Downloaded from UvA-DARE, the institutional repository of the University of Amsterdam (UvA)
http://hdl.handle.net/11245/2.21368

File ID
Filename
Version

uvapub:21368
105399y.pdf
unknown

SOURCE (OR PART OF THE FOLLOWING SOURCE):
Type
article - letter to the editor
Title
Final state interference effects in valence band photoemission of (C59N)2
Author
M.R.C. Hunt
Faculty
FNWI: Van der Waals-Zeeman Institute (WZI)
Year
2002

FULL BIBLIOGRAPHIC DETAILS:
http://hdl.handle.net/11245/1.206248

Copyright
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s) and/or
copyright holder(s), other than for strictly personal, individual use.
UvA-DARE is a service provided by the library of the University of Amsterdam (http://dare.uva.nl)
(pagedate: 2014-08-14)

PHYSICAL REVIEW B 66, 193404 共2002兲

Final-state interference effects in valence band photoemission of „C59N… 2
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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 interference 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 multilayer (C59N) 2 films. The highest occupied molecular
orbital 共HOMO兲 of the (C59N) 2 dimer is spatially localized, while each half of the dimer remains approximately 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.
DOI: 10.1103/PhysRevB.66.193404

PACS number共s兲: 71.20.Tx, 33.60.Cv, 79.60.Dp

A particularly interesting feature arising in photoemission
from the fullerenes is the observation of an oscillatory
change in photoemission intensity from the valence band
states as a function of incident photon energy. First observed
in solid films of C60 , 1 these intensity modulations have been
observed in gas phase C60 共Ref. 2兲 and C70 , 3 as well as in
films of (C59N) 2 共Ref. 4兲 and of higher fullerenes.5 An almost antiphase oscillation in the intensity of the first two
valence band features of C60 was observed by Benning and
co-workers.1 Both these states have -orbital character and
differ only in parity and angular momentum, and it was suggested that the photoelectron final state retained molecular
character in the form of parity for energies as high as 120 eV
above the vacuum level. Subsequent calculations6 –9 have
suggested that intramolecular interference effects may be the
dominant factor in determining the measured intensities.
Several similar models have been formulated which can be
classified in two groups, one in which the phase difference
across the molecule of the photoemission initial state is
deemed to be important,6 – 8 the other in which scattering of
the final state wave function by the molecule9 determines
intensity in a similar fashion. In both types of model a standing wavefield within the spherically symmetric ‘‘shell’’ of a
fullerene is created. In the initial state model this arises from
interference of a coherent spherically symmetric wave emitted from the shell itself, while for a final state model scattering of a photoelectron from the quasi-spherically arranged
atoms of the shell produces the standing wave—effectively
photoelectron diffraction. Consequently, in the first group of
models increasing localization of the initial state wavefunction should have a profound, and destructive, effect upon the
intensity variation with incident photon energy. For the second type of model localization of the initial state will have
little, if any, effect on the observed oscillations in photoemission intensity.
0163-1829/2002/66共19兲/193404共4兲/$20.00

Azafullerene,10 in which one carbon atom on C60 is substituted by a nitrogen atom, offers a unique opportunity to
probe these effects of localization of the initial state in the
photoemission process. The azafullerenyl radical C59N" can
be stabilized by reacting with hydrogen to form C59HN, 11 by
bonding to a semiconductor12 or a metal13 surface or by
forming dimers. (C59N) 2 is stable in solution as well as in
the solid phase where the dimers arrange in a monoclinic
lattice.14 It is the dimerization in the solid phase which leads
to the localization of the highest unoccupied molecular orbital 共HOMO兲.15,16
We explored intensity oscillations in the valence band of
solid (C59N) 2 at the I311 undulator beamline17 at the MAX
II storage ring at MAX-lab in Lund, Sweden which was
equipped with a modified SX-700 monochromator and a
hemispherical SCIENTA SES 200 analyzer. The spectra were
recorded at 96 K with a total (photons⫹electrons) energy
resolution of 45 meV as determined from the width of the
Fermi edge of the graphite substrate, measured at 96 K after
cleaving in air and repeated heating under ultra high vacuum
to bright orange glow to remove contaminants. C59N was
synthesized and purified as described in Ref. 10. From IR
measurements a C60 contamination of less than 1% was deduced for this material.18 (C59N) 2 multilayer films were deposited in situ by sublimation from a boron nitride crucible
onto the clean graphite 共0001兲 kept at room temperature.
Deposition at this temperature favours island growth as evidenced by the fact that the graphite Fermi edge was still
visible when more than a nominal two monolayers of
azafullerene were deposited. C60 multilayer films were produced the same way but using commercially available material 共99.9% purity, MER Corporation兲 evaporated from a resistively heated Ta crucible. The pressure in the UHV
chamber rose from 2⫻10⫺10 mbar to the low 10⫺8 mbar
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FIG. 1. Valence band spectrum of (C59N) 2 obtained in normal
emission geometry at a photon energy of 35 eV. The contribution
from the graphite substrate is shown by the dotted line.

range during fullerene deposition. The cleanliness of the
films was verified using core level photoemission.
Figure 1 shows a typical valence band photoemission
spectrum from a film of (C59N) 2 on graphite 共0001兲. The
overall shape of the spectrum is somewhat similar to that of
a C60 multilayer, with key differences associated with the
presence of extra states from the substitutional doping with
nitrogen, and the distortion of the monomer cages brought
about by both substitution and dimerization.15,16 The HOMO
of the (C59N) 2 dimer 共Fig. 1, peak A兲 has a high degree of
N2p character and lies above the C2p-dominated states
which would form the HOMO of pure C60 共Fig. 1, peak B兲.
Calculations demonstrate that the (C59N) 2 HOMO is spatially localized on the dimer in the region of the intermolecular dimer bond and on the adjacent nitrogen atom,15 while
the HOMO-1 共peak B兲 is more delocalized.
Photoemission spectra as a function of photon energy are
shown in Fig. 2. A similar variation with photon energy has

FIG. 2. Valence band spectra of (C59N) 2 /HOPG showing oscillatory behavior of photoemission intensity as a function of photon
energy. For a description of the normalization procedure see text.
All spectra were obtained in normal emission geometry.

FIG. 3. Difference spectrum between the valence bands of C60
and (C59N) 2 obtained at a photon energy of 45 eV 共solid circles兲.
The fit to the difference spectrum, shown as solid lines, was subsequently used as the basis of fits to the (C59N) 2 valence band spectra
as a function of photon energy, as described in the text.

been observed by Jones et al.4 However, only the first 5 eV
of the valence band was reported in that work. Consequently,
when the HOMO intensity was extracted by fitting it was
normalized to the intensity of either peak B or C. Both peaks
B and C undergo considerable intensity variations. Thus, the
observed variation in the normalized intensity of the HOMO
depended quite strongly upon the peak chosen for normalization. To eliminate these problems we have adopted a more
rigorous normalization and fitting procedure. Spectra were
taken over the binding energy range 12 to ⫺1 eV. A residual
signal from the graphite substrate, close to E F was used to
calibrate energy positions. In contrast to Ref. 4, no change in
position of the valence band features was found with energy.
Spectra were normalized to the total integrated spectral intensity 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, normalized to the intensity near E F was then subtracted from
our spectra. Initial parameters for fitting were determined as
follows: a valence band spectrum of multilayer C60 was obtained during the same beamtime under the same conditions
as those for (C59N) 2 . A difference spectrum was then generated for h  ⫽45 eV by subtracting the spectrum of
multilayer C60 the from that of (C59N) 2 , Fig. 3. The difference spectrum should reflect the additional density of valence 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 states 共N-PDOS兲 of Ref. 15 formed by projecting
the one electron states onto the nitrogen atomic functions.
Although the difference spectrum contains intensity arising
from the reduction in molecular symmetry and consequent
broadening of other states, to a first approximation the leading feature is representative of the (C59N) 2 HOMO. The difference spectrum was then fitted by a combination of three
Gaussian functions 共two singlets, one doublet兲 consistent
with the theoretical N-PDOS 共Ref. 15兲 as shown in Fig. 3.
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FIG. 4. Typical fit to a valence band photoemission spectrum of
(C59N) 2 . The points correspond to the experimental spectrum,
smooth lines to the fit and its components. For fit details: see text.

The normalized (C59N) 2 spectra were then fitted with the
sum of these functions and a pair of Gaussians obtained by
fitting the leading features of the C60 valence band. Positions
and intensities 共including relative intensities in the doublet兲
were allowed to relax, but the relative positions and widths
of the peaks generated by the difference spectrum were fixed.
Figure 4 illustrates the high quality of typical fits resulting
from this approach. It was found that extending the fit to
include higher binding energy peaks did not lead to any significant changes in the intensities associated with the leading
edge features. From these fits one can extract normalized
areas associated with each of the peaks, which are plotted in
Fig. 5. It is clearly seen that the areas of the peaks corresponding to the maxima A, B, and C 共Fig. 1兲 display oscillatory intensity superposed on a decreasing background
which arises from a reduction in the photoemission crosssection of p-orbital derived states with respect to the s-orbital
derived states which play an important role in normalization.
Although some small contribution to the oscillatory intensity
observed in peak A may arise from overlap with peak B, the
difference in the variation of the intensity of these peaks with
photon energy is sufficient to draw the conclusion that the
intensity of peak A varies nonmonotonically with photon energy. The presence of oscillations in the cross section of the
(C59N) 2 HOMO contradicts the assertion in Ref. 4 that no
such oscillation could be detected.
If initial state effects are dominant in inducing the observed intensity oscillations6 – 8 then it can be expected that
these would vanish if the initial state were spatially localized
rather than distributed over the entire cage of a fullerene
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FIG. 5. Intensity oscillations of valence band features 共integrated area兲 from (C59N) 2 as a function of photon energy. Filled
circles 共䊉兲 correspond to the area of the fit peak centered at 1.8 eV,
and open squares 共䊐兲 to that at 3.1 eV, both of which are primarily
C2p derived 共peaks B and C in Fig. 1兲. Open circles 共䊊兲 correspond to the area of the fitted peak at 1.2 eV, which is primarily
N2p derived 共shoulder A in Fig. 1兲. The solid lines are intended as
a guide to the eye.

monomer or over the complete dimer. The continued presence of intensity oscillations for the (C59N) 2 HOMO, which
is rather localized within the dimer,15,16 indicates that interference effects associated with the passage of the photoelectron out of the molecules is primarily responsible for the
intensity oscillations. Thus we can draw the conclusion that
it is the scattering of the outgoing photoelectron from the
quasispherical monomer components of the (C59N) 2 dimer,
and resulting interference effects which lead to the intensity
oscillations observed as a function of photon energy for a
number of fullerenes and fullerene derivatives.1–5,9
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T. Liebsch, R. Hentgens, A. Rüdel, J. Viefhaus, U. Becker, and R.

193404-3

PHYSICAL REVIEW B 66, 193404 共2002兲

BRIEF REPORTS
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