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Abstract. Theoretical resonant Auger decay spectra of ammonia with core-hole excited state
dynamics simulation were investigated and some specific features of the experiment except for
a vibrational structure were reproduced. A power spectral analysis with short-time maximum
entropy method has been applied, and an obtained vibrational spacing assigned to NH stretching
mode was 340 meV, which was consistent with the experiment of 390 £ 10 meV. Proton
dynamics of ammonia on the first core-excited state was discussed.

1. Introduction

Auger decay [1, 2] is one of the de-excitation processes in atoms and molecules after
core-excitation. The processes are classified based on the excitation energy as "normal" or
"resonant” Auger decay for autoionization of a state created through ionization of an inner-shell
electron and through resonant excitation of an inner-shell electron to an unoccupied valence
orbital. Depending on the potential energy surface of the excited state the molecule may
undergo dynamics during the core-hole lifetime, which depends on the specific element and is
in the range of femtoseconds for the second-row atoms. Even if the core-excited state is
dissociative, the Auger decay transition in most cases takes place before a bond scission. For
some special cases, however, the repulsive character of the potential energy surface in the
core-excited state can induce bond scissions within the core-hole lifetime; this is usually
referred to as ultra-fast dissociation. Ultra-fast dissociation upon resonant core-excitation into
dissociative states has indeed been observed by several researchers through effects on the
subsequent Auger decay [3-8] and X-ray emission [9-11].

The ammonia molecule is the simplest molecule including an N atom and has been studied for a
long time experimentally and theoretically. It is also interested from a viewpoint of periodicity
because HF, H,O, NH3, and CHj, are isoelectronic with neon. Recent developments of soft X-ray
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spectroscopy have been realized detailed dynamics and electronic structure of ammonia [8,
12-16]. For instance, Schirmer et al. discussed that the 4a; orbital to be nonbonding, with
relatively small coupling constants for both totally symmetric vibrational modes [12]. And they
also discussed that a peak of X-ray absorption spectra by N(1s) = 4a; excitation narrows for the
deuterated isotope due to a strong unresolved H-N-H bending mode excitation combined with
the Jahn-Teller instability. Previously, we reported Auger decay calculations with core-hole
excited state molecular dynamics (CHES MD) simulations of water [17]. In the case of water, a
core-excitation into the anti-bonding 4a; orbital induces ultra-fast proton dynamics due to a
strong OH anti-bonding potential energy surface, seen as a signature of OH + H fragments in
the Auger spectra in the gas phase [7]. Furthermore, resonant Auger decay spectroscopy of
ammonia has been investigated by the same group [8]. In this case, an observed vibrational
progression was assigned as a vibrational mode of NH, which is one of fragment molecules and
an evidence of the ultra-fast dissociation.

In the present study our theoretical procedure is applied to the resonant Auger spectra based on
ab initio CHES MD simulations to analyze a dissociation process of ammonia. A quantum
dynamical treatment in terms of a pre-calculated potential energy surface necessarily involves a
reduction of dimensionality for complex systems, which we can avoid in classical (Newtonian)
dynamics simulations. Furthermore, a power spectral analysis with maximum entropy method

[18] is used to estimate a vibrational spacing of the Auger decay spectrum.

2. Computational method

The detailed computational procedure of the density functional theory (DFT) part has already
been described elsewhere [19, 20]. In short, in order to determine the absolute energy position
of the excited states, normal A Kohn-Sham (AKS) calculations were performed to compute the
ionization energy (IP) including full relaxation of the core-hole. The resonantly excited states
were variationally determined with maintained orthogonality between the excited states through
the following procedure: the first excited state was obtained by fixing the occupation of the core
spin orbital to zero and placing the excited electron in the first unoccupied orbital. A full
relaxation with this constraint leads to a state that is near-orthogonal to the ground state due to
the 1s™ configuration. The next state was then obtained by removing the variationally
determined excited orbital from the variational space and occupying the next level. This
procedure gives a variational lower bound to the energy and guarantees orthogonality between
the excited states since all remaining orbitals now have to be orthogonal to the successively
defined and eliminated levels [20].
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In order to estimate absolute excitation energies more accurately, relativistic and functional
corrections were added to the excitation energy [21]; relativistic effects on the IP of 0.18 eV for
the N edge, and functional corrections to the energy of -0.06 eV for the N core excitation, where
the latter value was determined by the difference between experimental and computational
values of the core-ionization energy of NH; in the gas phase. In order to obtain an improved
representation of the relaxation effects in the inner orbitals, the ionized center was described
using the IGLO-I111 basis of Kutzelnigg et al. [22]. Gradient-corrected exchange and correlation
functionals due to Perdew and Wang were applied in the present study [23, 24]. The
calculations have been performed using the StoBe-DeMon program [25].

In order to consider dynamical effects in the core-excited state, CHES MD simulations were
performed [9, 10, 17]. Several hundred initial structures differing from the ground state
equilibrium geometry through various values of three bond lengths, two bond angles, and a
dihedral angle, were sampled to determine the resulting excitation energy over the full
geometrical space spanned by the initial state vibrations. The initial velocities for each atom in
these starting geometries were set to zero. The time step in all CHES MD simulations was set to
0.1 fs. The Verlet integrator was applied to solve the classical equations of motion and the
trajectory calculations were propagated for 30 fs.

A detailed computational procedure of Auger decay spectra has been described elsewhere [17,
26, 27]. Briefly, a set of core-hole molecular orbitals (MO's) was obtained by the above DFT
calculations. A formulation can be derived in the case of resonant Auger transitions in which
case the wave functions describe (N-1) electrons in the doublet Auger final state. Limited
spin-symmetry-adapted configuration interaction (CI) calculations within the two-hole valence
space were performed to determine the Auger final state wave functions. The Auger transition
probability is approximated simply by atomic populations of valence orbitals on the excited
atom while neglecting the term associated with the Auger electron. In the present study
Lowdin's population analysis was adopted. Cl calculations using spectator wave functions,
which has two-hole and one-electron configurations, were performed. We call this as spectator
Auger spectrum.

Auger decay calculations were performed for each CHES MD simulation snapshot. The
theoretical spectra were constructed by convolution of the line spectra using Gaussian functions
with a fixed full width at half maximum (FWHM) of 0.4 eV for the first resonant Auger spectra
over the whole energy range. The final spectra were obtained by summation of spectra at 0.5 fs



Chemical bond elongation following core-excitation of ammonia

time-steps from a series of trajectories weighted by the lifetime decay ratio, exp(-t/t), where t is
the lifetime of the core-hole; in this case 5.0 fs for the core-hole of the N atom was used, whose
value is within the range of 4.7 fs for HCN [28] to 6.6 fs for N, [29]. In order to simulate the
experimental spectra for a given excitation energy E,, the spectra from each trajectory were
summed with a Gaussian weight [30]. For comparison with experiments we used 80 meV. The
MOLY X package has been used to calculate the Auger spectra.

Although the vibrational structure of Auger decay spectra of ammonia in experiment is
originated with Franck-Condon profile between the first core-excited and Auger final state, the
vibrational frequencies on the core-hole state should be informative. Power spectra analyses
were performed to obtain the dynamical information available from the results of CHES MD
simulations. Usually, a power spectrum for a given dynamical physical property such as a
coordinate or velocity can be computed by taking the Fourier transform (FT). Our problem is
that the length of each CHES MD trajectory is too short, only 30 fs. The sharp peak with the
ordinal FT cannot be described due to a peak broadening by the Heisenberg’s uncertainty
principle. We applied maximum entropy method (MEM). We call it as short-time MEM
(ST-MEM) [18]. In the previous study, one of the authors found that power spectral analysis
with ST-MEM was powerful tool for analyzing short-time length of trajectories such as a
trajectory including a few vibrational periods. This procedure was applied to estimate the
vibrational spacing for the core-excited resonant state of ammonia. Obtained peak positions
should correspond to energy spacing in the vibrational progression of the experimental Auger
spectra. Furthermore, the excitation energy dependent spectra can be calculated in the same
analogy for the spectator Auger spectra described in the previous subsection.

3. Results and discussion

Firstly, we discuss the dissociation process on the resonant core-excited state. Elongations of a
bond length X-H on the first resonant core-excited state are summarized in Table 1, where X
means N for NHs;, O for H,O, and F for HF. It is noted that these molecules are isoelectronic
with neon. Although CHy is also the same category, it is excluded because the potential energy
surface on the first resonant core-excited state is attractive. Bond lengths at the ground state
shorten with increasing the atomic number in target molecules, and gradients become more
negative. These are interpreted by the nuclear-nuclear repulsion between a core-hole and a
hydrogen atom and by the excitation to the unoccupied orbital for the target chemical bond [27].
Bond-length elongations AR are about 0.2 A for HF and H,0 and 0.046 A for NHs, because AR
depends on a gradient on the core-hole state and the core-hole lifetime which decreases with
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increasing nuclear charge of X. It is suggested that proton dynamics of NH3 on the first resonant
core-hole state is different with HF and H,0.

Time propagation of X-H bonds is illustrated for each molecule during 10 fs for HF, 20 fs for
H,0, and 50 fs for NHz in Fig. 1(a). The starting geometry of CHES MD was the equilibrium
structure at the ground state and the initial velocities of each atom were set to zero. Although 50
fs trajectory is too long compared with the core-hole lifetime of the N atom of 5.0 fs, it is
valuable to see the trends of bond length elongation. For HF, an F-H bond elongates along a
strong repulsive potential energy surface. For H,O, two hydrogen atoms initially move
symmetrically away from the oxygen atom, followed by one hydrogen returning to the oxygen
and the other dissociating leading to bond scission into OH + H. For NH3, umbrellalike motion
is excited, which is N-H symmetric stretching and bending and the motion to open the umbrella
in this case. Although it is well-known that the potential energy surface along the N-H bond is
repulsive [12, 8], the N-H bond rupture could not be observed due to small vibrational mode
couplings. It is known that the umbrellalike motion is excited by core-exitation for AXj
molecules [31]. It is also noted that the velosity of the N-H bond elongation is slower than O-H
and F-H. Under this initial condition and during the propagating time, the N-H bond
dissociation cannot be observed. In Fig. 1(b), the same trajectory to NH3 of Fig. 1(a) and a
typical trajectory using the initial N-H bond lengths different with the equilibrium at the ground
state is shown, i.e., three N-H bonds set to 0.9, 1.0, and 1.0 A, respectively. Using such an
asymmetric initial geometry, a rapid N-H bond length elongation is observed. It is important to
simulate molecular Auger spectra by the CHES with different initial geometry sampling [17],

which we will discuss later.

Next, time propagation of the first spectator Auger spectrum of ammonia is shown in Fig. 2
together with the trajectories of the CHES MD simulations during 20 fs. Gaussian functions
with an FWHM of 1.0 eV were used to convolute the line spectra. The initial structure was the
optimized ground state geometry and the initial velocities were set to zero. Spectral shape of the
summed spectrum in Fig. 2 is quite similar to the normal Auger spectrum of ammonia [26].
Each peak was assigned to the same way with the normal Auger spectrum except for the
existence of a spectator electron. Unlike the case of water at the first core-excited state [17],
mainly excited vibrational motion is the umbrellalike motion. The change in the shape of the
spectra due to the time propagation is not so significant, which is similar with the case of the

normal Auger spectrum of water.

In the previous report [17], one of the authors has discussed that wide range of sampling on the
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ground state should be needed to reproduce the Auger spectrum of water by O(1s) - 4a;
excitation, indicating that the equilibrium structure at the ground state without the initial
velocity is not good initial point. Especially the case of ammonia, an N-H bond scission may not
take place with the initial geometry at the ground state equilibrium structure due to the small
vibrational mode coupling as shown in Fig. 1 [12]. Furthermore, we are also interested in the
excitation energy dependence of the spectator Auger spectra, which reflects on the excitation
with different Franck-Condon region and derives different proton dynamics for the target
molecule. To examine it theoretically, an initial geometry sampling for wide range of potential
energy surface is needed. Similar scheme with the previous study was applied for the case of
ammonia. Initial structures for several hundred points around the equilibrium geometry at the
ground state systematically were sampled for CHES MD simulations as the starting point.

Excitation energy dependence of spectator Auger spectra of ammonia is shown in Fig. 3. Three
large peaks are observed and proposed assignments are also shown. Detuning the excitation
energy the shape of the spectra is not changed dramatically, suggesting that the proton motion
induced by the CHES MD simulation is inefficient with the spectator Auger spectra of ammonia.
N-H bond elongations within the core-hole lifetime of 5.0 fs detuning the excitation energy are
shown in Table 2. The N-H bond length at 5.0 fs was obtained from the CHES MD trajectories
for each sampled geometry, and summed with the Gaussian weight described above for each
excitation energy Eo. For all cases, N-H bond lengths on the core-hole state are elongated than
the equilibrium bond length of the ground state. Although there is little difference of the N-H
bond length after 5.0 fs, those are decreased with increasing excitation energy due to the
potential energy surface on the core-hole state. Compared with the case of water [17], the
bond-length variance is explicitly small. In Fig. 4 two-dimensional map of spectator Auger
spectra are illustrated. Although the largest peak is slightly shifted to lower Kinetic energy with
increasing the excitation energy, peak positions of three main peaks are basically independent
with detuning the excitation energy due to a slow dynamics on the core-hole state.

Vibrational progression was observed in the range of electron kinetic energy from 380 to 385 eV
in the experiment [8], which was assigned as the fragment lines. According to the paper by
Edvardsson et al. [32] the valence spectrum showed vibrational progressions in the ionic states,
and the symmetric stretch mode has approximately 400 meV vibrational energy, while the bend
mode has about 200 meV. Even the spectrum of the NH; ion has been calculated and a bend
vibrational energy of about 3400 cm™ was found by Stephens et al [33]. However, experimental
vibrational spacing cannot connect with the fragment vibrational structure directly, because
experimental vibrational structure should be due to the quantum effect such as the
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Franck-Condon profile between the first core-excited and Auger final state. Our theoretical
spectra cannot reproduce this structure, because our dynamical treatment depends on the
classical mechanics. To induce vibrational frequencies from trajectories, power spectral analysis
may be one of the solutions to obtain vibrational frequencies at the core-hole state. Obtained
vibrational frequencies correspond to dynamics on the core-hole state in this analysis, not the
fragment ions. Our approach is another procedure to understand the vibrational structure in the
experiment. We induce the similar information using trajectories by power spectral analysis with
ST-MEM [18].

ST-MEM spectra are given in Fig. 5. We will see two peaks, 340 and 450 meV, which are
assigned to N-H symmetric and anti-symmetric stretching motions, respectively, by analyzing
some trajectory motions. These values correspond with the experiment of 390 £ 10 meV. So we
may assign the experimental vibrational spacing as N-H stretching motion. A mismatch is due to
the different picture of the target physical quantity: Our values only depend on the core-hole
potential energy surface, and the approach is still classical. A remarkable point is that although
the explicit N-H bond dissociation is not observed during the core-hole lifetime, the vibrational
spacing can be expressed using trajectories of the dynamics on the core-hole excited state. A
peak of 253 meV at the detuning energy of -0.1 eV may be an unexpected noise. Vibrational
modes for bending are not observed because length of trajectory is too short to recognize as the
vibration.

Hjelte el al. showed that the signal attributed to ultrafast fragments is relatively weak and
molecular contribution of 99.2 % is estimated dissociation lifetime as about 30 fs [8]. We also
estimated the amount of molecular contribution in the Auger spectra. N-H bond dissociation
threshold set to 1.5 A, which is the same value in the case of water [17] and is also reasonable
from Fig. 1 as the bond dissociation threshold. At excitation energy of 400.54 eV, product ratio
of NH; was 99.97 % for the use of the core-hole lifetime of 5.0 fs and fragment contribution
was NH, only, suggesting that our product ratio is reasonable to compare with the experiment.
In the present study, spectator Auger spectra of ammonia were reproduced theoretically with
CHES MD simulations. The vibrational spacing which is assigned as the N-H stretching motion
was obtained by ST-MEM method and obtained vibrational spacing are comparable with the
experiment, suggesting vibrational structures assigned with a fragment ion in reference [8]
should perhaps be associated with the parent ion.

4. Summary
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In the present study we performed theoretical spectator Auger spectra calculations of ammonia
including the CHES MD simulations. Our theoretical Auger spectra can reproduce the
experiment except for the vibrational progression assigned to fragment lines. It is necessary to
emphasize that the stretching motion on the core-hole state is sensitive to the Auger spectra; on
the other hand, the bending motion is insensitive. According to the CHES MD simulations,
explicit bond dissociation of the N-H bond cannot be expected during core-hole lifetime of 5.0
fs due to the gentle potential energy surface along the N-H bond, which was expected from the
experiment. Although the N-H bond dissociation take place slightly, only bond elongation of the
N-H bond may take place at the core-hole state. Vibrational spacing was estimated using the
CHES MD simulations by the ST-MEM analysis. Obtained vibrational spacing was similar with
the experiment, and that vibrational mode was assigned to N-H stretching mode. We showed the
results of the spectator Auger decay, which are two-hole and one electron final state. It is also
interesting to examine the participator Auger decay, which are one-electron final states.
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Table 1 Gradient of potential energy surface on the core-hole state and X-H bond elongation
within core-hole lifetime for HF, H,O, and NHs.

Molecule R(X-H)(eq.)®/ A Gradient / eV A’ AR® 1 A
HF 0.92 -13.75 0.23
H,O 0.98 -4.50 0.19
NH; 1.01 -3.13 0.046

@ Equilibrium bond length at the ground state for X-H bond, where X means F, O, and N atoms,
respectively.

®)Bond elongation within core hole lifetime (2.0 fs for F(1s), 4.1 fs for O(1s), and 5.0 fs for
N(1s)) during CHES MD calculations.
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Table 2 N-H bond-length elongation (in A) within a core-hole lifetime of 5.0 fs®©.

Excitation energy (eV) Bond length (A)
400.44 1.065
400.54 1.054
400.64 1.045

@ N-H bond length at the equilibrium is 1.010 A.

10
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Figure captions

Fig. 1 Time propagation of X-H bond lengths, where X is F for HF, O for H,O, and N for NH;
respectively, by CHES MD simulations during 20 fs for the first resonant core-excited state.
Trajectories for each molecule are also shown. (a) In the case of HF and H,O. Initial geometries
set to the equilibrium geometry at the ground state. CHES MD simulations during only 10 fs for
HF and during 50 fs for NH3 are illustrated. (b) In the case of NHs. Green lines indicate NH
bond lengths where the initial geometry set to the ground state equilibrium geometry, and blue
lines indicate typical asymmetric initial bond lengths, i.e., three N-H bonds set to 0.9, 1.0, and
1.0 A respectively, are used as the initial geometry.

Fig. 2 Time propagation of the spectator Auger spectra by CHES MD simulations of ammonia.
Summed weighted spectra and a trajectory of this simulation during 20 fs are also shown.
Gaussian functions with a FWHM of 1.0 eV were used to convolute the line spectra. The initial
geometry is the ground state equilibrium structure.

Fig. 3 Spectator Auger spectra of ammonia following N(1s)->4a; excitation. The detuning is
relative to the center of the N(1s)->4a; absorption resonance (400.54 eV). Main configurations
of peaks are also shown.

Fig. 4 Two-dimensional contour map of spectator Auger spectra of ammonia following
N(1s)—>4a; excitation. Peak intensity represents the color legend from blue to red in arbitrary
units.

Fig. 5 ST-MEM spectra of ammonia following N(1s)->4a, excitation. The detuning is relative to
the center of the N(1s)—>4a; absorption resonance (400.54 eV).

11
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Figure 1
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Figure 2
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Figure 3
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Figure 5
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