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Electron-momentum spectroscopy of fullerene
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The energy-resolved electron-momentum density of fullerene has been measured. Clear differences are
found from the energy-momentum densities of either diamond or graphite. The energy-momentum density of
fullerene can be described as being composedmband and a splitr band. The observed spectral momen-
tum densities are compared to the calculated orbitals ofg@®@lecule in momentum space. Good agreement
is found. A simple classification of the orbitals is proposed that explains elegantly the calculated and observed
structures. The splitting of the band can be interpreted as a consequence of the curvature of the carbon
network forming the fullerene moleculES0163-182¢07)01927-9

[. INTRODUCTION bonds, we expect that within the limited energy resolution of
the present EMS studies=(0.9 e\) the measured spectral
Carbon is an element that can form solids with an exdmomentum densities will be well described as the sum of the
tremely wide range of properties. The graphite and diamon@pectral momentum densities of independent molecules. In-
forms have been studied for a long time. These represent tt¢eed calculated dispersion of the energy band associated
prototypical example of how two solids, made from the sameWith the highest occupied molecular orbitdlOMO) in a
element, can have completely different properties. Somewhdtso solid is of the order of 0.5-0.8 eV. Further the fullerene
more recent is the study of its amorphous forms. Dependingtolecules will be randomly oriented in our room-
on its preparation one can have again solids with propertieemperature experiment, so our intensity will be proportional
ranging from diamondlike to graphitelikeMore recently to the spherically averaged spectral momentum density of a
carbon was discovered to occur in other forms, firstlyCeo Molecule. Since & is a highly spherical molecule this
fullerene, a large, highly symmetrical molecule. For a reviewangular averaging affects the measurement only in a minor
of many of its properties see Dresselh@usl? way.
The different properties are a consequence of the different
geometrical structure, that lead to different forms of bonding Il. ELECTRON-MOMENTUM SPECTROSCOPY
between the valence electrons. A very direct way of observ-
ing the valence electron structure is electron-momentum If a beam of high-energy electrons strikes a target, some
spectroscopy(EMS) [also called €,2e) spectroscoply It  of these electrons will scatter from target electrons. For ion-
measures the spectral momentum density of occupied statézing collisions the energy and momentum transferred by the
i.e., the probability that an electron with binding energy impinging electron ejects a target electron. EMS ey2¢)
has momentung. It has been used to study a wide variety of spectroscopy, as described here, involves collisions with
carbon films, from well-ordered single crystal grapHite, large momentum transfer which allows us to describe the
highly oriented pyrolitic graphitkto highly disordered forms  collision between impinging and target electrons dsnary
of diamondlik€ and graphitic amorphous carbch#n this  collision.’
paper we extend these studies to films of fullerig®lid The labelp will denote electron momenta as determined
Ceo)- outside a molecule or crystal andhe real momentum of the
Fullerite is closer to graphite than diamond. Each carborelectron to be ejected in the molecule or crystal immediately
atom in G is bonded to three other carbon atoms by twobeforethe scattering event. The scattered and ejected elec-
types of bonds with lengths 1.45 A and 1.40 A. In graphitetrons are detecteith coincidenceand analyzed for their en-
each atom is bonded to its three neighbdsnd length 1.42 ergies and momentaE¢ and pg for the slower of the two
A). The shortest distance between atoms of different molelectronsE; andp; for the faster ong
ecules in fullerite is slightly less than the interplanar distance Comparing the momenta and energies of the scattered and
in graphite(3.18 A versus 3.45 A In diamond, however, ejected electrons with the momentysy and energyE, of
each carbon atom is bonded to four neighbors, with a largethe incident electron yields the magnitudes of the momentum
bond length of 1.54 A. and binding energy of the ejected electioeforethe colli-
As the fullerene molecules form only weak intramolecularsion. We thus determine the binding energys
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FIG. 1. Schematic representation of the geom-
etry of the €,2e) experiments. In(a) we show
the range of azimuthal angles measured an@)in
the sample orientation with respect to all three
q:mpﬂw electron beams. Most structural information is
' ““""\ \ obtained from the shaded area of the sample since
the slow electron has the smallest mean free path.
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e=Ey,—Es—E;. (1)  with the sum extending over all the orbitals in the energy
window involved as a consequence of the finite energy reso-
At sufficiently high energies the incoming and outgoing elec-lution. Unfortunately, for experiments on solids a significant
trons can be treated as plane waves and the momentum of thraction of the €,2e) events suffer from multiple scattering.

target electron before the collision is given by Inelastic scatteringmainly plasmon creatigrcauses the ex-
citation energy to be added to the binding energy inferred
g=ps+Pi—Po- (20  from Eq.(1). Elastic scattering from the atomic cores causes

an additional transfer in momentum, and hence the value of

A Complete description of the kinematics of each ioniZingq as inferred from Eq(Z) is not exacﬂy equa| to the momen-
event is thus obtained. Moreover for high energies of theum of the target electron. Nevertheless we can clearly ob-
incoming and outgoing particles the measured intensity iserve the “clean” eventsi.e., those without multiple scat-
proportional to the energy-momentum density. If we resolveering) as well defined features on a smooth background due
a molecular level with energy we can associate the mea- to events with multiple scattering. For a quantitative analysis
sured intensityl (¢,q) directly with |$,(q)|?, the squared of multiple scattering see Ref. 9.
modulus of the electron orbital in momentum space. If the |n these measurements we evaporate a thjjfin onto
different orbitals are not resolved then we call the measureg 50 A free-standing amorphous carbon substrate. Due to the
quantity the spectrdbr energy} momentum density. This is  small mean free path of the slow outgoing electron we ex-
equal to the sum of the intensity of all the orbitals involvedpect to get almost exclusively information on the surface
per unit energy. This direct relation between the measureghyer facing the slow electron detectthe shaded area in
intensity and the orbital in momentum space is an outstandrig. 1(b)], in this case the & film. After the evaporation the
ing property of the €,2e) technique and for this reason it is sample was transferred under vacuum into the spectrometer.
often referred to as electron momentum spectroscopy. In both the preparation chamber and the spectrometer the

We choose atomic unit&.u) settingZi=1, and thereby pressure was in the low 10 torr range.
equating momenta and wave numbé@ne a.u. as a unit of  This sample preparation procedure has worked well in the
length corresponds to 0.529 A, 1 a.u. of momentum correpast for amorphous silicon fil& and aluminum filmg?
sponds to 1.89 A') In the present spectrometer the mo- However, if the amorphous carbon fim is not homoge-
mentum resolution is 0.1 a.u. and the energy resolution igeously covered by theggfilm it will also contribute to the
approximately 1 eV. spectra. Justification of the data is somewhat less straight

The experimental configuration of oug,@e) spectrom-  forward in the present case than usual, as all elements in-
eter is shown in Fig. 1. Achieving sufficient momentum andvolved are carbon. However, as we will see, there are strong
energy resolution requires a well-collimated monoenergeti¢eatures in the experimental spectra not seen in amorphous
electron beam impinging on a target. The incoming electrorzarbon, and these peaks are separated in energy in the same
beam has an energy 6£20.8 keV. The two detectors are way as the peaks in the photoemission spectra gf Thus
positioned at polar angles of 14fast electron detectpand  we are confident that the spectra are at least dominated by
75.6° (slow electron detectpmwith respect to the incoming the contributions of .
beam. The energies of the detected electrons=8.6 keV
and=1.2 keV, respectively. Both detectors accept electrons
emerging from the target over part of a cone around the IIl. CALCULATIONS

|nC|denbt pearrioq)lrfectlﬂrqsfee F'lg' L thde a2|mug1°alf angular Calculations of molecular orbitals were done for isolated
r?nge 6'295 d t%rt N astdi_ectr(?[rr: etectoi;,th or the tCGO molecule. In order to compute the molecular orbitals
slow ong.” Under these conditions the sum of the momenta, i we used a density functional theory method as imple-

of the slow and fast electron equals the momentum of th ented in the DGauss progrdfi® DGauss is a part of

incoming one, if all three electron trajectoriéke incoming UniChem a suite of computational quantum chemistry pro-

and the two outgoing ongsre in the same plane. If this is grams from Cray Research, In(presently maintained by
not the case then the momentum deficas calculated from Oxford Moleculay.**

Eq. (2) is directed approximately along theaxis.
Thus, if multiple scattering effects are neglected, one Ca'fSu
associate the measured intensity with

The TZ94 basis set was used at fixed geometry to com-
te molecular orbitals for all 120 electronic valence states.
The computation was performed at the local density approxi-
mation (LDA) level which included Vosko-Wilk-Nusair lo-
I(e,q)=2 |¢s(0qu0)|2, cal potential. The nonlocal_exchangeicorrelation was com-
e puted after LDA self-consistently using the Becke-Stoll-
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Ceo Angular Cso Angular the shape of the orbitals with decreasing binding energy.
oorbitals  momentum m orbitals __ mementm There is one group evolving from an orbital with a binding

s | - 5 4 4 energy of 25.1 eV and maximum density at zero momentum
NN to an orbital with a binding energy of 9.2 eV with a maxi-
A NG I mum intensity at 1.6 a.u. There are in total 180 electrons
= 4 accommodated in this group. The other group extends from
_/\vx -~ Tes 12.7 eV binding energy to 6.25 eV binding energy. Again the

Binding Energy (eV)
~
~

densities peak at higher momenta with decreasing binding
- 1=2 energy, but now there is a peculiar double-peaked structure
L e in each of these densities. There are in total 60 electrons
6 05 1 15 2 2570 accommodated in the second group.
momentum (a.u.) For graphite we can distinguish between two bands with
different symmetries. The band is formed from the 2and
2p, and 2p, atomic orbital{thex andy directions are in the
donmanacy plane of the graphite and thes band is formed by the
2p, electrons. The latter is antisymmetric relative to the gra-
phitic plane. In G this division cannot be made exactly, due

Binding Energy (eV)

five-fold

~ .~ tourtold to the curvature of the carbon network, but there is one set of
orbitals that changes sign at an approximate sphere with a
""""""" three-fold radius of about 3.55 A. These orbitals are in many ways

equivalent to ther electrons in graphite, but have soroe
character mixed in as welf. Thus in a G, molecule the first
group containing 180 electrons are similar to therbitals

in graphite and the second group of 60 electrons resemble
the 7 electrons.

FIG. 2. The calculated spherical average of the momentum den- 'I_'he maximurm momentum density seems to decrease with
sities of each orbital in g. In (a) we show the shape of the orbitals orbitals which pea_k at larger values qf However th.e num-
with o character, inb) for those withw character. All orbitals are ber .Of electrong with momenta betwegrandq+Aq is pro-
shifted vertically by an amount proportional to the binding energy.pc_)rtIonal to 4% Our spectromgter only accepts_ elec_:tror]s
The different degeneracies are indicated by different line types. With @ momentum value approximately on a straight line in
momentum space. Hence it emphasizes the low momentum
part of the wave function in the same way as these calcula-
tions.

----- - single

momentum (a.u.)

Pavlidou-Preuss correctidfi. The molecular coordinates at
the optimum geometryminimized energywere taken from
Ref. 15.

For each molecular orbital we calculated the spherically
averaged momentum densityThese are plotted in Fig. 2.
Due to the large amount of symmetry, many of these orbitals In Fig. 3 we show a plot of experimental results for a
are degenerate. This is indicated in the plot by different lineCg, film prepared as described. As EMS resolves both bind-
types.(The degeneracy level indicated does not include théng energy and target electron momentum, the results are
spin degeneracy.The indicated binding energies are calcu- contained in a two-dimensional array which we represent as
lated for isolated molecules relative to the vacuum level. a grey scale plot. The darker the shading the larger the mea-

There are in total 32 occupied levels, but it is at oncesured intensity. In our spectrometer the natural energy refer-
obvious that there is a pattern that governs the evolution oénce level is the vacuum level. In the case of measurements

IV. RESULTS

Fullerene Graphite Diamond
0 T T T max.

FIG. 3. The measured energy-momentum
density of different forms of carbon as indicated.
Note the absence of a band in the amorphous
diamond film, a singler band for polycrystalline
graphite, and a double band for fullerite.

Binding Energy (eV)

min.

-2.5 0 25 -25 0 25 -25 0 25

Intensity
Momentum (a.u.)
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bonding is again the van der Waals type, and is weak as is
evident from the low evaporation temperature g At is
therefore a useful approach, at least as a first approximation,
to compare the measured structure to the molecular calcula-
tions.
According to these calculations the occupied electronic
i Eﬁ raw structure of a Gy molecule consists of 32 orbitals, many of
Iﬁﬁﬁ%%%@% them degenerate. In Fig. 4 we show an experimental
i momentume-integrated energy spectrum. Clearly we see some
P structure in the spectra that is due to the discrete orbitals,
especially at low binding energy. Many levels are not re-
solved. The intensity in the measured sped&eor bars
seems to extend to larger binding energies than the calcula-
tions. This is at least in part due to energy losses caused by,
e.g., plasmon creation by any of the three partiGlesoming
and outgoing ongsinvolved. We have tried to correct for
these events by an approximate energy deconvolution proce-
dure, using a plasmon of about 25 eV and adjusting the de-
convolution in such a way that the measured intensity is zero
at large binding energié. The extension of the measured
spectra after deconvolutidsolid line) agrees quite well with
o s 0 15 20 25 30 35 40 the range of the calculated orbital energies of the calculated
Binding Energy (eV) orbitals.
In the lower panel of Fig. 4 we show the calculated en-
FIG. 4. The momentum integrated spectrum of g flm. Note  ergy positions of each orbital. The height of each plotted
the sharp features at low binding energy. Both the raw @at®r  peak s proportional to its degeneracy. The calculations were
barg and deconvoluted daigolid lin€) are shown. The dotted line  gpitiad in energy so that the outermost level lines up with the
is theoretical estimate of the intensity as discussed in the text. Thghoulder at the low-binding-energy side of the spectrum.

calculated energy positions of each orbital and their degeneracy atg, . . . ; . .
indicated by lines at the corresponding binding energies in theLFhIS relatively small shift 1.7 eV} is due to a difference in

the zero level in the experiment on solig@&nd the calcu-
lations for an isolated molecuté.
of C allotropes the Fermi level is not easily measured di- At low binding energies the peak structure resembles the
rectly, but is known to be close to 5 eV below the experi-distribution of the discrete levels in the moleculay,Calcu-
mentally determined vacuum level. lations. At larger binding energy the separation of the differ-
For comparison we give the same plots for polycrystallineent levels is not so clearly resolved, probably as a conse-
graphité’ and amorphous diamorfdAll three cases have a quence of the larger intrinsic energy broadening of these
main band extending from about 26 eV binding energy toevels due to lifetime effects. Similar observations, but with
about 10 eV binding energy. An effective masg of 1 muych better energy resolution, were made from photoemis-
describes the dispersion of these bands quite well. This strugjon data(see, e.g., Ref. 20
ture is comprised of ther bands. In the graphite and fullerite ysing a linear integration of the calculated orbitals over
cases there i§ another structgre. It extends from about 12 e{,e same momentum range as the experiment we get a theo-
to 6 eV binding energy and is usually referred to as the  pqyica| estimate of the measured spectrum after deconvolu-

band. In the case of fullerite the band is split, i.e., at a tion for inelastic multiple scattering. The theoretical estimate

given binding energy the momentum def‘s“y peaks for tWc{Nas broadened by a Gaussian of 1 eV full width half maxi-
values ofg. Thus fgr away from the Fermi level the spe_ctr_al mum to mimic the energy resolution of the apparatus. This
momentum densities of all three cases are rather similar,

Near the Fermi level, the differences are much greater, a%sUmate is given as a dotted line in Fig. 4. At small binding

one would expect just from the large differences in electricaﬁntergtyI the ms_azqred structuiﬁs are repro(;jU(t:ed tqual|tat|vely,
properties of diamond versus graphite/fullerite. ut at larger binding energy the measured structureé appears

The electronic structure of graphite is determined main|yF0 be smeared out, again probably due to lifetime broaden-
by the individual sheets of graphite. Dispersion in the direc!N9: _
tion perpendicular to the sheets is known to be minimal, as The real forte of EMS is that we cannot only measure
the solid in this direction behaves as a van der Waals solicenergy distribution curves, but also resolve the electron mo-
Due to the small interaction between the planes, graphite is @enta. Rather than plotting energy densities integrated over
layered compound which can be cleaved easily. One couldifferent momentum intervals it is easier to compare the cal-
get quite a good description of the experimental data if ongulated shape of the measured orbitals with the experiment if
would do calculations for just a single two-dimensionalwe plot measured momentum distributions as a function of
sheet. binding energy. This is done in Fig. 5, which should be com-

In Cgo one would expect the dispersive structure to bepared to Fig. 2. All momentum plots in Fig. 5 have the same
mainly due to intermolecular bonding. The intramolecularnormalization constant, i.e., comparing the intensity at dif-

Intensity from 0.0 to 1.6 a.u.

Intensity (arb. units)

‘deconvoluted’

orbital
degeneracy

lower panel.
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Momentum (A™)

FIG. 5. The measured momentum plots at dif-
ferent binding energies, as indicated. There is
quite a continuous shift of the peaks in the mo-
mentum distribution with energy, in a way typical
for solids.

Intensity (arb. units)

7@1
it il AT NI N AVEN S NI R U AR

2 - 0 1 2 2 A 0 1 2
Momentum (a.u.)

ferent binding energies is meaningful. In Fig. 2 the momen-develop. Thus near the Fermi level the structures are sharp-
tum densities are for a single orbital, so that in order toest, both in the energy plots and momentum plots.

obtain the momentum densities ing@dhe plots have to be
multiplied by the indicated degeneracy. Just as in the calcu-
lation we have at large binding energy28 eV relative to

the vacuum level maximum intensity at zero momentum,  Electron-momentum spectroscopy has been applied to at-
and for decreasing binding energy the momentum value wittoms, moleculed,and solid€>??In a sense the present study
maximum intensity increases gradually to larger values. Thés a hybrid. A G molecule is so big that we can describe it
evolution of the peak position is very similar to the calcu- either as a “small solid” or a “big molecule.” Although we
lated one. In the calculations the intensity at zero momentunobserve in our spectra clear evidence of discrete orbitals, it is
drops off to a negligible level with decreasing binding ener-also clear that there is a trend toward band structure in the
gies, whereas in the measurement the intensity at zero me@nergy-momentum relationship. So it is a nice example to
mentum does remain significant. This effect has been undesee how the description of the electronic structure of solids
stood to be a consequence of additional elastic scattering @nd molecules merge for this intermediate case. Small clus-

V. DISCUSSION

one of the electrons involved. ters have been studied extensively in literature because of
Around 16 eV the minimum between the two peaks dis-their peculiar structural and electronic properfig$*
appears. It is at this energy that theband starts contribut- We have explored this intermediate behavior with calcu-

ing to the intensity. The distribution has a fairly flat plateaulations of the momentum density of linear hydrogen chains
around zero momentum for binding energies around 13 eVof different lengtl?* A Cq, molecule is a three-dimensional
It is in the 7—12 eV region that all kinds of distinct features example of these intermediate cases. In this discussion we
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present a simplified model of agmolecule that gives us an
intuitive picture of the relationship between the large
numbers of different orbitals. We use the classification of o 1 2 3 4 5
orbitals as proposed by Trouillier and MartfhThey de- | ‘ § |
scribed the potential in first approximation as an attractive, 3: 3 § : ! BeV
spherically symmetric well. The bottom of the well is at the i 1T R : : |
radius of the G, molecule, i.e., 3.55 A £6.7 a.u). They - Izﬁi itk }Hgg
estimated the width of the well to be about 3 A. The solu- TP lmaw T IIIIH%I II%IE} 11
tions of the Schrdinger equation in a spherically symmetric *¢ A BRI i
well can be written as the product of a radial function and a - i § i : ‘geV ]
spherical harmonity,,,. The deviations from spherical sym- S L i S : :
metry can be treated as a perturbation. Only potentials with a T : T
symmetry consistent with the icosahedral point group of C L ; ; : 111 = HII
60 can contribute. This means that perturbations With6 I L L ,I ,,,,,, ?,i,lﬁgf,,,;ﬁi
and| =10 contribute(Trouillier and Martin also considered ‘ 1 ‘ ‘
contributions of the crystal field of the solid, which has tet-
rahedral symmetry. We neglect these small contributions
here)

Troullier and Martin first calculated the electronic struc-
ture of Gy, and subsequently analyzed the resulting orbitals
in terms ofl. In Fig. 2 we indicate their assignments of the
different orbitals. Thd =3 level is the first level that splits
due to the icosahedral field contribution witk 6. Troullier , , L
and Martin did not calculate the momentum densities, but the - ; ? : IIII Tt
densities derived from our calculations are in surprisingly R S ,,,,,,,,,, SRR SO £ A
good agreement with their simple model. In particular all ; 1
orbitals that correspond to the same angular momentum have j{ ﬁ HI : !
a very similar momentum distribution. Also as angular mo- 2 L=2 W i § : 126V
mentum increases, the momentum value for maximum inten- ; T
sity slowly moves to larger values. In fact for,{we can I ¢‘ 1 ‘l‘
expect thes bonding orbitals to be located mainly at the HII N
periphery of the molecule, i.e., at a radiusf 6.7 a.u. Then IHI I ol H I II
the relation between momentum and angular momentum is r ! ; B, § 1
simply | =|pXr|, thus, if the main momentum component is j 'T‘ 136V
tangential to the radius, thep=I/r. Indeed this simple - ; L= s(cs) e I%Hg IIIHI II
model predicts the maxima of the momentum orbitals within SIS VIS AN A SRR
about 15%. 0 05 1 1.5 2 25 3

The energyin eV) of a given level would be given in first Momentum (a.u.)
approximation as

Momentum (A™)

510evf

Intensity (arb. units)

|2 FIG. 6. Details of the momentum distribution at small binding
WX 27.2. energies. The arrows indicate the calculated peak positions for the
different levels as displayed in Fig. 4.
With reasonable valuese =25 eV for theos band, m*=
close to 1 we get about the right energy of each leyef =~ momentum, their symmetry axis. From the alignment of the
course we neglect the splitting due to the icosahedral fieldfirst shoulder with the HOMO level in the calculations we
in this approximation know that the offset between the zero of the calculations and
The second type of orbitals, forming therband,” can  the measured one is about 2 eV. Now we can associate the
be described in a similar way. However these orbitals havexpected peak positions, as found from the calculation for
an approximate spherical nodal surface at a radius of 3.55 Agach of the angular momentum values, with the measured
the molecular radius. Therefore this is not a natural choice opeak position. We indicate with arrows the expected posi-
the radius of ther charge cloud on this molecule. A more tions at the appropriate energies. As the HOMO level is not
logical choice is to use two different radii, one correspondingquite resolved we expect the intensity at 8 eV binding energy
to the maximum density of ther charge cloud inside the to be the sum of thé=5 andl=4 orbitals and indeed the
sphere, and one outside the sphere. A reasonable choice fogak position is found close to the average of the momentum
these parameters {,o—=2.55 A, r e=4.55 A) leads to the values withl =5 andl=4. The 10 eV plot corresponds with
right prediction of the peak positions of the double-peakedhe valley between the=4 andl=3 levels at=9 eV and
structure for these orbitals. =11 eV, respectively. Generally the agreement between ex-
Now let us focus once more on the measured momenturperiment and calculations is quite good.
plots. In Fig. 6 we show the momentum plots in the energy There is one thing in the calculation that the measurement
range corresponding to the top of the valence band. In ordefoes not reproduce. Both=0 orbitals show very large mo-
to improve the statistics the spectra were folded around zermentum densities at zero momentuysee Fig. 2, so one

g =¢gpt
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would expect very pronounced sharp peaks in the measured VI. CONCLUSION

momentum dgnsities at these positiqns. This is not ob- \ye have measured the spectral momentum density of
servedWe point out that the=0 level is nondegenerate, solig ¢, and compared it to calculations of the electronic
whereas most of the other levels are threefold, fourfold, andirycture of a single molecule. Generally good agreement
fivefold . degenerate, a fact that is not included in the heighiyas found. Qualitative understanding is obtained if one mod-
of the theoretical densities in Fig. 2. This still does not ex-els the G, molecule as a spherical well. The orbitals can
plain the absence of clear peaks in the measured densitiesthen be classified in terms of angular momentum. This quan-
One explanation could be that we measure momenturtum number determines, in first approximation, the momen-
along a line that, due to some kind of alignment problemtum value for which the density is maximum, and the bind-
misses zero momentum. We changed the slow electron déag energy of the orbitals. For the band there is a double
tector position, as well as the energy of the incoming and fasstructure for the orbitals in momentum space which within
electron relative to the slow one. In this way we can measuréhis model is a simple consequence of curvature of the car-
along lines in momentum space that are shifted slightly relabon planes. Generally it turns out thag,Gs a fascinating
tive to the original one. No sign of strong peaks was foundcase which, within our experimental resolution, displays both
The other explanation could be that the peaks are notharacteristics of a molecul@liscrete levels and a solid
there, at least not in solidgg. The full width at half maxi- ~ (dispersion.
mum of these peaks is about 0.2 a.u. Thus the dimension of
the charge cloud in coordinate space is of the order of 5 a.u.
(2.5 A). This is of the order of the intramolecular distance, so  This research was funded by a grant of the Australian
overlap effects may be important here. For the other level®esearch Council. M.T.M. wishes to thank Professor J.
the momentum values are mainly determined by the tangerBernholc for providing the g, input coordinates. The com-
tial component, which would explain why these are less senputations were performed on CSIRO Supercomputing Facil-
sitive to the “radial” overlap. ity CRAY Y-MP4/464 in Melbourne.
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