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Measurement of the spectral momentum distribution of valence electrons
in amorphous carbon by (e, 2e) spectroscopy
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The spectral momentum density of the valence band of arc evaporated amorphous carbon has
been measured by (e, 2e) spectroscopy with significantly improved energy resolution relative to
earlier studies. The valence band has been studied over a range of momenta from 0 to 1.6 a.u. with
a resolution of 0.15 a.u. and over a range of binding energies from 9 eV above to 35 eV below the
Fermi energy with a resolution of 1.5 eV. As seen in earlier studies, two major peaks are observed
in the spectral momentum density which previously have been associated with cr and vr bands in

graphite. A third feature in the spectra, a weak shoulder approximately 4 eV below the Fermi energy,
is observed. A heuristic model is introduced based on the assumption that the spectral momentum
density of evaporated amorphous carbon is an angular average of the spectral momentum density
of graphite. The behavior of the strongest feature in the experimental spectra is described well by
this model, but the other two features, which are in the energy range of the graphitic x, o2, and
cr3 bands, are poorly represented by the model. It is suggested that the poor agreement is due to
rehybridization of these graphitic bands.

I. INTRODUCTION

The nature of amorphous carbon films has been a sub-
ject of intense research in the last few years for both
intellectual and technological reasons. ' Amorphous car-
bon displays a wide spectrum of structural and electronic
properties varying according to the preparation condi-
tions Rom black, soft, conducting graphitic films to hard,
transparent, insulating diamondlike carbon films. These
disparate properties arise because of the rich variety of
possible carbon-carbon bonds f'rom linear (spi), seen in
some molecular compounds, to trigonal (sp2) and tetra-
hedral (sp ) bonding present in graphite and diamond,
respectively. Though it is generally agreed that graphitic
films have a preponderance of sp2 bonds, much contro-
versy exists over the nature of the local bond in dia-
mondlike carbon. This paper reports the results of an
investigation of graphitic amorphous carbon prepared by
arc evaporation.

The electronic structure of graphitic amorphous car-
bon was studied by (e, 2e) spectroscopy with higher en-
ergy resolution than earlier studies. ' Our results are in
general agreement with other work taking into consid-
eration the difFerence in resolution. With (e, 2e) spec-
troscopy, one can measure directly the moment»m den-
sity of electron states as a function of valence band en-
ergy and, in principle, discriminate unambiguously be-
tween difFerent forms of bonding. ' In practice, one is
hampered in the interpretation of the measured spectral

momentum density by the lack of a first-principles theory
for the electronic structure of amorphous solids. We have
constructed a heuristic model of the spectral momentum
density of graphitic amorphous carbon based on the as-
sumption that it is an angular average of the spectral mo-
mentum density of the crystalline graphite. Though this
model cannot be applied to the structure of amorphous
carbon (the diffraction pattern of amorphous carbon is
not an angular average of the graphite diffraction), some
important features of the spectral momentum density are
reproduced by our model. Other features in the spectra
are not in agreement with predictions of the model and
a more fundamental theory clearly is necessary.

The remainder of the material in this paper is orga-
nized as follows. In Sec. II, the (e, 2e) technique is
discussed, followed by a description of the apparatus
(Sec. III). The experimental results are presented in Sec.
IV. Our model for the spectral momentum density of
graphitic amorphous carbon is described in Sec. V and
the predicted spectr»m based on this model is compared
with experiment in the same section. A review of our
conclusions is given in Sec. VI.

II. METHOD

A. General

Consider an electron in a solid with binding energy e
measured with respect to the chemical potential (referred
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to as the Fermi energy in the remainder of this paper)
and with real momentum g. In crystalline solids, the
binding energy and momentum are correlated through
the dispersion relation e = E~j, where j is the band in-

dex, k is in the first Brillouin zone, and q = k + G with
G being a reciprocal lattice vector. In amorphous solids,
there is no a priori reason for binding energy and momen-
tum to be correlated since translational symmetry is not
present. The distinctive feature of the (e, 2e) method is

that the spectral momentum density of electrons in crys-
talline and amorphous solids can be directly determined
from conservation of energy and momentum. Let Ep and

pp be the energy and momentum of the incident electron
and Eg B and pg ~ be the energies and momenta of the
scattered and ejected electrons. The binding energy and
momentum of the target electron are

e = Eg + E~ —Ep,

a= p~+pB pp

qy =pp
2

q =q, =0.

The z component was varied by symmetrically sweeping
the polar angles keeping Eg ——EB, which gives in the
small angle limit

q, = ppp60, qz = qy = 0 ) (4)

The scattered and ejected electrons (A, B) are detected in
coincidence to ensure that they originate from the same
specific ionization event. The spectral momentum den-

sity p(e, g) is then proportional to the net coincidence
count rate as a function of q and e.

The scattering geometry used in this experiment is de-

fined in Fig. 1. The z axis is taken to be in the direction
of the incident momentum and the x and y axes are paral-
lel and perpendicular to the collision plane, respectively.
DiH'erent momenta can be selected in this experiment in
three ways. The y component can be varied by tilting the
incident beam direction up or down by an angle P/2 with
respect to the collision plane while keeping E~ ——E~ and

Hg ——8B ——45 . In the small angle limit

scattering angles were changed using parallel plate elec-
trostatic deHectors.

The major part of the data in this investigation was
taken by varying the x component of the momentum.
This was done by keeping the three momentum vectors
coplanar, letting 0~ ——0~ ——45, and imposing an asym-
metry in the energies of the two scattered electrons

Eg ~ = 2(Ep+ e) + bE,

giving

bE t'

V. =
E 11+E Iso,

o ( o)
qy=qz =0) (6)

where the variation in q with binding energy is negligible

(( 0.2% for e ( 20 eV and Ep ——10 keV).

B. Statistics

The data collection time T needed to obtain an accu-
racy h—:+b.Nt/Nt, (relative mean standard deviation) is
given by (e.g. , Lower and Weigold )

1+ — 1+ —
I

b2N, b
~ B~

where b is the signal-to-background ratio, R is the ratio of
background to coincidence timing window (= 30 in the

present case), and Nt and Nt are the true coincidence
counts and count rate, respectively.

As an example, a statistical accuracy of +10% with a
count rate per energy channel of 4 min and 6 = 1 re-
quires an accumulation time of about 50 min. A binding
energy spectrum for a fixed momentum value may take
two days, while a complete data set comprising ten difer-
ent momentum values may take 20—30 days, depending
on actual count rates recorded at higher momentum val-

ues. This situation sets high demands on the stability
and mode of operation of the experiment. Long term
drifts are compensated for by combining the results of
multiple sweeps over the energy-momentum phase space
of interest.

where 8~ ——0~ ——45' 6 60. In both these cases, the
III. EXPERIMENT
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FIG. 1. Schematic of symmetric coplanar (e, 2e) scattering.
Details of the electronics and data acquisition are found in
Ref. 9.

A. General

The apparatus, comprising the electron gun, the sam-

ple manipulator, and two hemispherical analyzers, is en-

closed in a stainless steel vacuum chamber equipped with
turbomolecular and titanium sublimation pumps capa-
ble of maintaining a pressure of about 10 Torr. The
magnetic field within the experimental volume is reduced
to approximately 1 mG by means of orthogonal pairs of
Helmholtz coils.

The incident beam energy is 10 keV and the incident
current is 5 pA. The electron beam is generated by a
commercial electron gun (Cliftronics Model 83 CE) and
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has an energy spread of 0.7 eV from thermal plus space-
charge contributions. The beam is focused to a spot di-
ameter of 0.5 mm on the 61m.

The coplanar geometry of the apparatus, in which the
two scattered electrons are detected at angles 0 = 45'
relative to the incident beam, is shown in Fig. 1. The
two detector subsystems are identical, each consisting
of a solid-angle defining rectangular slit, a Bve-element
retarding-focusing lens, a hemispherical energy analyzer,
and dual microchannel plate detectors followed by a po-
sition sensitive resistive anode. The retarding-focusing
lens reduces the energy of the scattered electron from 5
keV to 100 eV, the mean pass energy in the analyzer.
The resolution of the analyzer is 1'%%uo of the mean pass
energy. To a good approximation, the arrival position of
an electron at the exit plane of the analyzer is propor-
tional to its energy. Both the position information and a
fast timing pulse are taken from the resistive anode. The
energy resolution for the incident beam plus one detec-
tor was obtained &om elastic scattering at 45' of 5 keV
electrons from the carbon film and was 1 eV [full width
at half maximum (FWHM)]. The overall energy resolu-
tion for the coincidence measurements is estimated to be
1.5 eV (FWHM). The momentum resolution of each an-
alyzer, defined by the rectangular slit at the entrance of
the detector, is 0.05 a.u. (FWHM), giving an overall mo-
mentum resolution for the coincidence spectrometer of
0.15 a.u. (FWHM).

Amorphous carbon films of thickness 80 A. were pur-
chased from ACF-METALS. The 6lms were made by arc
evaporation of carbon onto glass slides which were coated
with a water soluble separation agent. They were floated
off in distilled water and mounted across 2 mm diameter
holes in an oxygen-free high-conductivity copper sample
holder.
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FIG. 2. The inset shows a typical coincidence timing spec-
trum. The enlarged dots fall within the signal window At, .
The main illustration shows scattering of 5 keV electrons at
an angle of 45' as detected by one analyzer.

range of binding energies by stepping the incident energy.
This allows one to cover a wider range of binding energy
than 6 and also compensates for detector nonuniformi-
ties.

Each analyzer is calibrated by elastic scattering of 5
keV electrons at 45', as shown in Fig. 2. The sharp
peak at zero energy loss is due to elastic scattering and
exhibits the instrumental energy resolution of 1 eV. In
addition to the elastic peak, there is a broad energy loss
maximum centered about 25 eV due to double scattering
events consisting of the elastic collision plus creation of a
volume plasmon. Multiple scattering events are present
in the raw coincidence spectra and have been deconvolved
from the data by the method of Jones and Ritter.

B. Electronics and data acquisition

The relative arrival times between electrons transmit-
ted through the analyzers are measured by a time-to-
amplitude converter. Corrections are made to compen-
sate for the energy-dependent time of flight variations
occurring within the analyzers, thereby improving the
time resolution of the experiment. The resulting timing
spectrum in the inset of Fig. 2 shows a peak of "true" co-
incidence events resulting &om pairs of electrons originat-
ing from unique (e, 2e) events, superimposed upon a flat
background of "accidental events. " Contributions &om
"accidental events" are easily subtracted due to their flat
distribution in time. The signal (At, ) and background
(6 tb) windows as defined previously are indicated.

The energies of the two scattered electrons comprising
each "true" coincidence event are determined through
position-decoding electronics and then summed. The
summed energy gives rise to a triangularly shaped re-
sponse function centered at twice the mean pass energy
of the analyzers with a full base 2A, where A is the en-
ergy window of the analyzer. The "wings" of the response
function are electronically truncated. The truncated re-
sponse function is stepped incrementally over a selected

IV. RESULTS
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FIG. 3. Typical binding energy spectrum for q = 0.
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An example of the true coincidence spectrum at q = 0
is shown in Fig. 3. The abscissa displays the binding
energy relative to the Fermi energy. The solid curve in
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Fig. 3 represents the deconvoluted data. The primary
consequence of the deconvolution procedure is to remove
the high binding energy tail which arises from multiple
scattering. The calibration of the binding energy zero
is confirmed by noting that the count rate goes to zero
(within the one standard deviation error bars) at the
Fermi energy. The distinct peaks at 8 eV and 21 eV
will be discussed next.

The complete set of deconvoluted and smoothed data,
i.e. , coincidence rate as a function of binding energy for
difFerent momenta, is shown in Fig. 4(a). Two peaks
are seen at low momentum. The peak at higher binding
energy disperses upward to lower energy with increasing
momentum while the peak at lower binding energy does
not disperse. The same behavior has been observed in
earlier (e, 2e) studies of amorphous graphitic carbon by
Ritter et al. (energy resolution 6 eV FWHM) and Hayes
et al. (energy resolution 4.5 eV FWHM). In these two
studies, the peak width was comparable to the energy
resolution and, therefore, it was not possible to determine
the intrinsic width of the peaks. In this study, the peak
widths () 5 eV) are significantly greater than the energy
resolution (1.5 eV FWHM) and are, therefore, quite close
to the intrinsic width of these features.

I I

Theory:
0 — 7Tband---

0band

Peak 3

The binding energies of the two peaks at zero mo-
mentum are equal within our error bars to the centroid
energies of the two oq and two 7r bands of graphite at
the Brillouin zone center (21 eV and 8 eV, respectively).
For this reason, these two features in amorphous carbon
have been identified with the corresponding features in
graphite and have been labeled as e and x bands. There
are significant problems with attempting to make such
a correspondence and they will be discussed in the next
section. For purposes of discussion, we will refer to these
two features as peak 1 and peak 2 for higher and lower
binding energy peaks, respectively.

At higher momentum q & 0.6 an additional weak fea-
ture appears on the spectra as a shoulder at lower binding
energy. The intensities of the features displayed in Fig.
4(a) were analyzed using commercial Gaussian curve fit-
ting software. The integral intensities and positions of
the peaks giving the best fit to the spectra are plotted in
Figs. 5 and 6, respectively.

Peak 1 decreases gradually with increasing momen-
tum while peak 2 has an approximately constant inten-
sity throughout the whole range of momenta. Peak 3 is
an order of magnitude smaller than peaks 1 and 2 and
its intensity can only be estimated to within +50%%uo for
0.6& q &1.6 a.u. (peak 3 was not resolved at 1.4 a.u. ).

The behavior of peak 1 is associated with 8-wave angu-
lar momentum symmetry while the behavior of the peak
3 is consistent with p-wave symmetry with intensity go-
ing through a maximum at q 1 a.u. We discuss this
identification in Sec. V in more detail.

The appearance of features in the spectral momentum
density of amorphous carbon which are similar to the
energy bands of graphite naturally raises the question
of whether our 80-A. -thick film is amorphous. Grill et
al. , for example, found that carbon bonding in plasma
deposited, hydrogenated amorphous carbon films varied
as a function of distance from the substrate over a dis-
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FIG. 4. Binding energy spectra for diferent momenta. (a)
Experiment corrected for multiple scattering and excitation
of plasmons, (b) numerical simulation by the spherically av-
eraged spectral momentum density of the crystalline graphite.
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FIG. 5. Dispersion with momentum of the three peaks
shown in Fig. 4. The diamonds are from the higher binding
energy peak, the triangles are from the lower binding energy
peak, and the asterisks are from the third minor peak seen
as a shoulder on the spectra at q & 0.6. The solid and bro-
ken lines are the LMTO calculation for the cr and m bands,
respectively.
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there is no preferential alignment of sp bonded sheets
in this film. Measurements in the two directions at other
momenta support this conclusion. In addition, we have
looked at films made by the same company with TEM
and observed in di6raction only di8'use rings providing
further evidence that the films are amorphous.

We now discuss a model of the spectral momentum
density of graphitic amorphous carbon based on an angu-
lar average of the spectral momentum density of graphite.

V. MODEL AND DISCUSSION

A. Model of amorphous graphitic carbon

0. 0 0.4 0.8 1.2 1.6
Momentum q (a.u. )

FIG. 6. Intensity as a function of momentum for the three
peaks shown in Fig. 4(a). Legend as in Fig. 5.

tance of 400 A. . One could imagine that a graphitic amor-
phous carbon film might show preferential alignment of
the sp bonded sheets with the substrate. If this oc-
curred, the spectral momentum density would be quite
diferent if the momentum dependence were measured in
the putative graphite basal plane, q parallel to the sub-
strate, versus if it were measured perpendicular to the
basal plane. For graphite, the binding energy of the band
varies by over 5 eV between q in the basal plane versus

q perpendicular to the basal plane for q = 1.0 a.u. We
have performed measurements with target electron mo-
menta parallel and perpendicular to the film (z and z
directions, respectively) for q = 1.0 a.u. The results are
shown in Fig. 7. Within our error bars, the two mea-
surements are identical. There is no shift of the peak at
10 eV for the two momenta directions, indicating that
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FIG. 7. Binding energy spectrum for magnitude of q = 1.0
a.u. The crosses are data obtained for g in the +z direction
(see Fig. 1) and the solid circles are for data taken in the +x
direction.

As alluded to in the last section, the dispersion with
momentum of the features in the spectra shown in Fig.
4(a) is suggestive of graphite energy bands. There is,
of course, a deep problem that energy bands, in the
sense of crystalline E versus k, do not exist in amor-
phous solids because translational symmetry is absent.
Some first-principles calculations of the spectral momen-
tum density of amorphous, tetrahedrally bonded semi-
conductors do show vestiges of energy-momentum corre-
lations in the amorphous form of the material which are
similiar to the crystalline band structure. These cal-
culations are based on highly simplified models of amor-
phous solids and are not of much help in understand-
ing amorphous carbon with its multiple forms of possi-
ble local carbon bonding. To provide some insight into
the electronic structure of this material, we introduce a
heuristic model for the spectral momentum density of
amorphous graphitic carbon based on an angular aver-
age of the graphite spectral momentum density. Though
such an angular average of the crystalline structure is not
consistent with diRraction measurements, it may provide
a basis for understanding the electronic structure.

First, we calculate the band structure of graphite using
the linear muffin-tin orbital (LMTO) method. This is
an ab initio self-consistent method which has an accuracy
and computational efficiency sufficient to perform full-
scale band structure calculations on solids with a large
number of valence electrons per unit cell (16 in the case
of graphite).

Some details of the calculated band structure of
graphite are presented in Table I, where they are com-
pared with the latest and most accurate pseudopoten-
tial calculation of Charlier et al. and experimental data
on angular resolved photoemission spectroscopy of Eber-
hardt et al. and Law et al. Our data prove to be con-
sistent both with the earlier calculation and the experi-
ment, thus indicating applicability of the LMTO method
to graphite.

Second. , we calculate the spectral momentum density
of the individual bands of graphite &om the expression

p (e, g) =~(2m) ) n~g f d rg~g(r)e
G

xh(e —E,i, )b'~ i,+c.
Here @~i, and E~i, are, respectively, the one-electron wave
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TABLE I. Characteristic band energies (in eV) of graphite evaluated from the Fermi level.

Theoretical Experimental

Present work Charlier et at. Eberhardt et at. Law et at. '

Bottom o

Bottom ~

Top w

-20.1
-17.9
-11.9
-7.6
-5.1
-5.1

-20.1
-19.8
-8.9
-6.8
-3.5
-3.4

-20.6

-8.1
-7.2
-4.6

-8.5
-6.6
-5.5

'Charlier et al. (Ref. 19).
W. Eberhardt et al. (Ref. 20).

'A. R. Law et al. (Ref. 21).

2) f dEtq qPE{E, qI = qq, .

2

In the LMTO method the wave function is expanded over
spherical harmonics

Q, k(r) = ) a~( i'Y{ (i) Pl,{(r), —

lm

(IO)

where a& are the expansion coefficients for the muffin-
tin orbitals and Pk{(r) are the radial orbitals normalized

function and energy de6ned by the band index j and the
crystal wave vector k, nag is the occupation number of
the corresponding one-electron state. The integration in
Eq. (8) is carried over the unit cell where the wave func-
tion Q~k is normalized to unity. The reciprocal lattice
vector G translates the momentum q to the 6rst Bril-
louin zone. The spectral momentum density is normal-
ized over energy and momentum space to the number of
valence electrons per unit cell per spin:

to unity over the muKn-tin sphere. Substituting this
expansion into Eq. (8) gives

S

pg(e q) = —) n~k ) u("&i (r) «j{(qr)PI{(r)
C &m

X b (e —Ej k )8qt k+C

where s is the muffin-tin radius and j{(qr) is the spherical
Bessel function. Equation (11) is readily generalized to
the case of several nonequivalent atoms per unit cell by
the additional summation over the number of muffin tins
with the phase factor exp( —iq R;) in which R, is the
coordinate of the center of the corresponding muffin tin.

In Fig. 8 we present the band structure and momen-
tum density of graphite calculated along the basis vec-
tors of the reciprocal lattice. An analogous calculation
was reported earlier by Gao et at. Their results are in
a fair agreement with ours. The characteristic feature of
the band structure is the doubled valence bands vr, o.q,

a2, and u3. These doubled bands are the consequence
of the layered structure of graphite with the interlayer

;c)
0,3,

-5

p -10
W

C
c

-10

-20
r K M K

-20
r

I I I I

I A I A I A I A I A

E

r&

E
o

0. 6

0.5-
0.4-

1

0.2-
0.1—

0

d)

0. 5 1 1.5 2 2. 5

Mcmer turn (a.u. ) in I -K directio .

I
e)

0. 6
I I

0. 5 -
gI

0.3—
0. 2

0.1—
I

0 0. 5 1 1.5 2 2. 5

Momentum (a.u. ) in I -M direction

0. 6

0 5

0. 4

0. 3

0. 2

0. 1

0

0 0. 5 1 1.5 2 2. 5

Momentum (a.u. ) in I-A direction

FIG. 8. Energy bands (a)—(c) and momentum densities (d)—(f) of graphite in several directions in Ic space.
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separation much larger than the distance between neigh-
boring atoms in the layer. The momentum densities of
the x-band orbitals are zero for q in the I'-K-M plane,
since they have a node there. Similarly, for symmetry
reasons, the momentum densities of the ~2- and 0.3-
band orbitals are zero along the c axis. In an arbitrary
direction out of the basal plane all four bands have nonva-
nishing momentum densities. The momentum densities
of the oz orbitals fall off monotonically with q consonant
with their s-wave symmetry. Note that in the extended
zone scheme, the o.q-band momentum densities meld con-
tinuously with the cr2-band densities along the I'-M di-
rection following the nearly free electron parabola.

Finally, we take an angular average of Eq. (11) to ob-
tain our model for the spectral momentum density of
amorphous carbon

~(~ q) =).(4~) 'f «.e(', ~)

)6
= ) — cos 8~d6~ dy~ p~ (e, q),

0 0
2

where the angular averaging is carried out over the ir-
reducible wedge of the Brillouin zone of the hcp crystal
structure. In order to simulate the finite energy resolu-
tion of the experiment, we substitute the delta function
8(e —E~i,) in Eq. (11) with a Gaussian of the appropriate
width. The final results are shown in Fig. 4(b) where the
spherically averaged momentum densities are plotted as
functions of the binding energy for different momenta.
The same momenta are implicit variables in Figs. 4(a)
and 4(b) so that experiment and calculation can be com-
pared directly. The peak positions and intensities for the
separate 0 and m bands [restricting the summation over
the band index j in Eq. (11)]are plotted in Figs. 5 and
6 as solid and dashed lines, respectively.

B. Discussion

Some features of our model are in qualitative agree-
ment with the experimental measurements while other
features are in clear disagreement. Consider first where
the model provides some basis for understanding the
spectral momentum density of amorphous graphitic car-
bon.

The dispersion of the first peak in the data [Fig. 4(a)]
with momentum is simulated well by the peak [Fig. 4(b)]
in the angularly averaged spectral momentum densities
associated with the three o-bands in graphite. The
strong parabolic dispersion of the model peak may be
unexpected given the weak dispersion of the o bands for
momentum along the e axis. But the angular average
is heavily dominated by momentum in the basal plane,
where the dispersion is parabolic, since the equatorial
angular phase space is so much greater than the polar
phase space. Similarly, the intensity of the first peak in
the data agrees well with our model where again the an-
gular average is heavily dominated by contributions from
momentum in the basal plane (roughly an average of the
I'-K and I'-M directions).

The major qualitative difFerence between the data and
model is in the low binding energy region between the
Fermi energy and 12 eV. The data display in this en-
ergy range a strong peak (peak 2 in Figs. 5 and 6) with
significant intensity at low momenta plus a weak shoulder
(peak 3 in Figs. 5 and 6) in the higher momenta spec-
tra q & 0.6 a.u. Besides the first peak discussed in the
preceding paragraph, our model displays only one other
weak feature associated with the angular average of the
graphite x-band spectral momentum density. The model
vr-band dispersion (dashed line in Fig. 5) is dominated by
contributions from the angular average which lie between
the equatorial plane and the poles. The model vr-band
intensity (dashed line, Fig. 6) goes to zero at small mo-
rnenta and the peak in the intensity occurs at q 1.0 a.u.
Peak 2 and peak 3 in the data are dispersionless within
our error bars and demarcate the upper and lower bounds
of the model x-band dispersion. The intensity of peak 3
has a large uncertainty &om the fitting procedure, but it
may have the same momentum dependence as the model
vr-band intensity. Clearly, one cannot identify either peak
2 or peak 3 with our model.

The most puzzling feature of the experimental spectra
at low binding energy is peak 2. The energy of this peak
is almost exactly the same as the zone center graphite x
band, but the momentum densities of the vr-band states
in graphite go to zero at the zone center, whereas peak 2
is quite intense in the zero momentum limit. In a study of
diamondlike amorphous carbon by (e, 2e) spectroscopy, zs

two peaks were observed in the spectral momentum den-
sity which were qualitatively similar to peak 1 and peak
2 of our data. The resolution was insufficient to resolve
peak 3 if it existed. Again, a peak in the diamond-
like amorphous carbon spectra at the zone center energy
of the graphite vr band had significant intensity at zero
momentum. It was suggested that this behavior of the
low binding energy feature might be due to rehybridiza-
tion of graphitic vr and 0 orbitals which would admix
s-wave symmetry character into the m orbital (explain-
ing the finite intensity of the momentum density at zero
momemtum). 2s The rehybridization may be due either
to bending and wrinkling of sp2 bonded sheets or, as
argued by Tamor and Wu, to puckering of the sheets
where there is intersheet crosslinking.

If there is significant rehybridization of the x orbitals
going from graphite to amorphous carbon, one would ex-
pect a similar mixing of s-wave symmetry into the p-like
states of the graphitic o.2 and 0.3 bands. The two peaks
in our data which fall in the same energy range as the
graphitic vr-, 0&-, and cr3-bands might be rehybridized
counterparts of the crystal states. The different intensi-
ties of peak 2 and peak 3 in the data might arise from
the different degree of s-wave admixture for p-like orbitals
which are perpendicular to the sp2 bonded sheets com-
p@.red to p-like orbitals lying in the sp bonded sheets.
Resolution of this question will require a more sophisti-
cated model of amorphous carbon than ours.

To check whether the spectral momentum we have
measured by (e, 2e) spectroscopy is reasonable, we nu-
merically integrate the experimental spectra N, (e, q)
shown in Fig. 4(a) over momenta to obtain the density
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is the photoemission measurement of Bianconi et al. on
crystalline graphite which is quite similar to photoemis-
sion measurements on annealed samples of hydrogenated
amorphous carbon. The agreement between the den-
sity of states determined from the (e, 2e) spectra and
the density of states measured by photoemission spec-
troscopy corroborates our analysis of the (e, 2e) data to
obtain the spectral momentum density.

VI. CONCLUSIONS

FIG. 9. The points with representative error bars repre-
sent P q, N, (e, q, ). The solid curve is based on the present
theory convoluted with an energy resolution of 1.5 eV. The
broken line is from the photoemission experiment of Ref. 28
on crystalhne graphite.

of states

D(e) = f 4mp(e, p)p dq -+ ) q; N, (eq;). ,(13)

The results of this analysis are the solid circles shown
in Fig. 9. The high energy tail in the data is probably
due to incomplete deconvolution of the multiple scatter-
ing contributions. The solid line in the 6gure is the den-

sity of states obtained from our model. The dashed line

We have presented measurements of the spectral mo-
mentum density of arc evaporated amorphous carbon
by (e, 2e) spectroscopy with significantly improved en-

ergy resolution and data rate. Our measurements have
been compared to a heuristic model of amorphous carbon
based on an angular average of the spectral momentum
density of crystalline graphite. An intense feature in our
data which disperses parabolically from a binding energy
of 21 eV at zero momentum to approximately 8 eV at
higher momentum (q 1.4 a.u. ) is described well by
our model. A weaker, dispersionless feature at a binding
energy of 8 eV and a dispersionless shoulder at a bind-
ing energy of 4 eV cannot be explained by our model.
We suggest that these two low binding energy features in
the data might be associated with rehybridization of the
graphitic x orbitals and the two graphitic p-wave-like o
orbitals.
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