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Momentum distribution and valence-band reconstruction in graphite
by grazing incidence„e,2e… spectroscopy
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Universitàdegli Studi di Roma La Sapienza, Piazzale Aldo Moro, 2, 00187 Roma, Italy

A. S. Kheifets‡ and G. Stefani
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The capability of grazing angle (e,2e) experiments to map momentum distribution is demonstrated. This is
an application of reflection (e,2e) experiments as a unique twofold spectroscopy, binding energy and momen-
tum distribution, for solid surfaces. The reported experiments have been performed on highly oriented pyro-
lytic graphite at about 300-eV incident energy, grazing angle, and for ejected electron energies ranging from
3.7 to 30 eV. These experiments, interpreted in the framework of the plane-wave impulse approximation, yield
the binding energy vs momentum dispersion curves of valence electron states as well as the individualp-state
momentum density. Both results compare favorably with calculated graphite band structure.
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I. INTRODUCTION

A detailed picture of the electronic structure of solids
needed in order to obtain a fundamental understanding
their properties and to learn how to engineer new artific
materials. Ideally, one would like to measure the full spec
momentum densityr(«,q) of the electronic states in solids
to obtain in the one-electron approximation both the ba
structure, energy« vs momentumq, and the momentum den
sity of the band orbitals. The band structure of crystall
solids can be obtained with good energy resolution1 and ad-
equate momentum resolution by angle-resolved photoe
tron spectroscopy~ARPES!, but the full spectral momentum
density cannot be obtained by this technique.

In recent years (e,2e) spectroscopy has demonstrated t
capability of measuring the spectral momentum density
crystalline and amorphous solids; both bulk and surface e
tronic properties can be studied by the technique.2 The
(e,2e) scattering process consists of detecting, coinciden
time, the scattered and ejected electrons created by an
dent electron beam. The full kinematics, energy and mom
tum, of the electrons are measured.3

While (e,2e) already achieves a momentum resoluti
comparable with ARPES, the energy resolution is sign
cantly poorer.4 Though the energy resolution is less than t
resolution achieved in ARPES, the (e,2e) technique is ca-
pable of measuring the full spectral momentum density wh
ARPES can measure only the band structure.

The cross section for ARPES is not proportional to t
spectral momentum density for the following reasons. F
energies at which ARPES is usually performed, the pho
momentum is negligible; hence, the photoemission proc
always involves transitions between states of equal mom
tum. In order to define unambiguously the ejected elect
570163-1829/98/57~4!/2545~5!/$15.00
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momentumKe , the kinetic energyEe must be large enough
as a consequence, the initial bound state must have an i
tically large momentum and an ‘‘umklapp’’ procedure
necessary in order to reduce the band representation to
first Brillouin zone. The umklapp relies on the energy dege
eracy of states having momenta that differ by a recipro
lattice vectorG. The same degeneracy does not hold for
amplitude of the transition matrix element, and it is impo
sible to unambiguously relate the photoemission cross
tion measured at largeq to the initial state momentum dis
tribution r(«,q). Furthermore, in such a high energy lim
~x-ray photoemission spectroscopy! the plane-wave~PW!
approximation holds; the photoemission matrix element
comes proportional to the Fourier transform~FT! of the ini-
tial state, but the phonon smearing prevents from discri
nating the initial state momentum.5 This is because in the
high energy limit, reciprocal lattice vectors whose magnitu
is comparable toKe must be involved in the photoemissio
process. It implies5 that the volume in momentum spac
from which transitions originate and for which phono
smearing is absent, can be much smaller than the first B
louin zone, at least at room temperature. On the contrary
low energy the phonon smearing can be neglected but
matrix element cannot any longer be reduced to a simple
of the initial state. This limitation on the possibility o
achieving at the same time a good momentum resolution
a matrix element simply proportional to initial state FT
removed if, instead of photoemission, (e,2e) experiments are
used.

In the high energy limit, the plane-wave impulse appro
mation ~PWIA! has been shown to be adequate to calcu
the (e,2e) cross section6 and energy and momentum conse
vation can be written as

E01«~q!5Es1Ee , ~1!
2545 © 1998 The American Physical Society
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K01q5K s1Ke , ~2!

whereE0, Es , andEe are the incident, scattered, and eject
electron energies, respectively, andK0, K s , andKe are the
corresponding momenta. Within the PWIA,q is identified as
the bound electron momentum before the collision.7 The mo-
mentum q of the initial state can be varied continuousl
independent of the energy of the state, throughout the dif
ent Brillouin zones by simply changing the kinematics of t
collision. In (e,2e) experiments the uncertainty inq is deter-
mined solely by experimental constraints.

The (e,2e) experiments performed at high incident e
ergy and in transmission geometry on the thin films ha
already shown the unique capability of this method to m
the band structure and to accurately measure the assoc
momentum density.2 The limitations imposed by the finite
sample thickness have been recently overcome by perfo
ing the experiment in reflection geometry8 and at grazing
angle.7 In these conditions it is possible to operate on th
samples with the enhanced surface sensitivity that is a p
liarity of the grazing incidence condition.9 The interpretation
of reflection (e,2e) experiments rests on a model that a
sumes the inelastic ionizing collision to be assisted by
elastic mirror reflection from the surface.10 It has been
shown11 that for incident energies of 300 eV, asymmet
kinematics, grazing angles of few degrees and ejected e
tron energy of few tens of eV, the experiment is feasible a
a momentum selected binding-energy spectrum can be b

The aim of the present paper is to demonstrate that
reflection geometry, as well as the transmission one, is s
able to perform both band mapping and momentum den
spectroscopy.

II. EXPERIMENT

The sample, a 0001 surface of highly oriented pyroly
graphite~HOPG!, was prepared according to standard ult
high vacuum methods.12 Measurements have been perform
in asymmetric kinematics and under mirror reflection of t
fast electron that was brought to collide with the surface a
grazing angle of 5° or 6°. Binding-energy spectra were m
sured by scanningE0, typically from 300 to 340 eV, while
keeping fixedEs and Ee . The fast scattered electron wa
analyzed by a hemispherical deflector analyzer~HDA! tuned
at 300 eV. The slow ejected electron was detected by a si
pass cylindrical mirror analyzer~CMA!, whose axis was par
allel to the surface normalc. A standard coincidence elec
tronic chain13 was used to time correlate the two final ele
trons with an overall uncertainty of about 12 ns. A comple
description of the coincidence spectrometer can be fo
elsewhere.14

Binding-energy spectra have been measured for six dif
ent Ee values: 3.7, 8, 14.2, 15, 21, and 30 eV. The ove
energy resolution was 1.2 eV for measurements atEe53.7,
8, 14.2, 21, and 30 eV; and 3 eV for the ones at 8~repeated
with different resolution! and 15 eV. The achieved overa
momentum acceptanceDq is mostly due to the CMA wide
angular acceptance, while contributions from the HDA a
cepted solid angle, beam divergence, and energy uncer
ties are negligible.

The only well-defined symmetry axis of the HOP
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sample isc, which is perpendicular to the surface plan
within 1°. The reconstructed momentumq @see Eq.~2!# has
nonvanishing components in both directions parallel (qi)
and perpendicular (q') with respect toc. Moreover, the
CMA acceptance angle does not allow for azimuth reso
tion, while polar resolution is limited to63° around 42.3°
with respect toc. All of these experimental constraints resu
in averaging the measured (e,2e) cross section over a
roughly toroidal volume in momentum space. The project
of the torus on the basal plane is an annular area wh
internal and external radii correspond to the extreme val
of uq'u. Taking into account the finite analyzer angular a
ceptances, the spectrometer work function, and the refrac
across the surface potential barrier of the sample,15 the ex-
treme and average values ofq' andqi are reconstructed fo
eachEe . The values ofq' range from nearly the center up t
the boundaries of the first Brillouin zone in theGMK plane.
In the same experimental conditions, theqi component
ranges from the bottom to the middle of the third Brillou
zone along theGA direction.

III. RESULTS AND DISCUSSION

A. Valence-band reconstruction

The (e,2e) cross section, measured as a function of
binding energy, is reported in Fig. 1 for two differentEe
values~3.7 and 14.2 eV!. The vacuum level is the origin o
the binding-energy scale, whose value has been derived f
the energy conservation law. The Fermi level«F , as derived
from an independent measurement,15 is also indicated in the
figure. The full line is a leastx2 fit to the raw experimenta

FIG. 1. (e,2e) binding-energy spectra as measured on HO
for two different ejected electron energies (Ee). The binding-energy
scale origin is the spectrometer vacuum level, the Fermi level («F)
is also indicated. Continuous lines are best fits to the data. Do
lines are spectra after multiple-scattering correction.~See the text
for details.!
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data performed by means of an analytical trial functio
which is the sum of four Gaussians whose position, am
tude, and width are fitting parameters. The trial function h
been adopted to mimic contributions from the four occup
bands of graphite18 and is found to be adequate for all th
measured binding-energy spectra.

The relative intensity of the features appearing in the
processed data is affected by multiple loss contributions
result in an ‘‘apparent’’ increase of intensity at the high
binding energies. These spurious effects are evaluated b
iterative method suggested by van Cittert.16 The adopted de-
convolution procedure is applied at the fast electron chan
only, the loss probability of the slow ejected electron be
about 100 times smaller.7 The multiple loss probability for
the fast electrons~incoming and scattered! has been mea
sured, at the same glancing angle and energy resolutio
the (e,2e) experiment, by an angle-resolved electron ener
loss spectrum. The measured loss spectrum, once deco
luted for the spectrometer energy resolution, yielded the
function that has been used to remove multiple-scatte
effects from the (e,2e) cross section.16 The intensity correc-
tion operated by the method is negligible only at the Fe
level, then it increases up to 60% in the vicinity of th
valence-band bottom. On the contrary, the correction on
energy position of the main features is always negligible
least within the present energy resolution. The final resul
the deconvolution procedure is shown by dotted lines in F
1. The multiple loss correction is found to be less import
in reflection than in transmission mode experiments. Th
latter experiments, although performed at much higher
ergy, have shown a sizable coincidence count rate up
binding energies as large as the carbonK shell.17

The four main features appearing in the measu
binding-energy spectra are ascribed to ionization events f
thep, s3, s2, ands1 band states, from low to high bindin
energy, respectively. The assignment has been done on
basis of (e,2e) cross section computed in PWIA and takin
into account the graphite band structure.18 It might be specu-
lated that the kinetic energy of the ejected electron is too
for it to be considered a PW. Should that be the case,
(e,2e) cross section would be determined by the joint de
sity of states1 ~JDOS! in the volume of momentum spac
selected by the experimental kinematics. Though this is
in principle, in practice the experiment was performed sele
ing a given final state and keeping it unchanged while sc
ning through the initial states with different binding energie
This is similar to what happens in a constant final state p
toemission experiment,19 hence the measured cross section
dominated by initial state characters rather than by
JDOS.

By choosing differentEe values, a selection is achieved
q' and in qi ~see Table I!. Plotting the energy positions o
the peaks appearing in the (e,2e) spectra vs the correspon
dent average values ofq' , a mapping of the HOPG ban
dispersion is obtained. This is shown in Fig. 2, where
experimental result is compared with the calculated b
structure for a graphite single crystal.18 Because of the afore
mentioned averaging onq' , the experiment does not dis
criminate among different directions in theGMK plane,
while the calculation does. From Fig. 2 it is evident tha
sharp difference does not exist between bands calcul
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alongGM andGK directions. Hence, it is reasonable to com
pare the results with the dispersion calculated along b
these high symmetry directions. Despite the poor momen
resolution, a good agreement is evident for the outerm
bands over the entire measured momentum range, espec
for what concerns thep band. Some disagreement for th
peaks assigned to thes1 ands2 bands is found. In particu-
lar, thes1 experimental location is deeper than theoretica
expected by about 1.5 eV. A similar discrepancy, ev
though smaller, is found in the dispersion curve measure
a transmission (e,2e) experiment.20 Intrinsic loss contribu-
tions cannot be excluded as the origin of these features.21

B. Momentum distribution

The measured binding-energy spectra have been in
preted in the framework of the PWIA. Within this schem
the amplitude of the fivefold differential cross section is pr
portional, through a kinematical factorF(K s ,Ke), to the mo-
mentum densityr(q):2

d5s

dVedVsdE
5F~K s ,Ke!r~q!.

TABLE I. Electron momentum values reconstructed in refle
tion (e,2e) experiments for thep band of HOPG. The module o
the momentum at the center of the volume sampled by the exp
ment (q) is reported for each ejected electron energy (Ee) in the
last column. The extreme values of theq components along the
directions perpendicular (q') and parallel (qi) to c, as determined
by the experimental acceptances, are also reported.

Ee ~eV! q'
min ~au! q'

max ~au! qi
min ~au! qi

max ~au! q ~au!

3.7 0.35 0.57 0.68 0.7 0.82
8 0.35 0.67 0.83 0.86 0.985
14.2 0.47 0.91 0.95 1 1.194
21 0.59 1.19 1.1 1.17 1.411
30 0.65 1.35 1.2 1.29 1.596

FIG. 2. Comparison between HOPG valence bands rec
structed by reflection (e,2e) spectra and theoretical valence-ba
structure. Diamonds correspond to peak locations in (e,2e)
binding-energy spectra, continuous lines are taken from the ca
lation of Ref. 18 for a graphite single crystal.
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The measured cross sections have been brought on
same relative scale by normalizing the intensities to an id
tical incident current.

Let us focus the attention on the cross-section amplitu
corresponding to thep band. The reason for concentratin
on this transition alone rests on two facts:~i! the statistical
uncertainty is minimal for this transition at all ejected ene
gies;~ii ! being the last occupied state, its intensity will not
contaminated by multiple scattering effects, no matter h
good the deconvolution procedure is.

The experiment measures a quantity that is directly p
portional to the integrated cross section:

( 5E
Dq

d5s

dVedVsdE
d3q.

Assuming the kinematical factorF to be constant within
the volume of the momentum space sampled by the exp
ment (Dq), thep-band peak amplitude is

I p5CFDEE
Dq

rp~q!d3q,

whereC is a suitable normalization constant andDE is the
overall coincidence energy resolution.13 The quantity
I p /FDE was measured for several ejected electron ener
and is plotted in Fig. 3 vs the average momentumq whose
components ofqi andq' are given in Table I. In the same
figure is plotted the theoreticalp-band momentum density
integrated over the range of the experimentalDq:

E
Dq

rp~q!d3q5E
qimin

qimax

dqi E
q'min

q'max

dq'E
0

p/6

duqrp~q!.

Here the integration over the azimuthal angleuq simulates
the rotational disorder of the HOPG sample. The limits
integration overqi and q' are given in Table I for each
ejected electron energy. Thep-band momentum density
rp(q) was calculated using the method described in Ref.

The theoretical integrated momentum density~open
squares! has been normalized to the maximum of the expe
mental distribution~solid circles!. The agreement betwee
theory and experiment is good, except for the point at
lowest momentum value, which corresponds to the low
the
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ejected electron energy. This is not surprising, because
PWIA is certainly a crude approximation for 3.7-eV ele
trons.

In conclusion, the present paper demonstrates that
grazing angle (e,2e) reflection experiments yield a twofold
spectroscopy, binding energy and momentum density,
surfaces of thick crystals. The main assumption upon wh
the data analysis is based is the PWIA. After a suitable s
traction of the multiple-scattering effects, the dispersi
curves of the HOPG valence states have been measured
found to be in good agreement with the calculated ones
fair agreement between the experimental and the calcula
momentum density of thep band is also found. These find
ings are evidence for the capability of the technique to m
sure momentum distributions of selected bands and for
equacy of the reaction model assumed.
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FIG. 3. Measured and theoretical momentum distribution
p-band electrons in graphite~arbitrary units!. Solid circles are ex-
perimental determinations by (e,2e) performed in reflection mode
on HOPG surface. Open squares indicate the theoretical momen
density ~Ref. 18! integrated over the volume of the momentu
space sampled by the experiment. The two distributions are norm
ized to the same maximum value for comparison.
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