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Abstract

The (e,2e) technique is well known to be able to measure the momentum pro-

files of the electron orbitals in molecules. In crystalline solids energy levels are

replaced by bands, and the momentum profiles simplify to energy dependent

delta functions. In this paper the development from a molecular to a crys-

talline picture of the electronic structure is illustrated using a simple model

of a linear chain of atoms of increasing length. From this model we try to get

some insight into the (e,2e) momentum profiles expected for disordered solids.

These results are compared to the experimental data for carbon films with

different degrees of order, i.e amorphous carbon films, annealed amorphous

carbon films and highly oriented pyrolitic graphite films. The intensity of the

IT election contribution is suppressed in HOPG, due to the orientation chosen.

In the annealed evaporated samples, the planes of graphite atoms have ran-

dom orientation and the JT electrons are clearly seen. With increasing order

the momentum profiles show increasingly well defined peaks.
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I. INTRODUCTION

In an (c,2e) measurement an incoming electron ionises the target and the scattered and

ejected electrons are detected in coincidence. A well collimatcd monocnergetic electron

beam ( energy Eo, momentum k0) impinges on a target. Some of these electrons will

be scattered over large angles by a collision with a target electron. In the case of high

momentum transfer collisions this process is well described as a binary collision between the

scattered and ejected (target) electrons and is quantitatively well understood [1]. Due to the

energy transfer the target electron is ejected. In our case we use 20 keV incoming electrons,

and detect electrons at 14 ° (energies of the detected electrons around 18.8 keV) and 76 "

(energies around 1.2 keV). We detect both scattered and ejected electrons jn coincidence

and determine their energies and momenta (E, and k» for the slower electron, Ej and kf

for the faster one). We choose h — 1 thereby equating momentum and wave numbers. A

comparison of the momentum and energy of the scattered and ejected electron with the

momentum and energy of the incident electron gives us the magnitude of the momentum

and binding energy of the ejected electron before the collision. At high enough energies the

free electrons can be treated as plane waves. We can infer the binding energy £

e = Eo~E.-Ej, (1)

and, the recoil momentum q which in the plane wave approximation is equal and opposite

to the momentum of the target electron before the collision:

q = k0 - k, - kf. (2)

Thus a complete description of the kinematics of the ionising event is obtained. This tech-

nique has been used with great success in 'wave function mapping1 of atoms and molecules

[1]. One obtains the momentum distribution |^(q,e)|2 for the different discrete energies of

the electronic orbitals of the atom or molecule. As an example we show in figure 1 mea-

surements for an Ar gas target. The 3s electron in argon (binding energy 29.3 eV) has



maximum intensity for zero momentum. This is true for all s type orbitals. For the Ar 3p

orbitals (binding energy 15.8 eV) (and all p type orbitals) zero intensity is expected for zero

momentum. The measured intensity at zero momentum in this case is a consequence of the

finite momentum resolution of the experiment. The dashed lines in these figures are the

calculated momentum densities |^(q,e)|2, i.e. the expected results of the measurement with

very good momentum resolution. The solid line includes the effects of the finite experimen-

tal momentum resolution. Note that, the intrinsic width of the distribution is considerable,

about 1 a.u. (1 a.u. corresponds to 1.89 A"1).

In molecules the number of occupied energy levels increases as the size of the molecule

increases. For larger and larger molecules the spacing in energy of the different orbitals

becomes smaller and smaller. If the molecule created in this way consists of repeating units,

it starts resembling a crystal. If the energy separation of the different orbitals becomes much

smaller than the energy resolution of the spectroscopy used ( or equivalently, the properties

of the molecule are not expected to change if one more unit is added), the electronic structure

can be described using the band picture. It will be shown that the momentum distribution

at each energy starts to resemble a delta function. This is a consequence of the long range

order in crystals. For disordered solids one would expect the momentum distribution at each

energy to have finite width. As a very simple model one can describe a disordered solid as a

polycrystalline one. For small crystallites the momentum distribution would be significantly

broadened. It could be argued that the momentum densities of these polycrystalline solids

can in first approximation be described as the sum of the densities of small (non-interacting)

crystallites (i.e. consider each crystallite as a large molecule). As an example of a solid to

which the above picture may apply, we present data of amorphous (evaporated) carbon films,

annealed amorphous carbon films, and highly oriented pyrolitic graphite (HOPG) films. The

annealed amorphous carbon films can be described by terms such as 'turbostratic' graphite

and 'glassy' carbon [2]. They are thought to consist of sheets of single layers of graphite,

with no ordering in between the layers. Electron diffraction of annealed evaporated films

snows well defined rings [3] indicative of a fair amount of ordering. Thus with annealing
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the order in the evaporated films increases, and it will be shown that this is accompanied

by a sharpening of the momentum distributions. Attempts have been made to calculate

the electronic structure of amorphous carbon (see ref. [2]) as well as lurbostratic carbon (4].

Unfortunately the results of these calculations are not presented in terms of energy resolved

momentum densities, so they cannot be compared directly with the experiments described

here.

As a caveat it should be noted that different approaches to the description of these

films are possible. Amorphous carbon films can be described as containing partly 3-fold

(sp2 hybridised) and 4-fold (sp3 hybridised) atoms. Changes in the momentum densities

could be described as a consequence of changes in the ratio of both contributions. Another

approach is to focus on changes in the differences in overlap between atomic orbilals, due to

variations in the interatomic distances in disordered solids. To what extent these approaches

are mutually exclusive, is a question that will not be addressed here. The main point of

this paper is to stress the fact that energy resolved momentum densities of different carbon

films are strikingly different, much more so than their momentum integrated energy density

of states. Thus we want to establish that (e,2e) spectroscopy is uniquely well suited for the

probing of the electronic structure of amorphous materials. The theoretical argument is an

attempt to get some intuition for the underlying physics.

The remainder of the paper is organised as follows. In the next section we describe

the theory of (e,2e) for crystals. Subsequently we study the transition from 'molecular' to

'solid' behaviour for a long molecule, and derive from this some insight into the expected

behaviour of disordered solids. This is followed by experimental results for carbon films with

different degrees of order. The extent to which the developed picture applies is discussed.

A detailed description of the spectrometer has been published elsewhere [5] and is not given

here. In another paper we have already described (e,2e) measurements of the HOPG film, its

preparation method, and a comparison with bandstructure calculations [6]. Here we focus

on the influence of disorder on (e,2e) spectra.

Earlier attempts to study the electronic structure of both graphite and amorphous car-
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bon by (e,2e) have been made [7]kn:Gao88kn:Hayes91kn:Kheifets94. These attempts were

hampered by exceedingly low countrates, and energy and momentum resolution of the order

of the differences between the electronic structures of these samples. With the new spec-

trometer used here these problems are largely overcome. Typical data acquisition time for

each sample was four days.

II. SIMPLE THEORY OF (E,2E) ON A CRYSTAL

At the high energy of the present experiment we approximate the wave function of the

unbound electron by plane waves. A full analysis using the wave functions of dynamic

diffraction theory has been given by Allen, McCarthy, Maslen and Rossouw [11]. The

differential cross section for ionisation is [11]:

where N is the number of unit cells involved in the reaction, fd is a dispersion factor [12],

which is close to one in most applications and fcc is the Mott scattering cross section for

the two electrons. In the present experiment all these factors are essentially constant.

The cross section depends sensitively on the momentum space wave function of the struck

electrons $k (q) where q is the momentum coordinate and k is the crystal momentum.

Here we are approximating the overlap of the initial and final state of the crystal by the

independent particle model. The coordinate-space wave function of an electron with crystal

momentum k and binding energy e(k) is:

«k(r) = N-1'* £ exp(«k • Rn) 0(r - Rn), (4)
n

where R« is a lattice vector and ip(r) is the unit-cell wave function. The corresponding

momentum-space wave function is given for a very large crystal by

*k(q) = (2X)"3/2 J<Prexp(-iq • p) *k(r) = N1'2 tfq) 5q ,k + G , (5)

where G is an arbitrary reciprocal lattice vector, and
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q -r) V(r), (G)

is the momentum space wave function of the unit cell. .

Note that from equation (2) the observed momentum q is the real momentum of the

target electron. This has an important influence on the interpretation of equation (5),

which predicts that the momentum profile of the (e,2e) cross sections for different values

of e(k) will be given by a series of delta functions modulated by the momentum density,

|^(q)|2. Although the delta functions may appear at values q = k + G where G is an

arbitrary reciprocal lattice vector they will in general have zero or nearly zero intensity for

all but one value of q because of the modulation by |$(q)|2-

The differential cross section, with the above approximations, is a direct measure of the

momentum density |^(q)|2 . The approximations can be relaxed by considering inelastic

events (such as plasmon creation), diffraction, and the finite size of crystals in the target

used.

Inelastic events can be simply approximated by adding imaginary parts to the wave

number of the plane waves, given by the inelastic mean free path of an electron of the

corresponding energy. This makes almost no difference to the shape of the Fourier transform

(6), but introduces an attenuation factor that depends on the experimental geometry. In our

experiment it results in the observed ionisation collision without inelastic energy losses being

concentrated near the exit surface of the target. Events that are accompanied by additional

energy losses cause in the experiment a background that extends to higher binding energies.

In a simple static model diffraction causes a reciprocal lattice vector G to be added to

one of the incoming or outgoing momentum vectors in eq. (2). This has the effect of reducing

the measured intensity at certain values of q by shifting that intensity to a real momentum

q + G. The effect of these "Umklapp processes" on the measured cross section is given by

the different diffraction amplitudes that apply to the incoming and outgoing electrons. Such

effects have not been identified in the present experiments.

Effects of the finite size of the crystal have been investigated by considering a one dimen-



sional model. We have calculated the occupied molecular orbitals (with a symmetry) in the

self-consistent field approximation for a linear chain of N hydrogen atoms, with interatomic

distances equal to the real H2 molecule, using a linear combination of basis atomic orbitals

appropriate to the hydrogen molecule. This enables us to explore how the molecular pic-

ture, which has a momentum distribution for each orbital with a main peak of significant

width, develops into the crystal picture in which the momentum distribution for each orbital

(characterized by k) is a delta function.

The momentum distribution in the direction of the chain for each orbital is plotted in

fig. 2 for N=2, 4, 8, 12, 16, 24, 32. The distributions are shifted vertically with respect, to

each other by an amount corresponding to the binding energy of each level. With increasing

N the energy levels of the molecular orbitals are more closely spaced. Their energy density

is larger for larger binding energies, which corresponds to smaller momenta as expected

for a symmetry. The momentum distributions display a peak for each energy level, whose

sharpness increases with N. The peaks occur at momenta that correspond to the crystal

dispersion law as N increases. In our spectrometer the momentum resolution is 0.15 atomic

units. Thus we would barely be able to distinguish hydrogen chains of 24 units from an

infinitely long chain. We expect that qualitatively the same is true for disordered solids. If

the crystallites are smaller than 24 units along the momentum direction that we measure, we

expect broadening of the momentum peaks. Note also that finite crystals exhibit non-zero

momentum density at all momenta lower than the peak value. Because the spacing between

levels is smallest at the bottom of the band, the momentum density per unit energy peaks

at the bottom of the band, i.e. the electrons are most probable near the bottom of the band,

around q oi 0.

i n . EXPERIMENTAL RESULTS

Because it is important to observe zero recoil momentum (e,2e) can best be done in a

transmission geometry. The thickness of the film should be of the order of, or less than, the



clastic and inelastic mean free path of the impinging electrons. The carbon films used in

these experiment were obtained from Arizona Carbon Foil Co. Inc. and were nominally SO

A thick. The films were floated off their glass supports in water and transferred to a Mo

sample holder with several holes. On the as inserted films only a tiny amount of oxygen was

detected by Auger spectroscopy. These films were heated in vacuum using electron beam

annealing. Unfortuatcly this did not cause a uniform heating over the sample holder. From

the experimental (e,2e) results it was clear that films in the center of the Mo sample holder

were considerably warmer than films near the edge. In order to get some indication of the

temperature we spotwelded a thermocouple near the edge o{ the Mo sample holder. In this

paper we present results for two annealed films. One was located at the edge of the sample

holder and heated with an electron beam power of 2 Watt. From the thermocouple reading

we estimate its temperature to be 600 °C. The other sample was located in the center and

was annealed with 6 Watt electron beam power. We estimate that the temperature was at

least 900 °C. Unfortunately, given the maximum allowable size of the sample holder, the

necessity to transfer it in vacuum and the restrictions due to the transmission geometry,

accurate temperature measurement has presented difficulties.

Electron energy loss spectra of these films are presented in fig. 3. For amorphous C

there is one broad loss structure centered around 25 eV. which shifts slightly to 23 eV after

annealing. This is considerably lower than the plasmon loss maximum of HOPG (27 eV).

A low pjasmon loss energy has been attributed to low densities of the film [13]. For the

annealed samples a second structure at about 7 eV energy loss develops. This feature is

also seen in the energy loss spectra of the HOPG film. The high energy loss feature is

attributed to plasmon oscillations of the a and TC electrons, whereas the feature at 7 eV

is attributed to JT electron plasma oscillation only. Annealing of amorphous, hydrogenated

carbon films as published by Fink et al [14] shows a similar development after annealing in

the same temperature range. The development of this structure is seen as an indication for

the formation of clear a and IT type bonding.

A lot of research has been done on the structure of different carbon films (see e.g. [2]).
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It is suggested that after annealing the carbon films can be described either as a random

stacking of single graphite planes ('turbostratic graphite') or as an entanglement of graphitic

ribbons ('glassy carbon'). It is not expected that the graphitic layers will order into true

graphite until annealing temperatures exceeding 2000 "C.

In these experiments we measure the momentum along a specific direction perpendicular

to the beam. The other two momentum components are (within experimental accuracy)

zero. ]u figure 4 we present the results of the (e,2e) measurements integrated over all

momenta along the measurement direction. In fig. 4 differences between the four samples

are marginal and it is difficult to interpret these differences in a convincing way. In fact

from these data one would argue that the four samples are strikingly similar. From the

simple theory presented here one would expect that the (e,2e) intensity would drop to zero

for binding energies larger than the valence band minimum (~ 27 eV). In reality some of the

incoming and outgoing electrons may be scattered elastically by the nuclei or be scattered

inelastically (mainly plasmon excitations). Thus the measured intensity is due to 'dean'

(e,2e) events on a smooth background of (e,2e) events in which one of the electrons involved

have experienced additional elastic and/or inelastic scattering events. This is the reason that

the intensity does not drop to zero at binding energies below the bottom of the a band. The

contributions due to inelastic energy loss can be removed by deconvolution [15]. In figure 5

we have done this deconvolution for the case of amorphous carbon. After deconvolution the

spectral intensity is not simply the density of states of the solid. For isotropic solids it is

possible to obtain the true density of states p(E) from the (e,2e) measurements by adding

them weighted by q2. That is

j ~ (7)

This result is shown in figure 5 as a solid line. Features near the Fermi edge are enhanced

because, as will be shown, they correspond to larger q values. For anisotropic solids like

HOPG one would have to measure the momentum densities in all directions in order to

obtain a true density of states, which is not feasible with the present spectrometer. XPS



measurements, although not obtaining a direct measurement of the energy density of states,

give information which in some respects can be regarded as similar to that shown in fig. 5.

XPS valence band spectra of amorphous graphite and HOPG (although taken with better

energy resolution than these (e,2e) measurements) look rouglily the same [16].

The situation changes however, if we look at the momentum resolved (e,2e) spectra.

These are presented as plots in figure 6. The vertical scale is energy, the horizontal one the

momentum. The pictures should be symmetric with respect to zero momentum. Intensity is

indicated in a grey scale. The lighter the shading, the higher the intensity. The easiest way

of understanding these pictures is to start with the one for highly oriented pyrolitic graphite

(fig. 6 (d)). The sample was oriented in the spectrometer in such a way that the momentum

density of states was measured in the basal plane, where only the a band should be visible

[6]. The a band is evident in fig 6 (d) as a parabola. Binding energies are expressed relative

to the vacuum level. The Fermi level in these plots is at about 5 eV. The shape and intensity

of this parabola compare well with band structure calculations [6].

For the amorphous carbon case 6 (a), this parabola is smeared out considerably. There

is still a clear maximum near zero momentum, but for increasing momenta the parobola

fades out rapidly. Annealing of the film causes a gradual sharpening of the parabola. At

binding energies of around 10 eV there is structure for the annealed amorphous samples,

that is absent in the HOPG one (it looks a little like a mustache above a smile). These are

the TC electrons. Because the graphitic sheets have a random orientation the intensity of the

<r electrons is not supressed in these samples to the same extent as in HOPG.

To get a more quantitative insight into these spectra we plot the momentum densities for

selected energies. These are presented in fig. 7. The momentum densities were normalised

in such a way that the density at the bottom of the a band (around 27 eV) is equal for all

cases. For each energy the plots have different vertical scales. For 27 eV binding energy

(close to the bottom of the band) all samples have similar momentum densities. Clearly

the dispersion curves are rather flat here (see fig. 6), and as a consequence the width of

the momentum densities are determined more by the energy resolution than the sharpness

10



of the momentum densities themselves. Moreover these distributions correspond to small k

values, where we are rather insensitive to the degree of disorder.

At 17 eV binding energy the situation is completely different. The amorphous sample

before annealing shows some indication of the presence of two peaks at ± 1 a.u. momentum,

but the intensity between the peaks is about 2/3 of the peak intensity. This peak to valley

ratio slowly increases with annealing, together with some sharpening of the peaks. For

HOPG the intensity between the two peaks is less than 1/3 of the peak value. Note that

the peaks for HOPG at this and the following energy are much sharper than the Ar peaks

in fig.l. They are also much sharper than the distributions for the 2p and 2s levels expected

for carbon atoms. Thus the sorting out of momentum with energy in a solid as described

in the previous section can be confirmed experimentally. The width of these peaks can

be attributed completely to the experimental momentum resolution and (because of the

dispersion) energy resolution. Much could be gained in (e,2e) measurements of solids by

increasing the momentum resolution (presently 0.3 A"1), and there is not an intrinsic limit

to the accuracy that can be obtained, as in gas phase (e,2e).

For 14 eV binding energy the peaks of the HOPG sample are still sharp, however [or the

annealed amorphous carbon case there is more intensity between the peaks, and the effect

of annealing is not very clear in this case. The reason for this is that this energy corresponds

with the bottom of the T band. Because of the random orientation of the graphite sheets

the intensity of the IT electrons is not suppressed in this case as it is for HOPG.

This is even more clear at 10 eV binding energy. We are now just above the top of the a

band. For the HOPG sample we still see the two peaks of the cr band due to the finite energy

resolution. For the high temperature annealed sample there are clearly 4 peaks visible, 2

corresponding to the a band (at about 1.3 a.u.) and two for the v band (at about 0.8 a.u.).

For the evaporated sample and to a lesser extent the low temperature annealed one, these

4 peaks are not resolved, and the mometum density resembles two broad bumps.

, Finally at 7 eV (just 2 eV below the Fermi level) we see no trace of the high momentum^

band anymore. Even the HOPG spectrum is dominated by v electrons with intensity peaking
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at about 0.9 a.u.(this can be either attributed to finite momentum resolution, or misalign-

ment of the basal plane of the thin film due to wrinkling etc.). After the high temperature

annealing the TT electron momentum distribution has well defined peaks clearlystrongcr than

in the HOPG ase.

IV. CONCLUSION

Energy resolved measurements of momentum distributions as measured by (e,2c) can

provide us with detailed information about the electronic structure of amorphous and dis-

ordered solids, much more so than momentum integrated spectroscopies. The differences

can be understood intuitively using simple models. Moreover it is straightforward to obtain

momentum densities as measured by (e,2e) from the wavefunctions generated by model cal-

culations for these solids. Thus (e,2e) measurements promise to be a good test of electronic

structure calculations of disordered solids.
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FIGURES

FIG. 1. The electron momentum densities for the 3s and 3p levels of argon, as measured by

(e,2e). The dashed lines are the theoretical momentum densities for the Ar 3s and 3p level. The

full line is obtained by folding the theoretical data with the experimental momentum resolution.

These data were taken under identical conditions as the solid (e,2e) measurements. The momentum

resolution for a gas target is expected to be less than the one for solids, due to the finite extent of

the gasjet.

FIG. 2. Calculated momentum distributions for H2 and the fictional H4, Us, Hl2, HI6, H24,

and H32 (linear) molecules in the direction of the chain. The momentum density for each orbital

is plotted with an offset proportional to its binding energy as indicated on the right vertical axis.

With increasing chain length the momentum distributions are increasingly peaked, with the peak

positions mimicking the dispersion relation of an infinitely long chain.

FIG. 3. The electron energy loss spectra for (a), an amorphous carbon film, (b) an amorphous

C film annealed at low temperatures, (b) an amorphous C film annealed at high temperatures, and

(d) the energy loss spectrum of a film of highly oriented pyrolitic graphite.

FIG. 4. The momentum integrated (e,2e) spectra for (a) amorphous carbon, (b) low tempera-

ture annealed amorphous carbon,(c) high temperature annealed amorphous carbon, and (d) highly

oriented pyrolitic graphite. Note that these spectra differ only in details. Binding energies are

expressed relative to the vacuum level, with the approximate position of the Fermi level indicated

in the figure.

FIG. 5. Calculation of the density of states of unannealed amorphous carbon from the mo-

mentum integrated spectra. The momentum integrated raw data (error bars) are deconvoluted for

inelastic energy losses. The dashed line is the momentum integrated spectrum after deconvolution.

The full line is the q2 weighted momentum integrated spectrum, which is the experimental estimate

of the valence band density of states. The binding energy in this figure is relative to the Fermi
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FIG. 6. The energy resolved momentum density of states, plotted in grcyscales for (a) amor-

phous carbon, (b) low temperature annealed amorphous carbon, (c) high temperature annealed

amorphous carbon and (d) IIOPG. The lighter the shading the larger the intensity. In HOPG the

region of highest intensity is a parabola. These represent the a band. The same structure becomes

more and more evident in the amorphous carbon data with increasing annealing temperature.

FIG. 7. Momentum densities for the energies indicated. All curves are normalised to have

equal peak height at zero momentum and 27 eV binding energy. Each panel has a different vertical

scale. The plots are for amorphous carbon (a), low temperature annealed amorphous carbon (b),

high temperature annealed amorphous carbon (c) and HOPG (d). Away from zero momentum the

momentum distributions show sharper peaks with increasing order.
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