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Vibrational structure in the N2 (2lis) electron resonance of N2 films
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The formation of a temporary N2 state around 2 eV in electron scattering from N2-covered

metal surfaces is established by resolving the vibrational structure of the anion in the v =1, 2,
3, and 4 decay channels of ground state N2 and by the demonstration of the presence of a

"boomerang" effect. The average vibrational energy (0.29 meV) and the lifetime (- 3 x 10 '5

sec), which are close to the gas-phase values, indicate that the solid-phase anion has a symmetry

similar to the H~ configuration.

Recent electron-energy-loss measurements of vi-

brational excitation of adsorbates have revealed the
presence of electron resonances in monolayer and
multilayer films of 02, N2, and CO deposited on met-
al surfaces. ' In N2 multilayer films, 3 the presence
of four maxima in the vibrational excitation func-
tions, corresponding to the four shape resonances of
the N2 gas-phase system, strongly supports the hy-

pothesis that enhancement of vibrational excitation in
these films occurs via the temporary localization of a
projectile electron in the vicinity of a single molecular
site. The localized state would be a temporary nega-
tively charged ion with a molecular configuration re-
lated to that of the corresponding gas-phase shape
resonance. 4

%e report here measurement of oscillatory struc-
ture in the lowest-energy electron resonance in N2
films. These are the first data ~here the vibrational
structure of a transient negative ion can be observed
in the condensed phase. The spectroscopic information

gained from this experiment allows us to estimate the
lifetime, the relaxation shift, the average vibrational
energy of the anion, and to demonstrate the presence
of a "boomerang" effect. These results establish the
formation of a transitory N2 state, with a symmetry
closely related to the 2II~ configuration, in electron
scattering from solid multilayer N2 films between 1

and 3 eV. At monolayer and submonolayer coverage
the state symmetry appears to be greatly perturbed by
the metal surface.

Basically, the apparatus' consists of two concentric
hemispherical electrostatic deflectors and a closed-
cycle refrigerated cryostat. Both components are
housed in an UHV system' reaching ~0rking pres-
sures below 5 x 10 " torr. Electrons leaving the
monochromator are focused on a clean polycrystalline
platinum ribbon secured by a press fitted to the cold
end of the cryostat. This latter is mounted on an xyz
manipulator. The angle of the incident beam can be
varied from 14' to 70' from the normal. Condensed
layers are grown on the ribbon and the film thickness

estimated, within 50'/0 accuracy, as previously
described. 6 Electrons reflected at 45' from the film

are energy analyzed. The data were recorded with an
overall resolution of 18 meV, a primary current of
10 9 A and a cryostat temperature of 14 K. The film
thickness was varied from submonolayer coverage to
about 100 A. The incident electron energy was cali-
brated within +0.15 eV with respect to the vacuum
level by measuring the onset of electron transmission
through the film.

Measurements of the excitation function between
0—30 eV for the first four vibrational levels of
ground-state molecular nitrogen were recorded in
multilayer N2 films and at submonolayer N2 coverage
of the platinum substrate. The multilayer results
sho~ed the presence of four maxima in the excitation
functions as previously observed' in the v = 1 vibra-
tional level at an incidence angle of 14'. The ener-
gies of the maxima were almost completely indepen-
dent of the angle of incidence between 14' and 70'
and their amplitude varied by less than a factor of 2
within these limits. These features were therefore
not related to the film reflectivity ~hose structures
varied considerably in energy and amplitude with the
angle of incidence. An example is given in Fig. 1(a)
for electrons incident at 45', losing energy to the first
vibrational level N2, in an —50-A film. The four
maxima were previously correlated' to the four shape
resonances observed in the gas phase at 2.3, 8.0,
13.7, and 22 eV, respectively.

The lowest-energy feature in Fig. 1(a) is displayed
on an extended scale in Fig. 1(b) (i.e., v=1) along
with the energy dependence of the excitation func-
tion of the o = 2 and v =3 vibrational levels of
molecular nitrogen in the 0—5-eV region. The oscil-
latory structure, which modulates the broad peak in
each excitation function, could only be clearly ob-
served when the thickness of the film was greater
than three monolayers. Its energy was independent
of the angle of incidence between 14' and 70'. This
structure is interpreted to result from vibrational
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FIG. 2. Energies of 1st, 2nd, 3rd, and 4th peaks in the
oscillatory structure of Fig. 1(b) as functions of the quantum
number of the final vibrational state. Such an energy de-
pendence of each peak on the decay channel indicates that
the lifetime of the N2 state is comparable to the vibrational

period.

Fig. 2, the energies of the first four maxima are plot-
ted as functions of the quantum number of each vi-
brational decay channel. On the basis of a simple
long-lifetime model of the formation of the com-
pound state, all the straight lines should be horizontal
(i.e., the vibrational peaks of N~ should occur at the

same energy, regardless of the vibrational level of N2
excited by the d-wave resonant electrons). We find
here an average increase of 0.16 eV per vibrational
state which compares with the gas-phase value of
0.14 eV. ' This phenomenon, first observed by
Schulz, ' can be explained in terms of the boomerang
model formulated by Herzenberg et al. ' The shift is
due to the dependence of the lifetime of the anion on
its internuclear separation. Its observation in the
solid definitively characterizes the oscillatory struc-
ture in Fig. 1(b) as due to the formation of a quasi-
stationary state of N2, having a lifetime of the order
of the vibrational frequency.

In conclusion, the present results establish the ex-
istence of a shape resonance in multilayer N2 films
whose symmetry is close to the 'II~ gas-phase coun-
terpart. The same resonance has been observed at
submonolayer coverages on polycrystalline platinum
and silver' surfaces. The formation of such transient
anion states is expected to play a dominant role in
short-range electron scattering from molecules ad-
sorbed or condensed on metal substrates. " For 02
and N2 deposited on polycrystalline platinum, it has
already been shown that these temporary states can
enhance the magnitude of vibrational overtones of
the fundamental frequency by orders of magnitude. "
The results in 02 further indicate that electronic exci-
tation cross sections can also be considerably in-

creased by shape resonances. '
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