi energy); the second order @erm peaks near the
plasmon energy (~ 25 eV); the third order term peaks at twice the plasmon energy; and
higher order terms peak at even larger binding energies. Our data extends from E; =
-4.4 eV to E; = 27.6 eV so that only the first and second order terms in the smearing
function influence significantly the measured coincidence rate. We have estimated the error
due to cutting off the series at the second order by integrating the first, second and
third order term in the smearing function over the range of our data. The third order

contribution is ~ 6% of the first and second order contribution.
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Appendix B

As discussed in appendix A, there is no elastic scattering in graphite and it is good
enough to keep only the first and second order inelastic scattering contribution in the

smearing function. Namely

o0
- 1) ’" 0
S(e.d.EA)= ) CufE.8) Pyn0P'yin0P",n 0 K

Sk J=0
1
A ’ " 0
> Z CixAE. B) PjjnoP'yin0P I,inOKgl) [B1]
Jik, =0
with
C..(E A) = 4 dt _—at—y(A—t—y(A—0) [« [(A-8] A=Y
j'k,l( ' )— A A e ]! k! n
Ji K+I+i
_ TSy (k + 1+ i)! (=1 1 m
T (@=2y)A ko G — i k+1+i-m) | 2y —a)A
i=0 m=0

J
I A k14 (=)
(@—2y) A @y — o) G— ik

[82]

=0
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where a =1/A,(E) ,y = ﬁ/).,,,(E/2). t is the depth at which (e,2e) scattering occurs and j, k,

| denote the numbers of inelastic scattering events.

2 2, 2 2
Kgl)) = PO,eI 0 P'O.el 0 P"O,el = Ae M — @+ ) 2,90,— 2; [B3]

We have used Gaussian distributions for the energy and momentum resolutions of our
spectrometer andzneglected the effect of small broadening on the large momentum along the

beam axis[2]. In this expression,
22

1 ax + a’ + a X
Ao II2 a1 = i (44
2(a +a' +a, (a +a x)(2ax+a +a'"y)
2a3 1
8= a3 =
(a +a'"y) (2ax +a’ + a’y 2 (ay +a’ + a"))

1
A=—r [Agay (af —a3/4)]"
4

where a(a’,, a"). a(a’,, a"’,) and a,(a’,, a",) are the energy and momentum resolutions (FWHM)

for the incident beam (outgoing beams) respectively. The values are

a, =16 a',=20 a", =27 (eV)
-1

a,=013  a,=020 a”,=0.20 A)
-1

a,=0.13 a'y=0.20 a", =020 A)

The experimental coincidence rate usually is measured only as a function of one com-

ponent of momentum. One approximation must be made in deconvolution [101]:

R(gx=0, qy = 0, qZ,a) —1
28329) (@x=0.g,=0.qz¢) > Axly g 20))(qx =0,9,=0,q.¢)

= S(=G1x» =91y, Gz, — Gz, € — £1) O Z‘.(e 2 ) (@1x=0, G1y =0,G1z,1) [B4]
with

© __R
Zio20) = Z x lo

(85]
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in the cartesian coordinates with )?.)? along two outgoing beam directions respectively and

with Z perpendicular to the scattering plane ( see Fig. 17). Denoting

Sixi = cj,k,l jin © P'iin0 P”1jn 0 KD
then we can calculate S o X33 term by term as following:
—1
Sooooz(eze)(eoo: ) = CoooPoer Po,in 0 P'on 0 P00 0 K 023323’)

= CoooK (e — 1. q = T1) 0 Z{o50) (61.0.0.17)

= Coo J'oo de40q1,0q,,0q,; A o Mole— &)® — a,[(@ = 90 + (ay— Q1y)z]
-w

x @~ 3% — 1)y = Giy) 240 ~ oy’ z(" (o26) (¢1.0.0.17)

Cooo A

o0 A e s N - 2 _
T [a2—aa)' .[ deydqyy o~ = 8= 0 i (1, 0.001) [B6]
1— 2 —00

and

-1 () —1
S1000 2?,’,2,’)(8. 0,0,.g;) =Cyop P1,n0P'oin0P"gin0 kDo 222,25

0) , =1
= Cio0 P1un 0K 0 25 50)

=Cio0 4 K o 205D
100 “in d3q de (e,2e)

o Cooo [ desdlepdaty LG )+ VIV = wpiV]

Ain -1
X o g 'm 2 )
a COS“0 £py(c — £1) + SIN“G epa(e — &)
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1 0 - _= -1
X—=——=77 Ker — 22, @1 — @p) Z{gze(e2, 00.92)
17 -a|
_ Liookin A

I J.e des [ dey [*7 “dq., [~
m &4 J. & _[ a J- dq,
aQE [312 -_— 822/4]1 12 —00 —00 qz — Q¢ z —00 z

+ 02 - @~ 312"
x - \/2_ dq;x

2 2,2 2
o eI ¢pe (A2 — dq12)” + tpa @p/V™ + €pe (V2 Gix + wp/V)
=19 — @z —q;

z 2
x @061 =€) — a5z — Gz) Zgzg(ez. 0.0.95;)

_ S1o0tin A

£ 00 gz + Q¢ oo
Imf dsy J. de,y j dq,, f dq,,
aOE [812 - 822/4]”2 -00 —00 9:—Qq. —00

+4q. : ,
— dq 1x
X 2 202 , 2
epe (A2 — Gq12)” + 2pa @plV" + epe (@'1x + @p/V)

9

2 2
x g~Adb1 =)~ a0 =)’ 501, 0,0,6,,)

C100 4in A J' ¢ o0 %+ 9 oo
& E [812 -— 322 /4]1/2 —00 —00 q;—qc z —00

— T
X

Vepels — 21) [2pe (92— q1z)2 + 2pa wpl Vi

2 2 .
x @ foler— &) — a3(01; — %) 222'219))(82' 0,0,q,,) (87]

A contour integral was employed in last step and the approximation for the dielectric function

(see appendix A) was also used so that the integrand outside a circle of radius g, is zero.
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We have done the integration dqg,, dq,, over a square area instead of a circular area because

there is no residue in the region between the circle and the square contour. We have

sin’6 |@ -q)|*= |@—anxC|?

M'-n Ml_;

2 2_ 1 2 2
@x—qx—ay +Q1y)" + (02— Q1) =‘§'(_q1x_q1y) + (-1

(—qix+ q1y)2 +(q;— q1z)2 = (\/2— Qix + wP/V)2 +(az— ‘712)2

2 - - 2 — =y A 2
cos’0 |@ —ap|*= |@ -a)-C]
_a 2_1 2_ 22
=2 (0~ Qx + Gy — G1y)" =5 (A1 + a1y)" = wp/
Where we have used (§ — §,)+V = w, and C is the unit vector along the c-axis of graphite.
Similarly we can get

—1 ’ r” o "'1
So100 2§2,ze’> (2,0.0.97) = Cy00 Po,in © P'1,;n 0 P"g,in © Ko 222,233

0 -1
=Cy00 P'1,in© Ko 22:,25

Co10 4’ £ oo a9, +9q 00
=Stk A = Im J deq j de, f : cdun. day,
3 [81 —as /4] —-00 —00 9z — G —00
00
— dgyy
g gpe + £pa Wp  Epg — Epy ]2 2“’129 €pe %pa + 2
—00 9 1y+ v 5P6+ tpa + V'2 tpe + tpa Epg (qZ Q1Z)

2 2
-— -— - - _1
X e Ag(ey — €2)° — a3(Q1z — Gzy) Zgn )(82. 0.0.95;)

e,2€)

Co104’in A r J'°° J‘qz +4 foo
= Im| de d dq dqg
aOE [812 - 33/4]1/2 —00 ! —00 K Q:—qc 1z —00 z
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—-J2n

x
203 £pg ¢ 1/2
Vepa(e = &1) + epa(e — £1) | eps (G2 — q1z)2 +— E_Pe Te
V' (¢pe + £pa)
2 2 .

x @ Poler — 62" — 8@z — G2) 222'23(52, 0,0.957) , (B8]

Note that
(n—=1) - (n—1)
Soo1 0 Z(e,26) (¢:0.0.9;) = Sp10 0 Zie 26) (£,0.0.9;) [89]

because our (e, 2e ) spectrometer has a symmetric coplanar scattering geometry.
In the same way we can get SoX{i;} for parallel momentum transfer (sweeping q, in-

stead of q,) except that the coordinate has been rotated around the z axis by 45°(see Fig. 17).

-1 0 —1
Sm o 222‘20)) (3. qx,oto) = CW) Kgl) 0 zgzze))

Cono A
= 000 1)2 J-d81dQ1x
[as(ay — a,/2)]
2 2
x @ folt= &))" = (@ +2,/2) @— ary) zggzl))(s 1. G1.0,0) [B10]

-1 0 -1
S1000 28,2,)) (2, Gx.0.0) = Cyop Py n 0K 0 I32:,2;)

c A H 0o 0+ q oo
= 100 Tin . A 172 ,mJ- d81 J- d82 j cd(hz f dQ2x
aof [as(aq — a,/2)] —o0 ~o0 0—q, —00

- T
Jepele —&1) [pe (0= Q1) + epy wp/V?1'2

2 2
x @~ Aler =€) — (@1 +3/2) @ = @plV ~G0)” $I-U(e) 45,,0.0) [B11]
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—1 , 0 -1
So10© zf:,ze)) (8. 800.0) = Co10 P'1,n 0K 0 222.219))

Coto A'in A J' ¢ o0 0+ Qe w
= Im d81 J- d$2 J’ dQ1y J' dQ2x
aOE [33(31 - 32/2)]1 12 —00 —00 0—q. —00

_ T

X
Veps (e—e1) [2pe (0—yy)* + tpa (/2 wp/V' + 04212
2 ne
x e—A0<‘1 — &) — (@ +2/2) (@ — G + Oy — \/2_ wp{V") 2&319))(82, 2,.0.0) [812]
Again,
S001 0 E{aze) (& 35.0.0) = Sg10 0 Z{5 58} (¢, G,,0.0) _ [B13]

It is worth paying attention to the position of the residues in applying contour integrals.
For example, we need to assure that the contour path encloses one and only one of two res-

idues in order to get equation BS. The residues are

i, =+if—f,=—Im{f} — Re{f,} +i(Re{f} — Im{ £,}) [B14]
Giy=—if—fy=+Im{f} = Re{f;} —i(Re{ 1} +Im{£,}) [B15]
where
2
2¢ep, 2, wp _4epe tpy |'?
= ——7,.— @-q) +
) tpotepa 0 T Ty (epe + 2pa)’

€pe ~ ©pa
tpe + Epa

@p
f(e) =5

In the limit wp/V’' -0 ( g, — g, # 0 then ) or the amorphous case ( &5, = &5, ), itis clear

that the contour path encloses one and only one residue because f, =0 and Re{f} # 0 due

to non zero of imaginary part of the dielectric functions. Since f and f;, are functions of
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dielectirc functions which depend on the energy loss, there is possibility that the contour path
encloses both residues or none when (q,—gq,,)—» 0 . Both cases would make the contour

integral zero. It is clear from equation B14 and B15 that we would not run into this trouble

as long as
|Re{f}| > |Im{f}}| [(816]
which assures the two residues not on same side of real axis ( also our integral path ). In

the case of g, — g,; =0, this is the same as
|Re{ 2/2pe epa }| > 1Im{ epe — £pa } | [817]

Using our fitted dielectric functions equation B14 holds; and also the modules of all residues
are less than qc_~_-1.25A". Therefore, we can always enclose one and only one residue in all
the contour path integrals we have employed.

As we can see the computation involves four dimensional integrals in both momentum
direction investigations. The subroutine VAGAS for multiple dimensional integrals is applied

[108]. VAGAS estimates the integrals (V" = integral volume)

| = j d"x fx) [B18]
Vn

by computing the integrand at N random points {f(',- }1 in V" and forming the weighted average:

N

1 fx;)
|n§=-- al B19
N EP(XI) [819]

=1
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The random points are chosen in V" with density P(x) ( fynd"xP(i?)= 1). The approximate

uncertainty in S is

N

2 4 1 £(x)

e W ZP(’-‘?) [B20]
=1

Theoretically, o? is minimized when

Px)=—"ag— [B21]

That is when sample points {)'i,} are concentrated where the integrand is largest in magnitude.
VEGAS makes m estimates of the integral {S,}..,. If N is made sufficently large and if
t(f) is square integrable, the central limit theorem implies that the distribution of S, about /

becomes Gaussian. Then S is a reliable estimate of /, i.e.

|I-S| <3 (one standard derivation) with 68% confidence

<26 with 95% confidence and so on.

When f(f) is integrable, but not square integrable, 3 may still converge to /. However
the error estimates are completely unreliable, in general being too small.

One thing should be noted in using VEGAS, that VEGAS uses first iteration information
to locate peaks in f(i') and then distributes a large portion of the N points in the peak regions.
If there are ridges in f(f) instead of peaks then VEGAS has divergence problem. However,
we can get away by using a first iteration (P(i') = constant ) and a larger N. This is just the

simplest form of the Monte Carlo integration method. VEGAS provides not only the integral
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result § but also the standard derivation 3 which enables users to monitor the accuracy and

divergency of the computation.
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Fig. 17.  Kinematics for multiple scattering.
(b) An (e,2¢) event with multiple scattering.

the smearing function[101].

Appendix 8

(a) An (e,2¢) event with no multiple scattering.

The inset is the coordinate system for analysis of
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