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Vibrational Interference in the Decay of Core-Excited Nitric Oxide
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The nitrogen KVV Auger spectrum of nitric oxide contains peaks corresponding to the decay of neu-
tral, core-excited NO to final states of NO+. The position and shape of the peak resulting from decay to
the ground state cannot be explained by the usual Franck-Condon analysis. Since the lifetime of the
core-excited states is comparable to the characteristic vibrational time, it is necessary to include in the
analysis the eAects of interference between diA'erent vibrational states. When these are included, there is
excellent agreement between the experimental and theoretical line shapes.

PACS numbers: 33.70.—w, 33.80.Eh

In the analysis of spectral line shapes influenced by vi-

brational excitations or deexcitations it is necessary to
perform a Franck-Condon analysis of all important tran-
sitions between the relevant potential surfaces. Implicit
in this type of analysis, however, is the assumption that
the levels involved are stationary states. If the lifetime
of the electronic states is not long compared with the
time for vibrational motion, this approximation is invalid
and the vibrational levels are strongly mixed. In this
case, the lifetimes of the states must be explicitly includ-
ed in the line-shape analysis.

The effects of such lifetime-vibrational interference
have been theoretically analyzed by Gel'mukhanov, Ma-
zalov, and Kondratenko, ' Kaspar, Domcke, and Ceder-
baum, Correia et al. , and Flores-Riveros et al. and
have been found to be important in the autoionization
and Auger decay of core-excited molecules. Correia et
al. have discussed the autoionization and Auger spectra
from carbon monoxide with both carbon and oxygen core
excitation. They found conditions to be right for
significant interference in the oxygen autoionization
spectrum, but their experimental spectrum did not pro-
vide sufficient intensity to allow comparison. In the car-
bon spectrum the overall magnitude of the interference is
predicted to be much smaller —probably too small to be
observable. (We believe that there is an error in the cal-
culated spectra presented by Correia et al. and that the
interference effects can be observed in the oxygen spec-
trum. These conclusions will be discussed elsewhere. )

We report here results for the autoionization decay of
core-excited nitric oxide to the ground state of NO+ that
show for the first time pronounced interference effects
even at resolution insufficient to resolve the vibrational
structure. We find excellent agreement between our ex-
perimental data and theoretical spectra that include
these interference effects. The calculations are made
without any adjustable parameters except total intensity.
Moreover, we find that the experimentally observed peak
shape and position cannot be explained satisfactory un-
less these interference effects are taken into account.

Experimentally, we have measured the autoionization
decay of nitric oxide core excited by 3400-eV electrons.
The autoionization spectrum was obtained by measure-
ment of electrons in coincidence with scattered electrons
undergoing an energy loss of 400 eV, corresponding to
the resonant excitation of a nitrogen 1s electron to the
partially filled 2~ orbital. The experimental resolution
in the energy-loss channel, 2 eV, is broad enough to as-
sure population of the full envelope of allowed electronic
and vibrational excitation. A detailed description of the
coincidence method and experimental apparatus is given
by Haak et al. The coincidence spectra in this case
show only those events originating from the decay of
neutral, core-excited nitric oxide (labeled N*O), and
thus represent the autoionization decay of this excited
molecule. The autoionization populates the ground and
excited states of the NO+ ion. Figure 1 shows this spec-
trum. The highest kinetic energy peak (I) results from
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FIG. 1. High-kinetic-energy region of the nitrogen KVV

Auger spectrum of nitric oxide. The vertical lines indicate the
expected positions of the one-hole states of NO+.
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transitions to the ground state of NO+ ('Z+), and the
next lowest group at 382 eV (II) from transitions to as
many as eight excited states of NO+.

The kinetic-energy scale was calibrated by measure-
ment of the nitric oxide Auger spectrum simultaneously
with the argon LMM and neon KLL Auger spectra. '

The expected positions for the transitions to the states in

NO indicated in Fig. 1 were determined from the
NO+ ion energies reported by Edqvist et al. " and the
N*O energy measured by Tronc, King, and Read. The
overall uncertainties in the expected positions for these
transitions are approximately ~ 0. 1 eV.

Peak I is anomalously broad and displaced from the
position calculated from the known energy of the ground
state of NO+ [see the dashed curve in Fig. 2(a)], indi-

cating that vibrational structure in either the intermedi-
ate or final states, or both, may be important. Correct
inclusion of vibrational broadening into the calculation
of the spectrum depends on a consideration of the rela-
tive lifetimes for electronic deexcitation and vibrational
motion. We first consider two extreme cases.

If the deexcitation is very fast compared to any vibra-
tional motion, then the initial, intermediate, and final
states of the process all have the same internuclear dis-
tance. In this case, the vibrational structure depends
only on the properties of the initial and final states and
not on the properties of the intermediate state. The vi-

brational structure can be calculated from the Franck-
Condon factors for the direct transition from the ground
state of NO to the ground state of NO+. The calculated
line shape based on this assumption is shown as the solid
line in Fig. 2(a), where it is compared with the experi-
mental data. We see that the calculated line shape fails
to match the observed peak in either position or width. '

At the other extreme, we consider the case where the
electronic deexcitation is very slow compared with the vi-

brational motion. In this case, the vibrational structure
is calculated from the convolution of the Franck-Condon
factors for the excitation of the intermediate state with
those for its deexcitation to NO+. Such a calculated
spectrum (based on parameters for N*O discussed
below) is shown in Fig. 2(b). This spectrum is slightly
broader than the experimental spectrum and does not
match it in position. Thus, neither of these extreme as-
sumptions is valid; it is necessary to consider the cou-
pling of lifetime and vibrational motion.

High-resolution electron-energy-loss measurements
on NO exhibit significant vibrational structure, and have
been analyzed with the equivalent-cores assumption that
core-excited N*O is analogous to 02. The lifetime width
derived from the electron-energy-loss spectrum, 0.145
eV, is comparable to the vibrational spacing in the excit-
ed state, 0. 19 eV, and therefore the deexcitation lifetime
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is comparable to the time for vibrational motion. These
results are consistent with our failure to fit the data with
calculations based on the assumption that one of these
times is much shorter than the other.

Theoretical analysis ' of lifetime-vibrational interfer-
ence gives the following equation for the intensity of an
emission spectrum as a function of energy:

&f 1n&&n 10&

E —(E„—Ef ) + iI /2

which when expanded gives
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FIG. 2. (a) The NO+ (A', 'X+) peak. The points represent
the experimental data. The dashed line is a single Gaussian of
FWHM 1 eV positioned at the v =0 energy. The solid line is

the expected line shape for a vertical transition NO NO+.
(b) The solid line is the expected line shape resulting from a
convolution of Franck-Condon factors for the transition to the
core-excited molecule with those to the ion, including the eA'ect

of an experimental resolution of 1 eV.
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Here 0 represents initial state, m and n intermediate
states, and f the final state; Ef is the energy of the final
state, E„and E are energies of intermediate states, and
1 is the width for decay of the core-ionized state. The
terms (f ~

n), etc. , represent vibrational overlap integrals
between the indicated states. In the limit that I is small
compared with the diff'erence E„—E, this expression
reduces to the first summation, which gives the convolu-
tion of Franck-Condon factors for the exciting transition
with those for the deexcitation. This is referred to as the
"direct" term. When I is large, then the entire expres-
sion reduces to Franck-Condon factors between the ini-
tial and final states and is independent of the intermedi-
ate state. This expression thus leads to the two extremes
that have been discussed above. In the intermediate
case, the various contributions must be calculated explic-
itly.

In order to perform this analysis we used values for vi-

brational constants for NO and NO+ given in Huber
and Herzberg, ' and used the equivalent-core approxi-
mation for N*O. With this approximation we assume
that the vibrational constants are the same as for 02,
with appropriate adjustment for the difference in re-
duced mass. Our computations were performed with
these values fixed; the only adjustable parameter was
peak height.

The importance and magnitude of the interference
effect can be seen in Fig. 3(a), which shows direct, in-
terference, and total curves for excitation and deexcita-
tion through one electronic state of N*O (at infinite
resolution and a lifetime width of 0.145 eV). The in-
terference is strongly destructive on the low-energy side
and constructive on the high-energy side of the peak.
The interference results in a final profile that is substan-
tially shifted to higher energy and slightly narrowed
when compared to the direct profile. These results are in
contrast to those reported by Correia et al. , for CO,
where the interference effects either are small or, even
where large, are calculated by them not to have a major
eAect on either the position or shape of the peak.

Of the three terms, Z+, Z, and h. , populated in

the excitation to the z configuration, selection rules for
Auger decay allow decay to the 'Z+ ground state of
NO+ only from the X,

+ and 6, terms of N*O. Thus,
we expect the final spectrum to be the sum of two indivi-
dual spectra. Using values from Ref. 7 for the Z+- 5
term splitting, for the relative populations of these two
states, and for the lifetime of the core-hole state, we have
computed the expected spectrum. We have also assumed
that the two electronic states decay to the ground state
of the ion with equal probability. The calculated spec-
trum is shown in Fig. 3(b) for the case of no instrumen-
tal contribution to the linewidths.

Finally, Fig. 3(c) shows the curve computed with a
spectrometer resolution of 1 eV. It is evident that the
computed curve fits the data very well. Inclusion of in-
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terference yields a curve between the extremes of short
and long lifetimes shown in Fig. 2. The net eAects are a
shift in peak position to higher energy and a slight de-
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FIG. 3. (a) Direct, interference, and total curves for excita-
tion and deexcitation through one excited state of N*O at
infinite resolution. (b) Expected line shape including two
states of N*O at infinite resolution. (c) Total curve computed
with a spectrometer resolution of 1 eV. (b) and (c) are super-
imposed on the data as in Fig. 2.
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crease in FWHM.
We have computed interference line shapes for other

peaks in the nitrogen and oxygen spectra of NO and of
Oq. The results are all consistent with our measure-
ments. ' We find that every peak in a spectrum must be
carefully analyzed for interference eAects. The nature of
the eA'ects is a sensitive function of initial-,
intermediate-, and final-state bond lengths and vibration-
al parameters. While it is difficult to generalize about
situations in which interference will play a major role in

determining peak shape, there are certain criteria that
must be satisfied. There must be significant population
of more than one vibrational level in the core-excited
molecule. Otherwise, the summation in Eq. (1) reduces
to the direct term only. The lifetime width of the core-
excited state must be comparable to the spacings be-
tween vibrational levels. The lifetime widths of C, N, 0,
and F satisfy this criterion, and all may exhibit interfer-
ence, especially N, 0, and F. EA'ects are especially
prominent if the molecule undergoes a large change in

equilibrium bond length in the transition, core-
excited final-state ion. When this occurs the deexcita-
tion vibrational manifold is quite complex and undergoes
significant modification. We conclude that both vibra-
tional structure (in core-excited and final-state ion) and
lifetime-vibrational interference in the core-excited mol-
ecule must be taken into account to correctly explain and

interpret autoionization spectra.
We thank J. W. Nibler for helpful discussions con-

cerning Franck-Condon analysis. This research was sup-
ported by the National Science Foundation.
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