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Energy-momentum density of graphite by„e,2e… spectroscopy
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The energy-resolved electron momentum density of graphite has been measured along a series of well-
defined directions using (e,2e) spectroscopy. This is the first measurement of this kind, to our knowledge,
performed on a single-crystal target with a thoroughly controlled orientation which clearly demonstrates the
different nature of thes andp bands in graphite. Good agreement between the calculated density and the
measured one is found, further establishing the fact that (e,2e) spectroscopy yields more direct and complete
information on the valence electronic structure than any other method.@S0163-1829~97!04627-4#
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A large number of important physical properties of ma
rials can be derived from one’s knowledge of the elect
wave function. Therefore a major aim of physics is to obt
the most direct information about the wave function of ele
trons in atoms, molecules, and solids. (e,2e) spectroscopy,
also called electron-momentum spectroscopy~EMS!, claims
to do so for occupied states. In the independent-particle
proximation these measurements can be interpreted in te
of the magnitudes of the momentum space energy-reso
orbitals.

In a crystal we can write the electron wave function,
terms of Bloch functions:

c jk„r )5(
G

cG
jkeiG•reik•r, ~1!

wherek is the crystal momentum,G the reciprocal lattice
vector. For eachk value there are different Bloch function
labeled by a band indexj with generally different energie
Ejk . For the first band the largest value ofucG

jku will be for
k1G in the first Brillouin zone~BZ!, for the second band fo
k1G in the second BZ, etc. The momentum space repre
tation ofc jk„r ) is simply given by

f jk„q)5(
G

cG
jkdk1G,q . ~2!

In these (e,2e) experiments a well-collimated beam of ene
getic electrons (.20.8 keV in the present study! impinges on
an extremely thin (< 150 Å! target. A fraction of the incom-
ing electrons transfers a large amount of energy to a ta
electron in a binary collision. If one determines the ene
and the momentum of the scattered and ejected electronin
coincidenceone can infer the binding energy« and momen-
tum q of the target electronbefore the collision from the
conservation laws. The intensity measured in an id
(e,2e) experiment~without multiple scattering! is propor-
tional to the energy-resolved electron momentum density
560163-1829/97/56~3!/963~4!/$10.00
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It is the most complete description of the electron distrib
tion in solids available. More generally, in a real solid, whe
correlation effects may be important, the independe
particle orbital in Eqs.~1!–~3! has to be replaced by th
quasiparticle orbital and the (e,2e) cross section become
sensitive to correlation effects.1 This spectroscopy has bee
successfully applied to atoms and molecules,1 and to a more
limited extent to solids.2,3

Other techniques measure quantities derived from
energy-momentum density. In particular, (g,eg) spectros-
copy measures the~energy-integrated! momentum density.4

In Compton scattering experiments the momentum densit
integrated over energy but in addition, one measures only
projection of the momentum along the scattering vector~see,
e.g., Ref. 5!. On the other hand, photoemission experime
measure for single crystals~if one avoids problems with re
fraction of electrons at the surface! the energy difference
between different states with equal crystal momentum, fr
which the energy-momentum density itself cannot be
ferred. In other words, photoemission determines~with great
accuracy! the energy-dispersion relation between« and k,
but cannot provide a direct experimental estimate of
magnitude of the momentum space representation of
wave function, even for a crystal. In photoemission one c
calculate approximately the expected photoelectron inten
from a model of the initial and final state wave function. F
graphite this was done recently by Nishimotoet al.6 who
found qualitative agreement between the measured inten
of thep band and the intensity calculated using a tight bin
ing model. As well as being able to measure ener
momentum dispersion in ordered as well as disordered
terials we want to show here that EMS reveals oth
important physical properties, specifically the energ
resolved magnitude of the wave function in momentum r
resentation.

There are two main reasons why (e,2e) spectroscopy, de-
spite its enormous potential, has not been a widely u
963 © 1997 The American Physical Society



ch
h
o
.
u
-
n
m
lu

a.
-
-

e

st
ec

er-

igh
ite
be

lus-
me
lta-
the
on
fast
ing

ns,
ne
n

ow
lec-
to
er-
or
that

ral

to
ated

ng
the
is-
e

e
in-
as
is

in
here
se
scale

g

p-
la-
his
nd
in
ure-

e
ne
d
ne
g
a

es
a

964 56BRIEF REPORTS
spectroscopic tool. In the first place it is a coincidence te
nique, and therefore the data accumulation is very slow. T
first measurements of the valence band of solids had p
statistics and limited energy and momentum resolution7,8

These problems were overcome to a great extent by the
of two-dimensional detectors9 and the use of a monochroma
tized electron beam.10 With these improvements we ca
measure the energy-momentum density along a certain
mentum direction in about two days with an energy reso
tion of 0.9 eV and a momentum resolution of 0.10 a.u.~Here
and throughout we use the atomic units of momentum 1
5 1.89 Å21 by setting\ 5 1, and thereby equating mo
menta and wave numbers.! Our results extend the low reso
lution and poor statistics measurements of Gaoet al.,8 and
make a much more complete comparison between exp
ment and theory feasible.

The second problem is the multiple scattering, both ela
and inelastic, suffered by the incident and outgoing el

FIG. 1. In ~a! we show the range of angles~i.e., momenta!
measured simultaneously by our analyzers of the fast~f! and slow
~s! electrons. In~b! we show that for the standard position of th
slow analyzer, if all three vectors are in the same pla
po5ps1p f , i.e., coincidences under these conditions correspon
q50 ~solid arrows!. If all three electrons are not in the same pla
the correspondingq vector would be directed approximately alon
they axis. Rotation of the slow electron detector introduces a sm
additional vectorDks , oriented in thex-z plane~dotted arrows!. In
~c! we show that in the standard position the range ofq values we
can access is along a line throughG. After the rotation of the slow
electron analyzer this line has shifted away fromG by Dks . In ~d!
we show the thin film and the incoming and outgoing trajectori
Due to the small mean free path of the slow electron most inform
tion is obtained from the hatched part of the crystal.
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trons. If multiple scattering occurs we infer from the cons
vation laws the wrong values of« or q. Even for the ex-
tremely thin films used here (. 150 Å! it causesr(«,q) to
be superimposed on a smooth background. At these h
kinetic energies the transport of electrons in solids is qu
well understood and multiple-scattering effects can
readily modeled.11

The experimental setup used in the present study is il
trated in Fig. 1. In order to reduce the data acquisition ti
we use two electron analyzers that both measure simu
neously a range of energies and momenta. By choosing
incoming and outgoing energies carefully, in combinati
with the appropriate scattering angles of the slow and
electrons, we can ensure that if the incident and outgo
electrons are all in the same plane thenpo5ps1p f , i.e., the
target electron momentumq50. Here labelso, s, f indicate
the incident and the slow and the fast outgoing electro
respectively. If the electrons are not all in the same pla
thenq is directed approximately along the vertical directio
~also chosen as they direction!. This detector position is
referred to as the standard position. By moving the sl
electron detector forward or backward we can measure e
trons withq vectors that have components perpendicular
the vertical direction. As a check of the geometry we asc
tain that if we move the slow electron detector forward
backward by the same amount we measure a distribution
varies symmetrically around this standard position.

The thin single-crystal films were prepared from natu
graphite~from Ticonderoga, NY! by cleaving and then fur-
ther thinning by exposure to a low-energy Ar/O2 plasma
beam.12 The final free-standing membrane was annealed
desorb any adsorbed oxygen. The sample could be rot
around the direction normal to the~horizontal! surface. In
this way we can choose the orientation of the line alo
which we measure the momentum densities relative to
crystal axes. This orientation was determined by transm
sion electron diffraction. (e,2e) measurements were mad
with the crystal oriented in such a way that either theG-K or
theG-M directions were made vertical~i.e., along they di-
rection!. Unfortunately we could only get to within 5° of th
G-M direction, due to mechanical constraints. In the rema
der of this paper we shall refer to this orientation simply
G-M , but the calculations were carried out including th
5° offset.

In total we measured spectra along 20 different lines
momentum space. Each measurement took 2–4 days. T
was no sign of deterioration of the crystal during all of the
measurements. Some of our results are shown as gray-
plots in Fig. 2. Here we present measurements along~a! the
G-M direction, ~b! the G-K direction, and~c! along a line
parallel to theG-K direction, but displaced by 0.55 a.u. alon
theG-M direction and 0.41 a.u. along thec axis (G-A direc-
tion, also chosen as thez direction!. The total momentum
range over which information is obtained extends from a
proximately23 a.u. to 3 a.u. The energy is expressed re
tive to the vacuum level, the natural reference point in t
type of experiment. The separation of the vacuum level a
the Fermi level for this spectrometer is not clearly evident
the graphite spectra as it is a semimetal. From other meas
ments this separation is known to be at 560.5 eV.
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FIG. 2. The measured intensity as a function of binding energy and momentumqy for three different measurement geometries. Al
shown are the results of LMTO calculations convoluted with 2 eV energy resolution and a momentum resolution of 0.1 a.u. The mo
space directions are indicated on the Brillouin zone schemes in two projections to highlight both theqxy , andqxz momentum components
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A qualitative analysis of the experimental results can
performed using theoretical electron momentum densitie
graphite calculated along several high symmetry directi
by Kheifets and Vos.13 In general, graphite has four popu
lated bands, threes and onep. However, the number o
bands populated, can be reduced due to the symmetr
some directions. For example, in the first two cases~a! and
~b! we do not expect any intensity from thep band, as it is
derived from C 2p orbitals that have a node atqz50. Indeed
we observe only one parabola, corresponding to the low
bands1. Along theG-M direction @Fig. 2~a!# this band dis-
perses upwards and crosses the first BZ boundary atq.0.8
a.u. In the second BZ the bands2 is populated. The minor
splitting betweens1 ands2 of .1 eV is not resolved. The
bands2 continues dispersing upwards until it reaches
maximum atq.1.6 which corresponds to theG point in the
second BZ. Beyond this point the band turns over. Howev
the occupation of the band decreases quickly at this mom
tum value. Hence we do not observe any intensity bey
the maximum.

Case~b! is somewhat more interesting. Along theG-K
direction@Fig. 2~b!# thes1 band disperses up and reaches
BZ boundary at slightly larger momentum (q.0.9 a.u.!.
Here the population switches froms1 to s3, as we enter the
third BZ. The band gap atK is larger than atM and can be
distinguished as a ‘‘kink’’ in the measured intensity. Co
tinuing along the same direction in the third BZ the ba
s3 reaches a maximum at the pointM at a momentum value
of .1.3 a.u. This maximum is observed at a smaller bind
e
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energy than the maximum in case~a!. Also the momentum
density, although decreasing, extends beyond this point,
indeed the band can be seen to turn over on the experime
momentum density plot. The spectrum at theM point we
have measured in theG-K direction is not equivalent, neithe
in binding energy nor in intensity, to the spectrum measu
at M in theG-M direction. This is so because the bands3,
rather thans1,s2, is populated. Thus using (e,2e) spectros-
copy we can determine the electronic structure in the
tended zone scheme.

In case~c! we have a nonzeroqz50.41 a.u. So we expec
thep band to be populated. And indeed we observe the
parabolas, one associated with thep band and one with the
s band@Fig. 2~c!#. In this measurement we measure along
line that does not contain zero momentum and hence
measured bottom of thes band has moved up considerab
in energy.

All these effects are nicely reproduced in the theo
shown as well in this figure. We have calculated the mom
tum space magnitude of the orbitals using a linear muffin
orbital ~LMTO! model13 and convoluted this with a 2 eV
energy broadening and 0.1 a.u. momentum broadening.
energy broadening is more than the experimental determ
width of the C 1s level ~0.9 eV as determined by this spe
trometer and hence the energy resolution of the spectr
eter!, and mimics the average lifetime broadening of the v
lence band orbitals as well.

The theoretical plot in Fig. 2 has more contrast than
measurement. This is due to multiple-scattering effects in
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measurement. By this we mean that some of the coincide
events have deflections and/or energy loss associated
them, due to mechanisms other than the (e,2e) event itself.
In principle these effects can be simulated quite well
Monte Carlo calculations.11 Here we present only the raw
data since a semiquantitative comparison is straight forw
in all cases because there is a clear relation, both in en
dispersion and intensity, between the measurement and
magnitude of the calculated orbitals in momentum space

In conclusion, it was possible to measure the ener
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momentum densities of a single crystal~graphite! with suf-
ficient accuracy to make a detailed comparison with theo
The different crystal directions were clearly distinguishe
The node of thep band in thepz50 plane is clearly identi-
fied. These energy-momentum densities resemble closely
magnitude of the orbitals in momentum space. In this w
we get a very clear picture of the anisotropic nature of
orbitals in graphite.
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