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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 usinge(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 ther and 7 bands in graphite. Good agreement between the calculated density and the
measured one is found, further establishing the fact tb@ej spectroscopy yields more direct and complete
information on the valence electronic structure than any other mefB86d63-182807)04627-4

A large number of important physical properties of mate- 4
rials can be derived from one’s knowledge of the electron p(e,q)=2 [cl|28(e —Ej) 61 6,q- 3
wave function. Therefore a major aim of physics is to obtain 1G
the most direct information about the wave function of elec-It is the most complete description of the electron distribu-
trons in atoms, molecules, and solids,2e) spectroscopy, tion in solids available. More generally, in a real solid, where
also called electron-momentum spectroscOpyS), claims  correlation effects may be important, the independent-
to do so for occupied states. In the independent-particle apparticle orbital in Egs.(1)—(3) has to be replaced by the
proximation these measurements can be interpreted in termgiasiparticle orbital and thee(2e) cross section becomes
of the magnitudes of the momentum space energy-resolvesknsitive to correlation effectsThis spectroscopy has been

orbitals. successfully applied to atoms and molecdlesid to a more
In a crystal we can write the electron wave function, inlimited extent to solid$:2
terms of Bloch functions: Other techniques measure quantities derived from the

energy-momentum density. In particulary,&y) spectros-
o _ copy measures théenergy-integrateédmomentum densit§.
Pik(r)= > clkeicreiker, (1) In Compton scattering experiments the momentum density is
G integrated over energy but in addition, one measures only the
projection of the momentum along the scattering vetiee,
wherek is the crystal momentunts the reciprocal lattice e.g., Ref. 5. On the other hand, photoemission experiments
vector. For eaclk value there are different Bloch functions, measure for single crystal# one avoids problems with re-
labeled by a band indek with generally different energies fraction of electrons at the surfacéhe energy difference
Ej«. For the first band the largest value |of¥| will be for  between different states with equal crystal momentum, from
k+ G in the first Brillouin zongBZ), for the second band for which the energy-momentum density itself cannot be in-
k+ G in the second BZ, etc. The momentum space represerierred. In other words, photoemission determifgih great
tation of ¢;,(r) is simply given by accuracy the energy-dispersion relation betweenand k,
but cannot provide a direct experimental estimate of the
magnitude of the momentum space representation of the
¢jk(q)=2 ChSicq- (20  wave function, even for a crystal. In photoemission one can
G calculate approximately the expected photoelectron intensity
from a model of the initial and final state wave function. For
In these €,2e) experiments a well-collimated beam of ener- graphite this was done recently by Nishimabal® who
getic electrons£20.8 keV in the present stuglimpinges on  found qualitative agreement between the measured intensity
an extremely thin € 150 A) target. A fraction of the incom- of the 7 band and the intensity calculated using a tight bind-
ing electrons transfers a large amount of energy to a targeétg model. As well as being able to measure energy-
electron in a binary collision. If one determines the energymomentum dispersion in ordered as well as disordered ma-
and the momentum of the scattered and ejected electnons terials we want to show here that EMS reveals other
coincidenceone can infer the binding energyand momen- important physical properties, specifically the energy-
tum q of the target electrorbefore the collision from the resolved magnitude of the wave function in momentum rep-
conservation laws. The intensity measured in an ideafesentation.
(e,2e) experiment(without multiple scatteringis propor- There are two main reasons whg,2e) spectroscopy, de-
tional to the energy-resolved electron momentum density spite its enormous potential, has not been a widely used
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(0) trons. If multiple scattering occurs we infer from the conser-
T 6 cone vation laws the wrong values of or g. Even for the ex-

tremely thin films used here={ 150 A) it causesp(e,q) to

be superimposed on a smooth background. At these high

kinetic energies the transport of electrons in solids is quite

well understood and multiple-scattering effects can be

readily modeled?

The experimental setup used in the present study is illus-
trated in Fig. 1. In order to reduce the data acquisition time
we use two electron analyzers that both measure simulta-
neously a range of energies and momenta. By choosing the
incoming and outgoing energies carefully, in combination
with the appropriate scattering angles of the slow and fast
electrons, we can ensure that if the incident and outgoing
electrons are all in the same plane thgp ps+ps, i.€., the
target electron momentuip= 0. Here label®, s, f indicate
the incident and the slow and the fast outgoing electrons,
respectively. If the electrons are not all in the same plane
thenq is directed approximately along the vertical direction
(also chosen as thg direction. This detector position is
referred to as the standard position. By moving the slow
electron detector forward or backward we can measure elec-
trons withqg vectors that have components perpendicular to
the vertical direction. As a check of the geometry we ascer-
tain that if we move the slow electron detector forward or
backward by the same amount we measure a distribution that
varies symmetrically around this standard position.
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FIG. 1. In (@) we show the range of angldse., momenta The thin sinal | fil df |
measured simultaneously by our analyzers of the fasind slow e thin single-crystal films were prepared from natura

(s) electrons. In(b) we show that for the standard position of the graphite(from Ticonderoga, NY by cleaving and then fur-

slow analyzer, if all three vectors are in the same planeher t{wzinning.by exposure fo a low-energy Ag(lasma
Po=Ps+ Py, i.€., coincidences under these conditions correspond tpeam.= The final free-standing membrane was annealed to

g=0 (solid arrows. If all three electrons are not in the same plane desorb any adsorbed oxygen. The sample could be rotated
the corresponding vector would be directed approximately along around the direction normal to thiorizonta) surface. In
they axis. Rotation of the slow electron detector introduces a smalthis way we can choose the orientation of the line along
additional vectorAk, oriented in thex-z plane(dotted arrows In -~ which we measure the momentum densities relative to the
(c) we show that in the standard position the range efilues we  crystal axes. This orientation was determined by transmis-
can access is along a line throufjh After the rotation of the slow sion electron diffraction. €,2e) measurements were made
electron analyzer this line has shifted away frénoy Aks. In(d)  with the crystal oriented in such a way that either Fr& or
we show the thin film and the incoming and outgoing trajectoriesthe I"-M directions were made verticéle., along they di-
Due to the small mean free path of the slow electron most informarection). Unfortunately we could only get to within 5° of the
tion is obtained from the hatched part of the crystal. I'-M direction, due to mechanical constraints. In the remain-
der of this paper we shall refer to this orientation simply as
spectroscopic tool. In the first place it is a coincidence techI’-M, but the calculations were carried out including this
nique, and therefore the data accumulation is very slow. Th8° offset.
first measurements of the valence band of solids had poor In total we measured spectra along 20 different lines in
statistics and limited energy and momentum resoluffon. momentum space. Each measurement took 2—4 days. There
These problems were overcome to a great extent by the useas no sign of deterioration of the crystal during all of these
of two-dimensional detectotsand the use of a monochroma- measurements. Some of our results are shown as gray-scale
tized electron beartf With these improvements we can plots in Fig. 2. Here we present measurements alaenthe
measure the energy-momentum density along a certain md--M direction, (b) the I'-K direction, and(c) along a line
mentum direction in about two days with an energy resolu{parallel to thel’-K direction, but displaced by 0.55 a.u. along
tion of 0.9 eV and a momentum resolution of 0.10 &ere  theI'-M direction and 0.41 a.u. along tleeaxis (I'-A direc-
and throughout we use the atomic units of momentum 1 a.uion, also chosen as the direction. The total momentum
= 1.89 A1 by settingZz = 1, and thereby equating mo- range over which information is obtained extends from ap-
menta and wave numberur results extend the low reso- proximately—3 a.u. to 3 a.u. The energy is expressed rela-
lution and poor statistics measurements of @hal.® and tive to the vacuum level, the natural reference point in this
make a much more complete comparison between experiype of experiment. The separation of the vacuum level and
ment and theory feasible. the Fermi level for this spectrometer is not clearly evident in
The second problem is the multiple scattering, both elastithe graphite spectra as it is a semimetal. From other measure-
and inelastic, suffered by the incident and outgoing elecients this separation is known to be at 6.5 eV.
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FIG. 2. The measured intensity as a function of binding energy and momaemgyuar three different measurement geometries. Also
shown are the results of LMTO calculations convoluted with 2 eV energy resolution and a momentum resolution of 0.1 a.u. The momentum
space directions are indicated on the Brillouin zone schemes in two projections to highlight bqil tle&dq,, momentum components.

A qualitative analysis of the experimental results can besnergy than the maximum in cags. Also the momentum
performed using theoretical electron momentum densities adlensity, although decreasing, extends beyond this point, and
graphite calculated along several high symmetry directiongndeed the band can be seen to turn over on the experimental
by Kheifets and Vo2 In general, graphite has four popu- momentum density plot. The spectrum at tie point we
lated bands, threer and onew. However, the number of have measured in tHe-K direction is not equivalent, neither
bands populated, can be reduced due to the symmetry in binding energy nor in intensity, to the spectrum measured
some directions. For example, in the first two ca&@sand  at M in the I'-M direction. This is so because the baimgl
(b) we do not expect any intensity from theband, as itis  rather thansy,0,, is populated. Thus using(2e) spectros-
derived from C  orbitals that have a node @t=0. Indeed copy we can determine the electronic structure in the ex-
we observe only one parabola, corresponding to the lowestnded zone scheme.
bando;. Along thel'-M direction[Fig. 2(a)] this band dis- In case(c) we have a nonzerq,=0.41 a.u. So we expect
perses upwards and crosses the first BZ boundagy=d1.8  the 7 band to be populated. And indeed we observe the two
a.u. In the second BZ the band, is populated. The minor parabolas, one associated with theband and one with the
splitting betweervr; ando, of =1 eV is not resolved. The ¢ band[Fig. 2(c)]. In this measurement we measure along a
band o, continues dispersing upwards until it reaches theine that does not contain zero momentum and hence the
maximum atq==1.6 which corresponds to tHé point in the = measured bottom of the band has moved up considerably
second BZ. Beyond this point the band turns over. Howeverin energy.
the occupation of the band decreases quickly at this momen- All these effects are nicely reproduced in the theory,
tum value. Hence we do not observe any intensity beyondhown as well in this figure. We have calculated the momen-
the maximum. tum space magnitude of the orbitals using a linear muffin-tin

Case(b) is somewhat more interesting. Along tfieK orbital (LMTO) model® and convoluted this wit a 2 eV
direction[Fig. 2(b)] the o4 band disperses up and reaches theenergy broadening and 0.1 a.u. momentum broadening. This
BZ boundary at slightly larger momentung+£0.9 a.u).  energy broadening is more than the experimental determined
Here the population switches fromy to o3, as we enter the width of the C & level (0.9 eV as determined by this spec-
third BZ. The band gap & is larger than aM and can be trometer and hence the energy resolution of the spectrom-
distinguished as a “kink” in the measured intensity. Con- ete), and mimics the average lifetime broadening of the va-
tinuing along the same direction in the third BZ the bandlence band orbitals as well.

o3 reaches a maximum at the polt at a momentum value The theoretical plot in Fig. 2 has more contrast than the
of =1.3 a.u. This maximum is observed at a smaller bindingneasurement. This is due to multiple-scattering effects in the
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measurement. By this we mean that some of the coincidenamomentum densities of a single crystgraphite with suf-
events have deflections and/or energy loss associated wiffgient accuracy to make a detailed comparison with theory.
them, due to mechanisms other than teg¢) event itself. The different crystal directions were clearly distinguished.
In principle these effects can be simulated quite well byThe node of ther band in thep,=0 plane is clearly identi-
Monte Carlo calculation&: Here we present only the raw fied. These energy-momentum densities resemble closely the
data since a semiquantitative comparison is straight forwarg@gnitude of the orbitals in momentum space. In this way
in all cases because there is a clear relation, both in energye get a very clear picture of the anisotropic nature of the
dispersion and intensity, between the measurement and t éb'tals in graphite.

magnitude of the calculated orbitals in momentum space. This research was funded by a grant of the Australian
In conclusion, it was possible to measure the energyResearch Council.
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