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ABSTRACT

Resonant Auger electron spectroscopic study at the symmetry-forbidden la;; — 6a;, excitation below the S K-shell threshold of SFs is
reported. Partial electron yield and resonant KLL Auger spectra have been measured by using monochromatized undulator synchrotron
radiation. By changing the photon energy in small steps, a so-called 2D map is produced. In this map, the dipole-forbidden transition exhib-
its spectral features (e.g., an S-shaped dispersion relation), which are well known and understood for dipole-allowed transitions. We validate
by a theory that for the case of dipole-forbidden transitions, these spectral features can be analyzed in the same way as previously established
for the dipole-allowed ones. This approach grants information on the nuclear dynamics in the K-shell core-excited states of SF¢ on the fem-
tosecond (fs) timescale. In particular, for the potential-energy curves of the states S 1s~'6a;, and S 2p™264;,, the slopes at the equilibrium
distance of the ground state are derived. Symmetry breaking as a result of ultrafast vibronic coupling is revealed by the population of the
electronically forbidden excited state.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001890

I. INTRODUCTION range of 1076-107'*s, while molecular vibrations and rotations
usually take place on time scales of the order of 107!4-10712s.
Hence, a competition is expected to be observed between relaxation
of the inner-shell core-hole state and nuclear dynamics since the

For molecules in the gas phase with strongly dissociative
potential energy curves, the promotion of an electron from an
inner shell to an empty molecular orbital is able to induce fast

nuclear dynamics'™ with time scales of the order of a few femto- electronic lifetime of an inner-shell hole can be of the same order
seconds (fs). In addition, inner-shell excited states are remarkably of magnitude as molecular dissociation times. Core-hole-clock
unstable, which is portrayed by overly short lifetimes, with the spectroscopies (CHCS) are powerful tools to probe ultrafast nuclear
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dynamics through the exploration of both processes through their
dependence on the incident photon energy.” Examples of CHCS
are resonant inelastic x-ray scattering (RIXS) and resonant Auger
spectroscopy (RAS). In this work, we focus on RAS around the
S K-edge (2480-2490 eV) of the SFs molecule and, more specifi-
cally, on the dipole-forbidden 1la;, — 6a), transition; the la,
orbital is identical to the S 1s core orbital. Note that the lifetime of
deep 15! core holes like S 157! and Cl 1s7! is of the order of 1 fs.”
On this timescale, a possible bond elongation is of the order of
some 10 mA at maximum (see Ref. 8 and results presented below),
i.e., no bond breaking occurs during the 1s7! core-hole lifetime.
Instead, in the case of a dissociative state, the molecular fragments
get a first kick that contributes in the subsequent steps of the decay
on a timescale of a few fs to a significant bond elongation and
finally to dissociation. In more detail, the RAS spectra allow deriv-
ing the slopes of the potential-energy curves of the core-hole inter-
mediate and double-core-hole final state, which is an important
parameter for wave-packet dynamics calculations along the
potential-energy curves.

In molecules, the commonly named “vibronic coupling,” i.e.,
the effective interaction between the electronic and nuclear degrees
of freedom, becomes observable when symmetry-forbidden elec-
tronic transitions are induced because of the coordinate excitation of
asymmetric vibrations.” In terms of group theory, the direct product
of the symmetries of the excited-state orbital and the excited vibra-
tional quantum has to have a dipole-allowed symmetry. In that case,
the intensities can be “allotted” from symmetry-allowed transitions
through peculiar normal modes of a specific symmetry, commonly
named as “promoting mode”; this process is also known as “intensity
borrowing.” In the case of SFe, the dipole-forbidden la;; — 6a;y
transition is supported by normal vibrational modes from the t;,
and, to a much smaller extent, the #,, irreducible representations of
the Oy, group.m

Resonant excitations below the L-edge and the inner-valence
region of SFs were studied, in particular, by Shirley’s group.'' ™"
Electronic transitions related to the S K-edge excitation on the SFq
molecule have been the subject of investigations in the past.
Reynaud et al'* performed photoabsorption measurements of
KL-edge double-core-hole states and Feifel et al.'” K=V double-
core-hole states of SFs. Nakamatsu and Mukoyama'® carried out
molecular orbital calculations for SF¢ by adopting the discrete vari-
ational Xa method. Gomes et al'’ performed PEPICO and
PE2PICO studies of SFs around the S 1s edge. In the latter work,
the authors observed strong fragmentation selectivity in symmetry-
forbidden vibronic transitions. The decay properties of resonances
around the S K-edge were also reported by Shirley’s group.'”

In this paper, we use resonant Auger spectroscopy, and, more
specifically, we study the pseudo-photoabsoption spectrum mea-
sured in partial electron yield (PEY) mode as a function of the inci-
dent photon energy at the la;; — 6a;, dipole-forbidden resonance
of the SF¢ molecule. The RAS provides important information on
the molecular dynamics subsequent to 1s~! excitation in SFe.
The present data show both line narrowing and anomalous disper-
sion of the spectral lines, which, in fact, exhibit an S-like dispersion.
Up to now, such features were observed and explained only for
dipole-allowed transitions. Based on the theoretical description of
the processes involved, we show that this approach to obtaining
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information about molecular dynamics can be extended to dipole-
forbidden transitions. This allows us to derive from the experimen-
tal spectra the potential-energy slopes of the S 1s7'6a;, and
2p~%6ay, core-hole states at the equilibrium distance of the
ground state.

Il. EXPERIMENT

The results were obtained at the French synchrotron radiation
facility SOLEIL, at the GALAXIES beamline, with the gas-phase
end station dedicated to hard-x-ray photoelectron spectroscopy
(HAXPES)."” A linearly polarized photon beam with energies from
2480 to 2490 eV was produced by a U20 undulator. The beam
energy was selected and monochromatized using a Si(111) double-
crystal monochromator. The Auger spectra were acquired using a
SCIENTA EW4000 analyzer, which collected the electrons along
the axis parallel to the beam polarization vector. As discussed
in the following, we do not expect that the detection direction has
in the present case of SFs a significant influence on the Auger
spectra; this holds at least for the strong and dipole-allowed transi-
tions, which strongly dominate the spectra. It is well known that
atomic Auger spectra of core holes with total angular momentum
j =1 show an isotropic angular dependence.'” This does not hold
for molecules in general. However, molecular sulfur KLL Auger
spectra with the L-shell bearing a core hole show a strong atomic
character so that for the emitted Auger electron, no significant
deviation from an isotropic angular distribution is expected.
Certainly, the Auger electron can scatter in a second step at the
ligand atoms, which can lead for an oriented molecule to an aniso-
tropic angular dependence. However, due to the high symmetry of
the molecule, all components of the dipole operator have the same
symmetry (t;,) so that the SF¢ molecule does not have to be ori-
ented for both resonant excitations and ionization. Consequently,
possible scattering effects of the Auger electron at the ligands
should also be isotropic after averaging over the molecular ensem-
ble. For the dipole-forbidden transition S 1s7! — 6aig, the situa-
tion is less clear since Knie et al® showed for the case of
participator Auger decay that vibronic coupling has a strong influ-
ence on the angular distribution. We cannot rule out such an effect
for the present case of spectator Auger decay, but we want to point
out that this would influence in the present case only the observed
Auger intensities and, therefore, not the present results.

The pass energy of the SCIENTA analyzer was set to 500 eV
and a curved slit with a width of 300 um was adopted, leading to
an analyzer resolution of 22375 meV. Moreover, for the resonant
Auger spectra, one has to take into account the photon bandwidth
of about 300 meV. In this way, the total spectral resolution for
resonant photoelectron lines was about 470 meV, which is narrower
than the theoretical S 157! core-hole lifetime broadening
(2T eo = 0.59 eV,” 2@y, = 0.55€V;”" note that throughout this
publication T describes the half width at half maximum (HWHM)
of the Lorentzian broadening due to the lifetime). One should
mention that the lifetime broadening of the KLL Auger lines is
larger than T for the 1s~! core hole due to the finite broadening of
the S 2p level (2T e = 0.054eV).” The calibration procedure of
the photon energy and the kinetic energy of the electrons was per-
formed in a two-step procedure. In the first step, the photon energy
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FIG. 1. 2D-map of Auger decay in SFg after resonant excitation of the 1aq
orbital. The kinetic energy of resonant Auger electrons is shown as a function of
the photon energy and the intensity is represented by a logarithmic color scale
as shown in the legend on the right side. The diagonal blue lines indicate a
linear dispersion for the 2p=2V final states. The red box identifies the resonant
Auger transitions of interest. The diagonal line marked with N 1s labels the cor-
responding photoelectron line caused by N, impurities in the gas; it was used to
calibrate the kinetic energy axis (see text). The PEY spectrum given on a loga-
rithmic scale is plotted on the left side of the 2D-map.

axis of the results shown in Fig. 1 was calibrated by shifting the res-
onance energy of the 1s™'6t;, resonance to the literature value of
2486 ¢V.”” In the second step, the N 1s~! photoelectron line with a
binding energy of 22409.87 eV’ (averaged value of the two unre-
solved components N 1sg‘1 and N ls;l) was used to calibrate the
kinetic energy axis.

lll. EXPERIMENTAL RESULTS

The 1a;, molecular orbital is identical to the S 1s core orbital
of SFs. The vacant 6a;, (LUMO) and 6t;,, (LUMO+1) orbitals are
both antibonding (" type). The two lowest transitions below the S
K-edge are laj; — 6aj; and lajg — 6ty,. For the latter one, the
transition is granted by dipole selection rules. On the other hand,
in the la;; — 64y, case, the transition is not dipole-allowed in the
Oy, symmetry, which does not imply that the magnitude of this
transition is rigorously zero, as it can take place through the com-
monly named “intensity-borrowing mechanism,” as discussed in
the Introduction.

The physical process we are interested in here consists of the
resonant excitation la;, — 6a), in which a S 1s (1ay,) electron is
promoted to the unoccupied antibonding 6a,, orbital, followed by
relaxation of the core hole via the resonant KLL Auger emission.
Information about the interaction of the SF¢ molecule with an
x-ray photon can be accessed by exploring the dynamical character-
istics of the Auger decay. The specific parameters one can use are
the linewidths, energy dispersions, and PEY intensities of the spec-
tral profiles associated with the Auger transitions.

ARTICLE avs.scitation.org/journalljva

For a general analysis of the present results, it is suitable to
show the measured Auger intensities in a 2D-map as a function of
the impinging photon energy and the energy of the emitted Auger
electron as shown in Fig. 1, in which intensity is described by a
color log scale. The PEY spectrum is plotted on the left side of the
2D-map, using also a logarithmic scale to clearly show the posi-
tions of the intermediate-state resonances. The measurements were
performed in the kinetic energy range of 2070-2115eV, with
0.05 eV steps. The impinging photon energy was swept from 2480
to 2490 eV using steps of 0.1 eV. The blue lines indicate a linear
dispersion with photon energy, which is valid for all 2p~2V final
states besides the dissociative ones close to the peak maximum.
The process of KLL Auger decay after resonant S 1s excitation can
be written as

hv + SFs — SF(1s™'V') — SFL(2p™2V) + exy;»

where V can either mean the LUMO and LUMO+1, which are the
6a1g and 6t1, orbitals for SFg, respectively, or a Rydberg orbital. In
addition, the prime represents a state with a S 1s~! core hole, while
the states without prime have a S 2p™2 double core hole. ex;; repre-
sents the KLL Auger electron ejected during the non-radiative
relaxation of the K hole, and hv is the impinging photon. We will
report more detail on the resonant-Auger relaxation of the
S 1s — 6t excitation in a forthcoming publication. In the present
paper, we focus on the dynamics of the relaxation process of the
S 1s — 6ay, forbidden transition.

From Fig. 1, one can see an absorption structure at 2482 eV
due to the dipole-forbidden transition of the laj, electron to the
vacant antibonding 6a;, state, and the 1s — 6t;,, dipole-allowed res-
onance at 2486 eV."” S 1s excitation to Rydberg orbitals are present
at higher photon energies."* The dipole-forbidden transition has an
optical oscillator strength of at least one order of magnitude lower
than the dipole-allowed transition.'’ This is in agreement with what
is observed in Fig. 1. To rule out significant contributions of quadru-
pole transitions, we estimated the size of the corresponding matrix

elements, which are proportional to (k- 7)[ for the multipole order /.
Here, K| = 2, with A being the wavelength of the x-ray radiation.
The integration over ¥ makes contributions only in the range of the
S 1s core hole and we estimated the intensity of the quadrupole tran-
sitions to be of the order of 10~* compared to the dipole transitions.
Figure 2 shows the spectrum of the KLL resonant Auger transi-
tions in SFs measured subsequent to the 1a;, — 6a,, photoexcitation
at 2482 eV. The Auger yield is given in arbitrary units by using a log
scale. The resonant KLL Auger spectra of SFs shown in Figs. 1 and 2
are dominated by 1s~' V' — 2p~2(1Sy, ' D,)V transitions.'” Note that
the parent state configuration 2p~2 can also couple to the final states
3Py.12; however, transitions to these states are forbidden in LS (ie.,
Russell-Saunders) coupling. Because of this only the 1s7'V —
2p‘2(3 P,)V transitions are barely visible in the spectrum due to
intensity borrowing from the 1s™'V — 2p~2('D,)V transitions by
spin—orbit interaction. In addition, strong shake satellites, i.e., transi-
tions from the valence to unoccupied orbitals near the ionization
threshold that accompany the 1s~'V — 2p~2(*Sy, !D,)V resonant
Auger decays are involved. This observation is similar to the shake
transitions during the normal Auger decays of H,S (see Ref. 24).
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FIG. 2. Overview spectrum of the KLL Auger transitions in SFs measured sub-
sequent to the 1ai; — Baqy photoexcitation at 2482.0 eV. The Auger yield is
given in arbitrary units by using a log scale. For more details, see text. The two
broad peaks around 2100 and 2092 eV are due to "D, and 'S, Auger lines
from the 1a;; — 6t;, resonance, respectively.

The lajg — 6ayg transition is dipole-forbidden but yet has
appreciable intensity due to vibronic coupling [see Figs. 1 (red box)
and 2]. Due to the fact that the vibrational excitation takes place in
an asymmetric vibrational picture so that the final vibrational-
electronic (vibronic) state belongs to a symmetry consistent with a
dipole transition, the excitation can occur, yet with weak intensity.
Figure 3 shows the intensities [panels (a) and (b)], the dispersion
of the Auger electron kinetic energy [panels (c) and (d)], and the
full width at half maximum (FWHM) [panels (e) and (f)] of the
15*16a1g — Zp*Z(ISo, 1D2)6a1g resonant Auger transitions as a
function of the excitation energy around the 1s~! — 6ay, reso-
nance; all data are extracted by fits from the spectra that form the
2D-map shown in Fig. 1. The transition to the *P, state has very
low statistics and it is not shown. The dispersion curves [panels (c)
and (d)] show the energy position of the maximum of the resonant
Auger line as a function of photon energy, where a strong diver-
gence from a linear dispersion is evident, with a peculiar “S-shape,”
rather than a linear dispersion with the photon energy. This is
clearly seen as evidence of nuclear dynamics along the potential-
energy curve of the laj, 6a1g resonance. In this case, the incident
photon energy is not fiberated by the system exclusively as the
kinetic energy of the Auger electron. A share of the available
energy is also imparted to the nuclei of the molecule, provoking
the stretching and eventually the rupture of the chemical bond,”*
which occurs in the present case during the subsequent steps of the
Auger decay. The physical explanation for the narrowing [Figs. 3(e)
and 3(f)] of Auger lines may be due to the fact that the relaxation
processes take place between dissociative potential-energy surfaces
for both the intermediate and final states. The asymmetric peak
width distributions [panels (e) and (f)] may be associated with the
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FIG. 3. Results for the resonant Auger decays subsequent to the 1a;, — 6ayg
transition as a function of the incident photon energy detuning from the reso-
nance at 2482eV. Upper panels partial electron yield of the (a) 1ay, 16a1g
— 2p‘2( D;)6aqg and (b) 1a1g Gayg — 2p~ ( So)Bayg transition. The re(f solid
lines through the data points represent fit results discussed in Sec. V. Middle
panels: peak positions of (c) 1a;,'6atg — 207%('D,)6ay, and (d) 1a1‘16a1g
— 2p~ 2( So)bayg transition. Lower panels: ?eak widths of ( 1a1 Baqg
— 2072('D,)6a4y and (f) 1a,'6atg — 2072('So)Bag transmon The hollow
data points represent the total widths including expenmental resolution while the
filled data points show the intrinsic widths. For details, see text. The solid lines
in (c)—(f) are the best simulations using Eq. (13).

overlap of the 1s7'6a;, and 1s7'6t, states in the high photon
energy region of Fig. 3, rendering a determination of the 1s'6a;4
linewidth difficult. This holds, in particular, for the 1s~ 16a1g
— 2p‘2( D,)6aig; Auger transition at =2102eV kinetic energy,
which has resonances in close vicinity at both sides so that the
baseline and, as consequence, the width is difficult to extract; this
will become important for the data analysis presented below.
Although the understanding of the S-shape-like dispersion
and the behavior of the linewidth as a function of the photon
energy (see Fig. 3) is developed for diatomic or quasidiatomic mol-
ecules where nuclear dynamics can be understood with an effective
dissociative degree of freedom along the S-F axis, the correct
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generalization to polyatomic molecules, such as SFe, with several
dissociative degrees of freedom, needs the addition of multidimen-
sional Franck-Condon factors.”

Subsequent to the S laj! — 6a), excitation, SFs goes
through a fast breakup.'® The “excitation of the layg electron
leads to a state with a repulsive potential (¢~ type) along the S-F
bonding. The repulsion gives the fragments a kick such that a
substantial change in the geometry of the molecule takes place
within a few fs, i.e., during the Auger cascade, while the 6ay,
orbital is populated.

IV. THEORETICAL PREREQUISITES FOR THE DATA
ANALYSIS

S-shape-like features in the 2D maps (see Figs. 1 and 3) are
an indication of dissociative intermediate and final states. In the
literature, their existence is explained for dipole-allowed intermedi-
ate states.”” We find such features also for the dipole-forbidden
S 1s — 6ay, transition. To explain this finding, we shall first sketch
the derivation of the cross section for dipole-allowed excitations and
show afterward that for dipole-forbidden resonances cross sections
of similar mathematical structure can be derived.

The double differential cross section for the resonant Auger
decay is given in its general form by

o(w, ') oc Z’FAZ S —o —wp), (1)
f

with

= 3 AQEHIDIY,)

0 — Wy, + il

2

c

Here, o is the energy of the incoming photon, @' is the energy of
the outgoing photon or electron(s), o, is the energy difference
between the ground state |0) and the core-excited state |c), @y, is
the energy difference between the ground state |0) and the final
state |f), D is the dipole operator for the excitation, Q is the decay
operator, and I'. the HWHM of the core-hole lifetime broadening.
The §-function ensures energy conservation for the case of a final
state with an infinite lifetime.

In the following, we assume only one electronic final state that
allows us to neglect in Eq. (1) the sum over f. Moreover, for
dipole-allowed transitions far away from avoided crossings, we can
use the Born-Oppenheimer approximation. As a criterion for this
approximation, Hi®yp < |Eeym — Eel,|, with B, being the vibra-
tional energies and |E,;,, — E,,| being the energetic difference of the
electronic states can be used.”” In the case of SF¢, the vibrational
energies are of the order of 100 meV or even less, while the energy
splitting between the 1s™'6a;, at hv = 2482¢eV and the 157’61,
states hv = 2486 eV amounts approximately to 4eV (see the
2D-map in Fig. 1) so that the condition can be considered fulfilled.
Because of this, we can factorize the electronic and nuclear degrees
of freedom such that |¥;) (i=o,¢, f) from the Eq. (1) can be
rewritten as |¥;) = |®;)|y;). |®;) represents the electronic wavefunc-
tion as defined previously and |y;) is the nuclear wavefunction. In
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this approximation, Eq. (1) can be rewritten as

2

o(w, @) o< |Qq|*|Dal’ So—0o —ap). (3)

Z (Zf'lc><lc|xo>

0 — Wy + il

Here, Dy = (@ |D|®,) and Qq = (®|Q|®.) are the matrix ele-
ments for the electronic transitions. In the following, we consider the
case of a bound ground state as well as dissociative intermediate and
finals states with the approximation of constant slopes F. and F; for
the potential energy curves, respectively. This allows us to apply for
the bound ground state a Gaussian distribution for the vibrational
wavefunction y,, as well as for the wavefunctions y; and y, of the
dissociative intermediate and finals states, respectively, 8-like func-
tions located at the classical turning points of the corresponding
potential energy curves. In this way, an analysis of the matrix ele-

ments (¥ ¢|r.) and (r.|x,) leads to™

ol (2

(@ = 0c(Ro) = (0 — 0 = 0pp(R))” + T
“4)

G(w) w/) oc |Qel|2‘Del|2

Here, y; is the Franck-Condon width of the final state. Moreover,
©¢,(Ry) and @ (Ry) represent the energy differences between the
corresponding states at the equilibrium distance Ry. The last term of
Eq. (4) consists of a product of a Gaussian and a Lorentzian function
that, in general, do not have their centroids at the same energy.
Because of this, the resulting line shapes are generally asymmetric.
For the case that y; > I';, the S-shapes in 2D-maps can be derived
(see, e.g., Ref. 29). In contrast to this, V<< T, results in a linear dis-
persion. Note that similar behavior can be observed for resonant
Auger lines of atoms, where the line shapes are also described by a
product of a Lorentzian due to the core-hole lifetime and a Gaussian
that represents the photon bandwidth.”*" In the case of resonant
Auger lines of atoms, a transition between the two cases can be
obtained by improving the experimental resolution. In contrast to
this, in the molecular case of dissociative states, the width of the
Gaussian is the product of the spatial spread of the vibrational wave-
function in the ground state and the slope of the potential-energy
curve of the dissociative state, i.e., a physical quantity that cannot be
changed. Finally, we want to point out that the line shape effect due
to the experimental resolution is of minor importance in the present
study since the photon bandwidth is smaller than the Lorentzian
width caused by the core-hole lifetime.

In the following, we will derive for forbidden transitions an
equation, which has a structure similar to Eq. (3), however, with
|Dal|” replaced by other quantities. This formula is analogous to
Eq. (4) and shows that an S-shape-like dispersion can also occur
for a dipole-forbidden transition.

In the first step, we will analyze the electronic matrix element
M(Q) = (®.(Q)|D|®,(Q)) in more detail. For this purpose, we
have to consider that the molecular wavefunctions ¥ depend on i
normal modes Q; and j electronic coordinates g;. Moreover, Q is
the vector formed by the normal modes Q;. In this way, we obtain
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for the electronic matrix element,”’

M(Q) = (®c(g, Q[D|P,(q, Q)
B OM(Q) 1 (M(Q)
= M(Qo) + Z(TQ- )QOQ,- +EZ(8QI_6Q'_,>QOQI-Q,-' o

(©)

Here, Qo describes the equilibrium geometry in the initial state of the
transition. With this formula, we obtain for the vibronic transitions,”"

My 4,(Q = (£ (QIM(Qlx,(Q)

— M) @12,@) + 3 (P2

0Q;

) @c(Q)‘Q: ‘lo(Q))
Q

1 PM(Q)
+32 (m) N QI @Q@) +---» (6

i
with |¥(Q)) being the product of the vibrational wavefunctions of all
normal modes Q;. Note that M(Qp) is identical to Dy in Eq. (3),
where the higher-order corrections of Eq. (6) are neglected.

In the next step, we specify Eq. (6) for a dipole-forbidden
transition, i.e., we assume M(Qo) = 0, and we take only first-order
corrections into account. Moreover, we take into account two vibra-
tional modes, namely, one symmetry-conserving mode Q; (which
is in the case of SFs the symmetric stretching mode a;4) and one
symmetry-lowering mode Q,, the so-called promoting mode.
Actually, according to Ref. 10 in the case of SF¢ mainly the asym-
metric stretching and to a lower extent the bending mode, both
with symmetry t,,, are responsible for the excitation of the
1s'6a), state, ie, we simplify the problem compared to reality,
however, without loss of information. In this way, we obtain with

x(Q) = [x(Q)¥(Q2))s

M, (Q) = (824—51@)(2 (Q)1Q 2,(Q) (@) 7 (@)

OM(Q)
* < 0Q,

> (1 (Q)1 Qa0 (Q)) (X (QIx(QL)).  (7)
Qo

In the following, we argue that (24Q) — 0 since the considered
9/ q,

electronic transition is dipole-forbidden in the given symmetry, i.e.,
a change along the symmetry-conserving mode will not result in an
allowed transition. In this way, we can simplify the equation to

Mw(o(Q) = (a](;l—(f))(z . (Q2)1Q211,(Q2)) (X QD x,(Q)). (8)

Here, (1.(Q2)|Qalx,(Qz)) describes excitations of the nontotally
symmetric mode.

In the following, we discuss the matrix elements
(1 (Q)|Q2x,(Qy)) in more detail. Both the ground state and the
excited state 1s7'6a;, have A, symmetry so that it cannot undergo
any symmetry lowering due to a Jahn-Teller effect. Because of this, we
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assume that its geometry is at least close to octahedral, ie., there are
no major changes in the equilibrium values for the nontotally symmet-
ric modes upon the Auger transition. Because of this, we can assume
that for both states the potential-energy curves along this normal
mode are parallel, ie, (y.(Q2)[x,(Q2)) = 8y (Q)wve(@y With v,(Q2)
and v,(Q;) being the vibrational quantum numbers for the asymmet-
ric mode in the ground and in the core-excited state. As a result, the
matrix element (y.(Q2)|Qzx,(Qz)) matches in its structure those of
molecular vibrational transitions induced by infrared radiation, with
the selection rule Av = 41 for harmonic oscillator potentials.32

Due to the vibrational energies of the relevant asymmetric
modes, which are larger than k,T with k;, being the Boltzmann
constant and T the temperature, we can assume that in the elec-
tronic ground state, the vibrational ground states of these modes,
Xv,—o» are populated. Because of this only the matrix element,

Hro=1(Q2)| Q2,0 (Q2)) 9)

-4
=7

L__ has to be taken into account. Here, @,y is the

VH2Ovib2
vibrational energy and u, is the respective reduced mass of the

asymmetric mode; the latter quantity can be calculated according
to an algorithm given by Wilson et al.* In this way, we obtain for
the excitation matrix element,

with a =

QDI (Q1))s (10)

My -1y o(Q) = <M) 4
Qo

0Q V2

i.e, it is proportional to the derivative of the transition dipole
moment and the spatial extension of the vibrational wavefunction
of the lowest vibrational state of the symmetry breaking of the non-
totally symmetric mode.

With Eq. (10), we obtained the first important result for the
present study, namely, that the matrix element for the excitation
consists of the Franck-Condon factors for the symmetric stretching
mode, which are multiplied by a constant value. This allows us to
derive from the intensities shown in Figs. 3(a) and 3(b) the slope of
the core-excited state (see below).

In the following part, we will consider the Auger decay, which
is allowed according to the corresponding selection rules, so that
the leading term of the matrix element is given by

Mdecay _ Qelo{f(QZ)b(C(QZ)) <)(f(Q1)|ZC(Q1)> (11)

The final state of the 1s7'6a;;, — 2p*2(180)6a1g Auger decay has
also Ajg symmetry so that we can use with the above-given
arguments (7;(Q2)[x.(Q2)) = 6. (> With v(Q,) being the
vibrational quantum of the nontotally symmetric mode in the
final state. The Auger final states 2p*2(1D2)6a1g possess either E,
or Ty symmetry so that we cannot make the same conclusion in a
straight-forward way. However, the results in Figs. 3(c) and 3(d) are
similar to those for the transitions to the 15*16a1g — 2p*2(150)6a1g
state so that we also conclude that no significant distortion exists for
the final states with E, and T, symmetry. With the above mentioned
selection rule Av = +1 for the promoting mode Q; in the course of
the excitation process and the just mentioned J-function, we obtain
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that only the vibrational level v¢(Q;) =1 can be populated in the
electronic final state.

OM(Q)

2
2
8Q2 |Qe1|

0@, @) o< | My, _14,-0(Q) - M*|?

-[2),

@f(Qz)\ZC(Qz»(ZC(Q2)|Q2|}{O(Q2)>(Zf(Q1)|ZC(Q1)>(ZC(Q1)|}(0(Q1)>
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In this way, we obtain in the lowest nonvanishing order for
the excitation and decay process,

2

>

c

(

oM(Q)
0Q

2
2
a 2
2 |Qel| X

),

>

c

O — W¢o + lrc

X 8w — o' —wp)

(Zf(Q1)|ZE(Q1)> <ZE(Q1)IZU(Q1)>

2
5w —o —wp)

0 — Wy + il
)]

exp {_ (wfw ;’j)fo(RO)

<3M Q

2,

a 2

—|Qql” %
0Q, 2| o

),

1%

(© = 0 (Ro) = (@ — &' —0p(R))” +T?

exp {_ (wfw ;i’fa(RO)

)]

2 2
a 2
E |Qe1| X

0Q

<8M (Q

),

The last transformation is obtained by performing the same rear-
rangements as from Eq. (3) to Eq. (4). The approximation in the
last line is based on the simplification that the slopes of the
potential-energy curves of the intermediate and the final state are
identical, i.e., F. = Fy; this is fulfilled for RIXS, while for resonant
Auger the second from last line has to be used. Note that the cross
section in the last two lines has the same mathematical structure as
that in Eq. (4), which allows us to obtain S-shape-like dispersion
relations.

In the data analysis, we used the fourth line of Eq. (12)
with different slopes of the intermediate and the final state as
realized in resonant Auger spectroscopy. Nevertheless, we use in
the following discussion the last line of Eq. (12) since the sim-
plified denominator (&’ —a)cf(Ro))2 +1"§ makes the arguments
clearer. Note that the ratio Fc/Ff = (.8, see below, is sufficiently
close to 1 so that it does not have an influence on the following
argumentation. The two main differences between Eq. (4) and
the last line of Eq. (12) are given by the meaning of wy,(Ro). For
Eq. (4), it is given by @ (Rg) = Ef(Ro) — Eo(Ryg), i.e., the energy
difference between the potential-energy curves at the equilib-
rium geometry of the ground state. In the case of the last line,
Eq. (12) holds @, (Ro) = Ef(Rg) — Eo(Ro) + fiwypy, i.e., one addi-
tional energy quantum of the asymmetric mode has to be
added.

Up to now, we considered one promoting asymmetric mode.
However, for SFe, two such modes exist with #;,, symmetry, namely,
the more important asymmetric stretching mode with a vibrational
energy of =120 meV and the less important bending mode with a
vibrational energy of 275 meV with an intensity ratio of the contri-
butions of 223 :1 (see Ref. 10). These two promoting modes lead to
the excitation of different vibrational levels in the core-excited and
the final state so that lifetime interference contributions can be

(@ —og(Ry))* +T2

(12)

neglected. As a result, the cross section can be written as
2
(BM (Q))
an,i Qo

Here, i are the two different active asymmetric modes. The different

2

oo, o) = Z

i=1

00/ =0, (R) 2

xp {_( fo ) }
(@ — og(Ry)* +T?%
(13)

2
a:
?I‘Qel‘z X

values for a; and (%)Q lead just to different strong contribu-
5l o

tions caused by the different active modes. Finally, the cross section
in Eq. (13) was convoluted with a Lorentzian to account for the
finite lifetime Ty of the 2p~26a, final states (see Refs. 2 and 28).

In the following, we consider the numerator and denominator
of the last term. In the numerator, the excitation of vibrational
levels of the asymmetric vibrational mode leads to a shift of @ ,(Ro)
by the corresponding vibrational energy. This amounts in the case
of SFs = 120 meV for one quantum of the most important mode
(asymmetric stretching mode) and 2275 meV for the second rele-
vant mode (bending mode)'’ and leads to a corresponding shift
of the Gaussian in the numerator, see above. In contrast to
this, for the Auger transition, we assume that (xf(Qz)\;(c(Qz))
= 6y,(Q)vs(Q) (see also above). Because of this, wys(Ro) changes
only by the difference of the vibrational energy of the asymmetric
mode in the core-excited and the final state, i.e., the denominator
remains almost unchanged. From this, we conclude that in the case
of a dipole-forbidden transition with two active nonsymmetric
modes, we observe two dispersion relations, which exhibit the same
shape, but are shifted relative to each other by some meV in terms
of the Auger energy and some 10 meV, namely, the difference of
the vibrational energies of the two active modes, in terms of the
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photon energy. These values for the shifts are small compared to
other quantities like lifetime broadening or experimental resolution
and, as a consequence, the differences between the two dispersion
relations can safely be neglected. Because of this, an S-shape-like
spectral feature in a 2D-map can be described with the last line of
Eq. (12). Because of this, from the S-shape-like dispersion curves
displayed in Figs. 3(c) and 3(d) and linewidths behavior of the reso-
nant Auger peaks shown in Figs. 3(e) and 3(f), the quantities y;
and I'. can be extracted in both cases, i.e., the dipole-allowed and
the dipole-forbidden transition. In Sec. V, the data analysis for the
lafgl6a1g — 2p26a;, decay will be reported.

V. DATA ANALYSIS AND DISCUSSION

In the following, we shall analyze in more detail the results
presented graphically in Fig. 3 in order to obtain slopes of the
potential-energy curves. Figures 3(a) and 3(b) show the intensities
of the S 1s™'6a;, — 2p~?6ay, resonant Auger decays as a function
of the photon energy as obtained from the 2D-map presented in
Fig. 1 and represent the relative absorption cross section of the
1s'6a;, core-excited states. In contrast to conventional photoab-
sorption spectra, the 2D-map allows separating this weak excitation
from the background formed by the tails of the 1s716t,, core exci-
tation. This provides the opportunity to derive the slope of the cor-
responding potential-energy curves.

For this purpose, the PEYs shown in Figs. 3(a) and 3(b) are
fitted with a Lorentzian line shape convoluted by a Gaussian shape
that describes the Franck-Condon width and the experimental
resolution. As Lorentzian width, a value of 2I', = 0.55eV was
used to account for the S 1s™! core-hole lifetime.”' The Gaussian
width was a free parameter, which resulted in a value of
875(50) meV FWHM. By assuming a photon bandwidth of
375 meV, the Franck-Condon width y, of the core-excited state
resulted in 822(55) meV FWHM.

Using the Condon-Reflexion principle,” one can relate the
Franck-Condon width to the spatial width of the respective vibra-
tional wave function in the electronic ground state of the molecule,
which is in the given case the symmetric stretching vibration. In
this case, the slope of the potential of the core-excited state
15‘16a1g is given by F. = —by, (see Ref. 35). Here, F, is the slope
along the internuclear distance r between the S and the F atoms.
Moreover, b? = W’T”“, with 4 being the mass of a F atom and
oy, the frequency of the symmetric stretching mode. The factor 6,
which is absent in the case of a diatomic molecule, is due to the six
equivalent S-F bond distances in the symmetric stretching mode.
Finally, y. is defined by the Gaussian function,

! *(E;EEO)Z (14)

€ 5
VY,

with E, being the resonance energy. The Franck-Condon width
(FWHM) of the Gaussian is given by v4 In2 y.~1.67 y. so
that the slope of the core-excited state 1s '6aj, is given by
F. = —by, = —25.3(1.8) eV/A. For more details on calculating
slopes in polyatomic molecules as well as when higher vibrational
levels (e.g., hot bands) have to be taken into account, see Ref. 35.

I(E) o<
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From the derived slope and the fact that six F atoms are accel-
erated, we derived in a classical picture within the core-hole lifetime
of 2 1.1 fs a bond elongation of 2 0.007 A e, a change which is
small compared to the equilibrium bond distance of 1.564 A.

In the next step, we derive from the energy positions and
widths shown in Figs. 3(c)-3(f) the slopes of the S 2p‘26a1g states
at the equilibrium distance of the ground state. For this purpose,
the experimental curves shown in these panels are fitted using the
fourth line of Eq. (12) convoluted with a Lorentzian to account for
the finite lifetime I'; of the final state. Since Eq. (13) does not take
into account the experimental resolution, prior to the fit the intrin-
sic widths of the peaks (full data points) are estimated based on the
experimentally observed widths (hollow data points). In detail, the
experimental peak width AE., consists of three contributions,
namely, the intrinsic width AE;,, the analyser resolution AE,,, and
the contribution of the photon bandwidth AE o10,. The analyser
resolution can be approximated with a Gaussian function with a
width of AE,,, = 375 meV. The contributions of the photon band-
width AEpporn can also be approximated with a Gaussian. It is
given by the product of the photon bandwidth of 300 meV multi-
plied by the slope of the energy dispersion of the respective spectral
feature.”>’® The slope can be derived from Figs. 3(c) and 3(d) and
assumes the different photon energies values between 0.37 and 1.23
resulting in AEppern = 110-370 meV. As can be seen from
Eq. (13), the intrinsic line shape is given by a product of a
Lorentzian and a Gaussian, however, in general with different cen-
troids for the two contributions. To obtain the intrinsic width, the
relation Angp = AE}, + AE,, + AE2, s applied, although it is
strictly valid only for pure Gaussian line shapes.

For the fits of the energy dispersions and intrinsic widths
(filled data points) shown in Figs. 3(c)-3(f) a core-hole lifetime of
2T, = 550 meV”' and 2Ty = 140 meV was used. The latter value is
based on the relation that for shallow core levels the double-core-
hole lifetime broadening is about 2.8 times the lifetime broadening
of single core holes’”" and a lifetime width of 2I" 2 50 meV for
the S 2p core hole.”

From the fits, we obtained slopes of F; = —18.9(1.0) eV/A
and —31.7(1.1) eV/A for the 2p~2(' D,)6a;, and 2p~>(*$y)6a;, final
states, respectively. Obviously, both values are in a reasonable range
for slopes of dissociative potential energy curves. However, we
expect similar slopes for these two states since the molecular bond
character and the potential-energy curves are formed by the
valence orbital occupation, which is identical for these two states.
With this assumption, the two obtained slopes disagree signifi-
cantly within the error bars so that we shall discuss the results in
the following.

As already discussed above and visible in Figs. 1 and 2, the
15*16a1g — 2p*2(180)6a1g resonant Auger transition is rather well
isolated while the 15~'6a;, — 2p‘2(1D2)6a1g transition is encircled
by a number of rather intense resonant Auger transitions. Because
of this, for the latter transitions, the peak parameters, and, in par-
ticular, the widths are more difficult to extract with high accuracy.
This is probably the reason why the fits describe the widths of the
1s7'6a;, — 2p~2("Sy)6ay, transitions [Fig. 3(f)] much better than
for the 15*16a1g — 2p*2(1D2)6a1g transitions [Fig. 3(e)]. Finally,
we expect a larger slope for a double-core-hole state than for a
single-core-hole state, which is only given for the result of the
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Zp‘z( So)6ayg final state. From these results, we conclude that the
slope of —31.7(1.1) eV/A for the 2p‘2( So)6a1g final state is reli-
able, while the slope of —18.9(1.0)eV/A for the 2p*2( Dy)6ai,
final state is due to a poor extraction of the peak widths due to
overlappmg transitions. As already proposed in a recent publica-
tion,”” this suggests developing codes that allow fitting entire
2D-maps as shown in Fig. 1. Such approaches will allow extracting
parameters of strongly overlapping peaks with high accuracy; they
are, however, beyond the scope of the present work.

VI. CONCLUSIONS

In this paper, we have used a core-hole-clock method,
namely, resonant Auger emission, to observe dynamical phenom-
ena in the analysis of the S lsfl(lafgl) — 6ajg symmetry-
forbidden resonant excitation of SFs and subsequent KLL Auger
relaxation using state-of-the-art experimental resolution. The
dynamic symmetry breaking is validated through the investigation
of electronically dipole-forbidden transitions. An S-shape for the
kinetic energy dispersion of the Auger electrons is observed. For
dipole-allowed transitions, such S-shapes originate from dissocia-
tive core-hole and final states; they allow us to derive the potential
slopes of the states involved. We show that this is also valid for
the present case of the dipole-forbidden S 15*1(1511 ) — 6aig
resonance. Based on this result, we derived the slope of the
S 15 '6a;, state to be —25.3(1.8) eV/A and for the S 2p~26ay,
state to be —31.7(1.1) eV/A.

Finally, we want to emphasize that the present validation for
using the properties of S-shapes dispersion for dipole-forbidden
transitions is based on the Born-Oppenheimer approximation, i.e.,
it is only valid when the energy splitting between electronic states
is much larger than the vibrational energies. From this directly
follows that the present arguments are generally not valid for
dipole-forbidden transitions, which may undergo a strong Jahn-
Teller distortion. Nevertheless, the present case of the forbidden S
1s™ (lall) — 6a1g excitation in SF¢ is not an isolated finding.
Similar exc1tat10ns are, e.g., Si 1s7! — 6a; in SiF,°”*° and Si
1s™! — 8a, in SiCly."" From this, we expect that the present situa-
tion is quite common in highly symmetric molecules, where dipole-
forbidden transitions are common due to the corresponding strict
selection rules.
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