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Oscillatory behavior of photoemission intensity with incident photon energy has been observed for several
fullerenes and fullerene derivatives. However, until now it has been unclear if these effects arise from inter-
ference associated with the spatial distribution of the initial state within the molecule or are due to scattering
of the outgoing photoelectron. In order to resolve this issue we performed synchrotron radiation excited
valence band photoemission measurements on multilayggNj& films. The highest occupied molecular
orbital (HOMO) of the (GgN), dimer is spatially localized, while each half of the dimer remains approxi-
mately spherical. Careful normalization and fitting of the measured spectra clearly show that the intensity of
the HOMO also displays a periodic variation of intensity with photon energy indicating that scattering of the
photoemitted electron and consequent interference effects lead to the observed intensity changes.
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A particularly interesting feature arising in photoemission  Azafullerene!® in which one carbon atom onggis sub-
from the fullerenes is the observation of an oscillatorystituted by a nitrogen atom, offers a unique opportunity to
change in photoemission intensity from the valence bangrobe these effects of localization of the initial state in the
states as a function of incident photon energy. First observeghotoemission process. The azafullerenyl radicaNCcan
in solid films of Gy, these intensity modulations have beenpe stabilized by reacting with hydrogen to forngg8N,** by
observed in gas phase,fRef. 2 and G,° as well as in ponding to a semiconductdror a metal® surface or by
films of (CsoN), (Ref. 4 and of higher fullereneSAn al-  forming dimers. (GN), is stable in solution as well as in
most antiphase oscillation in the intensity of the first twone 5olig phase where the dimers arrange in a monoclinic

valencek bglng fer?tLrJ]res ofsgl/vashobser\ge_d lbyhBenning aréd lattice* It is the dimerization in the solid phase which leads
co-workers. Both these states have-orbital character and , 1he |gcalization of the highest unoccupied molecular or-

differ only in parity and angular momentum, and it was sug-,.; 15,16
gested that the photoelectron final state retained moIecuIal?rItal (HOMO). . . I .
character in the form of parity for energies as high as 120 eV we explored intensity oscillations in th? valence band of
above the vacuum level. Subsequent calculatiohbave solid (CsoN), at the 1311 undulator beamlitieat the MAX
suggested that intramolecular interference effects may be tH Storage ring at MAX-lab in Lund, Sweden which was
dominant factor in determining the measured intensities€duiPpPed with a modified SX-700 monochromator and a
Several similar models have been formulated which can b8&mispherical SCIENTA SES 200 analyzer. The spectra were
classified in two groups, one in which the phase differencéecorded at 96 K with a total (photonlectrons) energy
across the molecule of the photoemissimitial state is ~ resolution of 45 meV as determined from the width of the
deemed to be importafit® the other in which scattering of Fermi edge of the graphite substrate, measured at 96 K after
the final statewave function by the moleculedetermines cleaving in air and repeated heating under ultra high vacuum
intensity in a similar fashion. In both types of model a stand-to bright orange glow to remove contaminantsgC was

ing wavefield within the spherically symmetric “shell” of a synthesized and purified as described in Ref. 10. From IR
fullerene is created. In the initial state model this arises fronineasurements aggcontamination of less than 1% was de-
interference of a coherent spherically symmetric wave emitduced for this materidf (CsgN), multilayer films were de-

ted from the shell itself, while for a final state model scatter-positedin situ by sublimation from a boron nitride crucible
ing of a photoelectron from the quasi-spherically arrangednto the clean graphit¢d00) kept at room temperature.
atoms of the shell produces the standing wave—effectiveljoeposition at this temperature favours island growth as evi-
photoelectron diffraction. Consequently, in the first group ofdenced by the fact that the graphite Fermi edge was still
models increasing localization of the initial state wavefunc-visible when more than a nominal two monolayers of
tion should have a profound, and destructive, effect upon thezafullerene were depositedgGnultilayer films were pro-
intensity variation with incident photon energy. For the sec-duced the same way but using commercially available mate-
ond type of model localization of the initial state will have rial (99.9% purity, MER Corporationevaporated from a re-
little, if any, effect on the observed oscillations in photoemis-sSistively heated Ta crucible. The pressure in the UHV
sion intensity. chamber rose from 210 '° mbar to the low 108 mbar
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FIG. 3. Difference spectrum between the valence bandsgef C
and (GgN), obtained at a photon energy of 45 €8blid circles.
nI'he fit to the difference spectrum, shown as solid lines, was subse-
quently used as the basis of fits to the,{Xl) , valence band spectra

. - ) as a function of photon energy, as described in the text.
range during fullerene deposition. The cleanliness of the

films was verified using core level photoemission.

4 .
Figure 1 shows a typical valence band photoemissio?€€n observed by Jonesal.” However, only the first 5 eV
spectrum from a film of (GN), on graphite(0003). The of the valence band was reported in that work. Consequently,

overall shape of the spectrum is somewhat similar to that ofvhen the HOMO intensity was extracted by fitting it was
a Gy multilayer, with key differences associated with the Normalized to the intensity of either peak B or C. Both peaks
presence of extra states from the substitutional doping wit8 @1d C undergo considerable intensity variations. Thus, the
nitrogen, and the distortion of the monomer cages brougthserved varl_atlon in the normalized intensity of the HOM_O
about by both substitution and dimerizatiBrt® The HOMO depended quite strongly upon the peak chosen for normaliza-
of the (GgN), dimer (Fig. 1, peak A has a high degree of tion. To eliminate these problems we have adopted a more
N2p chargactzer and lies above the @2ominated states rigorous normalization and fitting procedure. Spectra were
which would form the HOMO of pure & (Fig. 1, peak B. te_lken over the binding energy range 12-t& eV. A residual
Calculations demonstrate that thesf€), HOMO is spa- S|g_nal from the graphlte substrate, closeHp was used to :
tially localized on the dimer in the region of the intermolecu- ¢@liPrate energy positions. In contrast to Ref. 4, no change in

lar dimer bond and on the adjacent nitrogen atSmhile position of the valence band features was found with energy.
the HOMO-1(peak B is more delocalized. ' Spectra were normalized to the total integrated spectral in-

rIﬁnsity over the binding energy range acquired. To ensure
that the normalization procedure was sufficiently robust,
spectra were also normalized to the incident photon flux and
the final results of the normalization and fitting procedure
found to be almost identical. The graphite background, nor-
malized to the intensity ned: was then subtracted from
our spectra. Initial parameters for fitting were determined as
follows: a valence band spectrum of multilayeg,@as ob-
tained during the same beamtime under the same conditions
as those for (6N),. A difference spectrum was then gen-
erated for hv=45eV by subtracting the spectrum of
multilayer Gy the from that of (GgN),, Fig. 3. The differ-
ence spectrum should reflect the additional density of va-
lence band states associated with substitution of nitrogen into
the fullerene cage and subsequent dimerization. Indeed, the
resulting spectrum shows strong similarity to the N partial
density of state$N-PDOS9 of Ref. 15 formed by projecting
the one electron states onto the nitrogen atomic functions.
> Although the difference spectrum contains intensity arising
10 9 8 gind?ng gner‘;y (e3v) 2 1 0 - from the reduction in molecular symmetry and consequent
broadening of other states, to a first approximation the lead-

FIG. 2. Valence band spectra of {fl), /HOPG showing oscil-  ing feature is representative of thegN), HOMO. The dif-
latory behavior of photoemission intensity as a function of photonference spectrum was then fitted by a combination of three
energy. For a description of the normalization procedure see texf3aussian functiongtwo singlets, one doubletconsistent
All spectra were obtained in normal emission geometry. with the theoretical N-PDO%Ref. 15 as shown in Fig. 3.

FIG. 1. Valence band spectrum of {f8), obtained in normal
emission geometry at a photon energy of 35 eV. The contributio
from the graphite substrate is shown by the dotted line.

Photoemission spectra as a function of photon energy a
shown in Fig. 2. A similar variation with photon energy has

Normalized Intensity (arbitrary units)
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FIG. 4. Typical fit to a valence band photoemission spectrum of i
(CseN),. The points correspond to the experimental spectrum, 0.00 b e
smooth lines to the fit and its components. For fit details: see text. 20 40 60 80 100 120 140 160
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The normalized (gN), spectra were then fitted with the

sum of these functions and a pair of Gaussians obtained by FIG- 5. Intensity oscillations of valence band featutésge-
fitting the leading features of thesgvalence band. Positions 9rated aregfrom (CsN), as a function of photon energy. Filled
and intensitiegincluding relative intensities in the doubjet Circles(®) correspond to the area of the fit peak centered at 1.8 eV,
were allowed to relax, but the relative positions and width<2d 0Pen squard)) to that at 3.1 eV, both of which are primarily
of the peaks generated by the difference spectrum were ﬁXegpch’ngetgvterﬁle(gfzgsothr?g(?‘it?e(;nngk)aluolpgne\cllr(\:/:/i?((;?isc%rrrizarily
fFrI(?rlrir?h?s ”filupsptrrg;ii tr}? vr\:fsh fgﬂﬁl(ljt)([h(gt t)égl{:?}' dfllr:Z rtiseu!ctiltntgoNZp derived(shoulderA in Fig. 1). The solid lines are intended as

. . S . ._a guide to the eye.

include higher binding energy peaks did not lead to any sig- g y

nificant changes in the intensities associated with the leading,onomer or over the complete dimer. The continued pres-

edge featurgs. From these fits one can extract normalize,éince of intensity oscillations for the (g\), HOMO, which
areas associated with each of the peaks, which are plotted g rather [ocalized within the dimé?;L indicates that inter-

Fig. 5. It is clearly seen that the areas of the peaks COreryrence effects associated with the passage of the photoelec-
sponding to the maxima A, B, and €ig. 1) display oscil-  on oyt of the molecules is primarily responsible for the

latory intensity superposed on a decreasing backgrounghiensity oscillations. Thus we can draw the conclusion that

which arises from a reduction in the photoemission cross s the scattering of theutgoing photoelectron from the
section ofp-orbital derived states with respect to therbital

: . : . @ quasispherical monomer components of thegs\J, dimer,
derived states which play an important role in normalization.

o : : ~and resulting interference effects which lead to the intensity
Although some small contribution to the oscillatory intensity oqqijjations observed as a function of photon energy for a

observed in peak A may arise from overlap with peak B, the, ;mper of fullerenes and fullerene derivatives®

difference in the variation of the intensity of these peaks with

photon energy is sufficient to draw the conclusion that the The authors would like to thank J. N. Andersen for his

intensity of peak A varies nonmonotonically with photon en-valuable assistance at beamline | 3.11. This work was carried
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If initial state effects are dominant in inducing the ob- man Potential Program.” T.P. and N.T. gratefully acknowl-

served intensity oscillatiofis® then it can be expected that edge funding under the APART program of the Austrian
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