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Electron correlation effects in the spectral momentum density of graphite
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The spectral function of an annealed evaporated carbon film was measured using a high-energy~e,2e!
spectrometer. Interpretation of these data was relatively straightforward due to low levels of multiple scatter-
ing. Large lifetime broadening and strong asymmetries were found in the observed line shapes, with tails
extending to large binding energies. A conventional band-structure calculation within the frame of the density
functional theory failed to describe the observed intensity. However it could be described well using a calcu-
lation of the spectral function based on the cumulant expansion to the single-particle Green’s function. Neither
the theory nor the experiment showed indications of well-defined intrinsic plasmon structures.
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The major approximation that made most of our und
standing of solid-state physics possible is the independ
electron approximation. Each electron is moving in an av
age potential formed by the nuclei and the other electro
This assumption leads to the familiar theory ofk-dependent
energies of the Bloch functions~band-structure theory!. This
approach has been very successful in the description of
example, the peak positions in angular resolved photoem
sion experiments.

The fact that this assumption works at all is at first som
what surprising, as the Coulomb energy corresponding to
average electron-electron separation in a solid is of the o
of the bandwidth. However, closer studies have shown
the success of the one-particle theory is due to a large ex
by a cancellation between exchange and correlation.1

It is in principle possible to avoid making the independe
particle approximation. The alternative is to use the Gree
function theory. In this approach, the many-body effects
contained in the self-energy operator which is nonlocal a
energy dependent. Unfortunately, for extended systems
self-energy is rather hard to calculate even for the elec
gas. Approximations must be used and the simplest the
that takes into account screening effects is theGW
approximation.2,3 Numerous calculations on a wide range
real systems have shown the fruitfulness of theGW
approximation.4

The GW approximation is known to give accurate qua
particle energies but its description of satellite structure
not satisfactory. In alkali metals, for example, photoemiss
spectra show the presence of multiple-plasmon satel
whereas theGW approximation yields only one at too larg
energy. This shortcoming of theGW approximation has bee
resolved by introducing vertex corrections in the form of t
cumulant expansion to the Green’s function.5–7 This allowed
the inclusion of multiple plasmon creation. As a result t
calculated peak positions of the plasmon satellites w
found in a much better agreement with the experiment t
those predicted by theGW scheme itself.8,9
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In photoemission experiments one tries to study the c
sequences of the electron-electron interaction by obser
some of its effects on photoemission spectra. These eff
include intrinsic plasmons~see, e.g., Ref. 10!, lifetime broad-
ening ~the imaginary part of the self-energy! ~see, e.g., Ref.
11! and shifts in the peak position~the real part of the self-
energy! ~e.g., Ref. 12!. In principle all these effects are con
tained in the spectral function. However even in the study
the aspects of the spectral function just mentioned, one ha
tread very carefully in distinguishing final and initial sta
effects, multiple-scattering effects and the applicability
the sudden approximation.

Fortunately there is a high-energy approach that is
impeded to the same extent by these problems as low-en
photoemission. In this approach an incoming particle ha
binary collision with a target electron. The kinematics of th
collision is influenced by the binding energy and moment
of the target electron. In its most familiar implementatio
~Compton scattering!, the incoming particle is a high-energ
photon, and its energy is measured after the collision.
only the photon is measured one can, unfortunately, o
resolve directly a projection of the target electro
momentum.13 If the direction of the ejected electron is de
tected in coincidence, one can measure the complete mom
tum density, and the technique is then referred to as (g,eg)
spectroscopy.14 For metals the effects of electron-electro
interactions can then be observed as a reduction to the
continuity in the momentum density nearkf .

15,16 If one re-
places the incoming photon by an electron it becomes p
sible to measure the incoming and outgoing energ
accurately enough to determine, not only the momentum
also the binding energy of the ejected electron. This is
EMS ~electron momentum spectroscopy! experiment, i.e., an
~e,2e! experiment in the high-energy limit.

In the previous paragraph we used for convenience so
single-particle language. For a truly interacting system
cannot talk about the energy and momentum of an individ
electron. Therefore it is more precise to say that in an~e,2e!
measurement the difference in momentum of the incom
©2001 The American Physical Society08-1
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particle and the sum of two outgoing particles is the rec
momentum of the ionized system (q), and the difference of
the kinetic energy of the incoming and the sum of both o
going electrons is the separation energy (e). The measured

FIG. 1. The outline of the spectrometer. The electron gun p
duces 25 keV electrons. The dotted lines indicate the positive h
voltage area~25 keV!. The 50 keV electrons impinge on th
sample. The emerging 25 keV electrons are then detected in c
cidence in the two electrostatic analyzers~at polar angle u
544.3°) that are near ground potential. From each electron
azimuthal anglef1,2 and energyE1,2 are determined from which the
separation energy and the target recoil momentum are determ
03310
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intensity I (e,q) can be directly compared to the spectr
function, provided that the ionizing event was the only inte
action of the incoming and outgoing electrons with t
target.9

The possibility of measuring the dispersion by EMS
well established,17–19 and there have been some promisi
experiments, notably on aluminum,9 of a more quantitative
comparison between these experiments and theory. How
the strong interaction of electrons with matter, which mak
these experiments feasible with electrons, but currently
with photons, also causes multiple scattering, even for
thinnest self-supporting films~.100 Å!. Increasing the en-
ergy of the incoming and outgoing electrons decreases
level of multiple scattering. For this purpose a spectrome
was constructed, using 50 keV incoming electrons, and
tecting outgoing electrons with an energy near 25 keV. N
the thickness of the films can be smaller than the elastic
inelastic mean-free path of the 50 and 25 keV electrons
volved. An outline of the spectrometer, which is described
details elsewhere,20,21 is shown in Fig. 1.

A set of ~e,2e! spectra as a function of momentum for th
evaporated and subsequently annealed carbon film~nomi-
nally 30 Å thick! is shown in Fig. 2. Near zero momentu
there is a strong peak at a binding energy of slightly m
than 20 eV, which disperses slowly to lower binding ener
with increasing momentum. This is thes-band. The smaller
peak that precedes the main component in the momen
range from 0.2 to 0.9 a.u. corresponds to thep-band. The
momentum density as obtained from an LDA calculation

-
h

in-

e

d.
-

he
l

ral
but
x-
ry
n.

ty
on
me
FIG. 2. In the left panel we show the mea
sured~e,2e! spectra~error bars! for selected mo-
mentum intervals as indicated, together with t
LMTO theory convoluted with the experimenta
energy and momentum resolution. In the cent
panel we show the same experimental data,
now compared with the result of a cumulant e
pansion many-body calculation. Again the theo
was broadened with the experimental resolutio
In the right panel we show the same theory~thin
line! but compare it with the measured intensi
after correction for inelastic scattering based
electron energy loss measurements of the sa
film.
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BRIEF REPORTS PHYSICAL REVIEW B 63 033108
ing the linear muffin-tin orbital~LMTO! method, convoluted
with a generous estimate of the experimental resolution~2.0
eV in energy, 0.1 a.u. in momentum!, is plotted as well. The
measured width of the C 1s core level is 1.8 eV. The cal
lations are spherically averaged to account for the polyc
talline nature of the specimen. The spectrum at zero mom
tum was used to scale the maximum height of the theor
that of the experiment. No additional scaling is used for a
of the other spectra.

First let us discuss the peak positions. The calcula
separation of thep ands band is somewhat underestimate
This is probably due to the atomic sphere approximati
used in this LMTO calculation. The very open structure
graphite is not well suited for this approach and indee
full-potential LMTO calculation is known to predict.1 eV
larger separation of thes andp band.22

Second, let us focus on the intensity distribution
Whereas the theory predicts only intensity in narrow regio
corresponding to the momentum-dependent energies of
p- and s-band, the experiment shows significant intens
over a much larger energy range. Moreover the shape o
spectra near the bottom of thes band is asymmetric and
much broader than the experimental resolution. The exc
width near the bottom of the band is not unusual as
lifetime broadening is largest here. The asymmetry indica
that we cannot describe the data by the result of the LM
calculation, convoluted with an empirical or theoretical es
mate of the lifetime broadening.

This inadequacy of the LMTO method is a general pro
lem of the band-structure methods based on the density f
tional theory in the LDA form. Therefore we take an alte
native approach and perform a full many-body calculati
As in our previous work,9 we again employ the cumulan
expansion scheme. The effects of self-consistency within
cumulant expansion have been investigated for a model e
tron gas problem.23 It was found that one iteration was su
ficient to reproduce the correct spectral features, and the
culation for graphite was thus restricted to one iteration
well.

As an input to the cumulant expansion scheme we u
again the output of an LMTO program that uses the ato
sphere approximation. These calculations are computat
ally very intensive, and hence the irreducible wedge of
Brillouin zone was covered by a rather sparse grid~54 points
only!. The spherically averaging was done using a spe
direction scheme, originally developed for FCC crystals24

but adapted for hexagonal structure. Due to the sparsene
the points the averaging was done over five directions o

The results are shown in the central panel of Fig.
Clearly the agreement has improved dramatically. Instea
a sharp peak near zero momentum, as in the LMTO case
now have a broad asymmetric structure just as in the exp
ment extending up to 30 eV below the main quasiparti
peak. No clear structures were found in this tail that could
described as an intrinsic plasmon. The height of thes andp
peaks is now close to that found in the experiment over
whole momentum range. The main discrepancy is at h
binding energies where the intensity of the measurement
ceeds that of the theory. Plasmon excitation by the incom
03310
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or outgoing beams, independent of the~e,2e! event~extrinsic
plasmons!, is the most likely cause of the excess intensity
the experiment.

In order to establish what level of inelastic scattering o
can expect in these experiments we measured an elec
energy loss spectrum~EELS! using only one of the two
analysers of the spectrometer. The incoming beam was tu
to 25 keV. The result is shown in Fig. 3. Roughly a third
the transmitted electrons suffered energy loss in the film

The inelastic processes for the incoming and outgo
electrons is rather similar to those in the energy loss m
surement, so we can use these spectra to estimate quit
curately how the energy loss processes influence the m
sured~e,2e! intensity. To do this we consider the trajectori
of the ’average’ energy loss event and the ‘‘average’’~e,2e!
event. As our detector is at approximately 45° all electro
detected in the EELS experiment have been scattered e
cally. For the average EELS event the elastic scattering
curred halfway across the film, say at 0.5t with t the thick-
ness of the film. The total path length of the trajectory
0.5t10.5t/sin 45°.1.2t. The average~e,2e! event occurs at
0.5t as well. However the probability of plasmon excitatio
by the 50 keV electron is reduced by about a factor of
~Ref. 25! due to its higher energy. Subsequently there
two electrons emerging, each with path length 0.5t/sin 45°.
Thus the total effective path length of this average even
0.5/1.71230.5t/sin 45°.1.7t, i.e., about 40% larger than
in the EELS case.

The EELS spectrum was fitted, as shown in Fig. 3. T
extrinsic loss structure of the~e,2e! event was assumed to b
1.43 higher than that of the EELS measurement, and
corresponding intensity was deconvoluted from the EM
spectra.26 The results are shown in the right panel of Fig.
The agreement with the cumulant expansion calculation
surprisingly good.

Above we deconvoluted the experimental data for inel

FIG. 3. The energy loss spectrum for 25 keV electrons obtai
using one of the two~e,2e! analyzers at the same spot as the act
coincidence measurement. The thick line is a ‘‘fit’’ of the ener
loss structure used in the deconvolution procedure as describe
the text.
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BRIEF REPORTS PHYSICAL REVIEW B 63 033108
tic scattering effects. In principle we can also simulate th
effects, as well as elastic scattering effects, using Mo
Carlo simulations, which take the theoretical spectral fu
tion as input.27 Good agreement can be obtained, but one
to assume the thickness of the film to be considerably la
than the nominal thickness of the film. This applies both
the simulation of the EELS results and the EMS results.
ternatively one has to use a much smaller mean-free
than those quoted in the literature~e.g., Ref. 25!.

It is very instructive to compare the result of the LD
theory with those of the cumulant expansion. The peak
sitions remain virtually constant but in the latter case ther
a large intensity away from these peak positions. Thus du
electron-electron correlation the final state can have an
ergy over a large range~up to 20 eV wide!, however the
energy at which the maximum occurs is very close to
energy given by a simple band-structure calculations. T
for a more quantitative analysis of spectra, which does
e-

H
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restrict itself to the peak positions, calculations beyo
mean-field theories required. These results are thus a
forward in our program to establish EMS as a tool for tru
quantitative studies of the electronic structure of materia
Next we plan to study single-crystal graphite. A comparis
with single crystals would avoid the spherical averaging s
necessary for polycrystalline samples, and hence will p
vide an even more critical test of theory. As a number
approximations are made in the presently employed cu
lant expansion theory, such a test is particularly desirabl

This spectrometer could not have been built without
skilled support provided by the technical services of the R
search School of Physical Sciences and Engineering. We
knowledge Professor H. Bross for communicating the Gau
ian grid for the spherical integration. M.V. was supported
the Australian Research Council and F.A. acknowledges s
port from NEDO.
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