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Electronic State Interferences in Resonant X-Ray Emission after K-Shell Excitation in HCI
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We have measured a series of high-resolution x-ray spectra emitted upon resonant photoexcitation of
HCI. The photon energy was tuned across the dissociative 1s — 60" resonance and the Rydberg states
converging to the Cl 15! threshold, and inelastic photon scattering was observed in the region of KL
emission lines. Excellent agreement is found between fully ab initio calculated and measured spectra if
interferences between different excitation-emission paths are taken into account. The effect of electronic
state interferences is enhanced due to dynamical broadening of the 60" resonance in HCI.
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Bound atomic or molecular states are coherently excited
if they overlap in energy, and the overlap can be consid-
erable when the lifetime broadening I' is larger or compa-
rable to the energy difference between excited states. If a
group of coherently excited states decays to the same final
state, interference effects may be observed in the corre-
sponding decay channel. This is manifested, for example,
by quantum beats showing up in time dependent yield of
decay products [1], or by modulation of photoelectron
angular distribution due to overlap of spin-orbit multiplet
terms [2]. A well-known example in molecular physics is
provided by lifetime-vibrational interferences. Because of
the relatively short lifetime of core-excited states, line-
widths are of the same magnitude as vibrational level
spacings, and there is a nonnegligible probability that the
same final state is populated through different coherently
excited intermediate vibronic states. In order to explain the
observed Auger and x-ray spectra, excitation and decay
cannot be treated as independent processes, and a one-step
formalism is required. The first observations of lifetime-
vibrational interferences were made using high-energy
electron probes, but due to broadband excitation, the inter-
ferences were largely obscured by the predominant ampli-
tude of the lowest vibrational mode [3,4]. The subsequent
spectroscopic studies of resonant Auger or resonant x-ray
emission employed energy selective photoexcitation to
disentangle lifetime-vibrational interference effects on
small diatomic molecules (see for instance [5-7]).

The theoretical description of lifetime-vibrational inter-
ferences has been generalized to include interferences
resulting from coherent excitation of different overlapping
electronic states [8]. It is well established that Auger decay
of resonantly excited core-hole states in rare gas atoms is
often accompanied by anomalously strong shake processes
[9,10], so that the same final state may be populated
through the decay of different resonances. Electronic state
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interferences involving a participator Auger decay were
indeed observed in resonant Auger spectra of Ne [11].
Since the energy separation of the Ne 1s~!'3p-4p states
is large (1.65 eV) compared to the lifetime broadening
(0.22 eV), significant interference effects were observed
only at excitation energies between the two resonances,
where the two intermediate states are excited with compa-
rable strengths. For spectra taken at resonance energies, the
interference contribution was negligible.

In this Letter, we report the first observation of interfer-
ences induced by fluorescence decay of coherently excited
core-hole electronic states. The effect is observed in reso-
nant inelastic x-ray scattering (RIXS) on gas-phase hydro-
gen chloride, HCI. A comprehensive series of high-
resolution KL RIXS spectra of HCI was recorded, covering
the region of the Cl 1s — 60 resonance and the higher
lying Rydberg states converging to the Cl K-shell ioniza-
tion threshold. The interferences are revealed by compar-
ing the experimental data with theoretical calculations
which include or omit the interference terms. Again, as
the energy gap (2.80 eV) between the Cl (1s)~!60*—the
lowest unoccupied molecular orbital (LUMO), and the
Cl (1s)"'4s, 4p, 3d Rydberg states is considerably larger
than the CI (1s)~! lifetime broadening (0.64 eV [12]),
interference effects are expected to show up for excitation
energies between the Cl (1s)"'60* and the corresponding
Rydberg states (Fig. 1). HCl is a target of choice for such
studies, because the overlap between the states is signifi-
cantly enhanced by a dynamical broadening of the disso-
ciative Cl (1s)"'60* resonance. In atomic chlorine the
overlap is much smaller since the energy difference be-
tween the lowest inner-hole atomic state 1s~'3p® and the
nearest 1s~'3p~'4p group of Rydberg states is estimated
to be as much as 11 eV [13]. Argon, the next element in the
periodic table, exhibits an energy difference of only
2.46 eV between the lowest core-excited atomic states
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FIG. 1 (color online). Theoretical absorption spectrum of HCI
around the Cl K edge. Vertical bars indicate the excitation
energies of the spectra presented in Fig. 3. The inset shows
two pairs of interfering paths leading to the same final state
through the core-excited 60 state and a group of Rydberg states.

Is~'4p — 5p' P, [14], and the overlap is relatively large,
but due to strong Rydberg character of the electronic
valence states, the participator KL fluorescence transitions
are expected to be very weak.

From an experimental point of view, it is challenging to
record a full (w;, w,) RIXS spectral map of a gaseous
target with both high resolution and high statistics. In this
study, the emission energy w, covers the energy region of
Cl KL emission lines, and the incoming photon energy
scans the Cl K-hole threshold region, which also includes
off-resonance excitation energies (large energy detunings)
and consequently very low RIXS cross sections. As in our
recent RIXS study of doubly excited atomic states [15], the
detection efficiency is increased by combining a position
sensitive detection with off-Rowland-circle geometry.
Experiments were done at the ID26 beamline of the
European Synchrotron Radiation Facility (ESRF). The
beam line is equipped with a cryogenically cooled double
Si(111) crystal monochromator with 0.45 eV bandpass at
the energy of the Cl K absorption edge (2830 eV). Incident
flux on the target was ~5 X 1012 photons/s, and the beam
cross section was 200 X 50 um?. A stainless-steel gas cell
was filled with 170 mbar of HCI gas and separated from the
spectrometer vacuum chamber with 12.5 um thick poly-
imide film. First order reflection of a Si(111) crystal was
used together with position sensitive detection of photons
on a thermoelectrically cooled CCD camera (—40 °C,
22.5 X 22.5 um? pixel size) to simultaneously measure
the whole KL RIXS spectrum at a fixed detector position.
The emission was observed along the horizontal polariza-
tion of the incident photon beam. The target cell was
positioned inside the Rowland circle at a distance of
27 cm in front of the diffraction crystal. Such a geometry
enables the collection of fluorescence from a target length
of few mm without loss of spectrometer energy resolution

with respect to the point source (0.45 at 2620 eV). A total
of 101 spectra were recorded, each at a different incident
photon energy. The acquisition time for each spectrum was
120 seconds and w; was tuned across the Cl K edge,
ranging from 2815 to 2835 eV with 0.20 eV step size.
The whole set of measured RIXS spectra was stacked to
compose the (v, w,) spectral map, which is presented in
Fig. 2(a).

The measured RIXS map exhibits two distinct types of
behavior. The strong signal observed below 2825 eV cor-
responds to the promotion of a CI 1s electron to the 65"
LUMO. While a complete breakdown of linear dispersion
is noted throughout the resonance region, the linearity is
gradually restored at large energy detunings when the
excitation energy is moved away from the resonance en-
ergy. Such a behavior has been predicted [16], and experi-
mentally observed [17]. It can be qualitatively described
using the concept of effective scattering duration time,
771 = +/Q? + T2, which is shortened when the energy
detuning () is increased. Because of the dissociative char-
acter of (1s)"'60" resonance, a part of the excitation
energy can be transferred into nuclear motion when the
scattering lasts long enough. This leads to a broadening of
the Cl(1s)"'60* — CI(2p) '60" emission lines at large
energy detunings, an effect absent in the decay of the
Rydberg states. For excitation energies above 2825 eV
the signal corresponds to the promotion of the CI 1s core
electron to the 4s0 and 4po, 7 Rydberg states. For these
states the emission lines show a perfect linear dispersion, a
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FIG. 2 (color online). Experimental (top) and theoretical (bot-
tom) two-dimensional RIXS KL emission diagrams for HCI
around the Cl K edge. Gray lines in (a) indicate position of
the maximum of the (15)~'60™* — (2p3/,)"'65™ (gray dots) and
(15)~'47, 0 — (2p3 )~ '47r, o emission lines as a function of
excitation energy. Vertical solid lines in (b) indicate the selected
excitation energies used for comparison in Fig. 3.
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characteristic feature of atomic resonant Raman x-ray
scattering.

The complete RIXS map measured with high-energy
resolution provides a unique opportunity to thoroughly
test the calculated potential energy surfaces (PES) of the
initial (ground state) and valence intermediate (1s)7'V
and final (2p)~'"V states. In this work, PES calculated
along the H-C1 bond were fitted with a Morse potential for
the ground state [18], or computed at a post Hartree-Fock
(HF) theory level for the intermediate and final states,
using configuration interaction (CI) with augmented
correlation-consistent polarized valence quadruple-zeta
basis set aug-cc-pCVQZ and aug-cc-pVQZ for chlorine
and hydrogen, respectively. For the intermediate states,
the total number of correlated orbitals derived from the
core-hole state wave function included in the CI active
space consists of the five outermost doubly occupied
H-CIl molecular orbitals, the CI 1s inner-shell, and the 50
lowest unoccupied valence-Rydberg virtual orbitals. For
each PES, vibrational wave functions were calculated us-
ing a one-dimensional Hamiltonian model as described in
Ref. [19]. Relaxation of valence orbitals in response to the
core-hole formation has been taken into account by using
HF-SCF orbitals, optimized for Cl (25)"'60™* intermediate
state. Choosing the orthogonal orbital set based on CI 2s
instead of CI 1s hole allows to obtain a ground state wave
function of comparable quality as given by the single SCF
determinant for the ground state [20]. A partial recovery of
the overall relaxation of the valence-shells in this case is
compensated by more accurate values of transition mo-
ments along the H-Cl bond coordinate (calculated in the
dipole-length form). For transitions below the ionization
threshold, variations of the vibrational and the electronic
parts of the transition moment along the inter atomic bond
distances were integrated simultaneously.

Because of spin-orbit (SO) coupling, the (2p)~! "V final
states are linear combinations of triplet and singlet non-
relativistic components. In addition to the (2p)~'o* SO
states, already reported in [19,21], the Rydberg (2p) 'R
spin-orbit states were fully calculated ab initio for HCI at
equilibrium bond length (1.28 A). The integral package in
GAMESS(US) [22] with all Breit-Pauli coupling terms [23—
25] was used for calculations of the 2 p core-excited states.
The 2p — 1s oscillator strength is given by the transition
probability between the localized CI 1s and the nonrela-
tivistic singlet '>* or degenerate 'II 2p components,
multiplied by the weights (populations) of these states in
the relativistic configuration.

The final result of our calculations is presented in
Fig. 2(b) and shows an excellent agreement with the ex-
perimental data [Fig. 2(a)]. However, to reproduce accu-
rately the measured RIXS spectra at all excitation energies,
interference terms need to be included in the calculations,
as demonstrated in Fig. 3 by a detailed comparison of
emission spectra recorded at selected excitation energies.
The effect is described in terms of doubly differential cross

section (DDCS), which determines the spectral properties
of resonant x-ray scattering [26]. For a long-lived final
state, the DDCS is given by

o _

T — F 1) ¢ ’ é 25 - - or 1
o da, ;| Hwy, &), &)P8(w) — w; — wy,), (1)

where ¢, and é, are polarization vectors of the incoming
and emitted photon, respectively, and the summation runs
over the available final states. The transition energy from
the ground state to the final (2p)~' "V state is denoted by
wy,. For KL decay in HCI the final state has an empty
2py/, or 2p5), orbital and one electron occupies 60 or
Rydberg-like molecular orbital. The diffusion factors are
given by coherent summation of absorption-emission am-
plitudes over all allowed intermediate states |i), which take
the system from the ground state |o) to the final state |f),
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Here, the final states are (2p)~'60” or any of the (2p) 'R
states, and the sum runs over (1s)"'6¢* and (1s) 'R /C

Rydberg or continuum intermediate states. D represents
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FIG. 3 (color online). Experimental KL emission spectra of
HCI at selected excitation energies (see Figs. 1 and 2), compared
to calculated spectra with (full line) and without (dotted line) the
electronic state interference terms. ) denotes the detuning from
the (1s)~'60* resonance energy.
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the dipole transition operator and I" denotes the lifetime
broadening of the CI 1s hole. The excitation energies of
intermediate states are denoted by w,,. To take into ac-
count realistic experimental conditions, the calculated
spectra are convoluted by the incident photon beam profile
and the spectrometer transmission function, each repre-
sented by a Gaussian with 0.45 eV FWHM. The calculation
shows that both types of spectator-participator cross terms,

lo) — (1s)"'60* — (2p)~'60™ spectator,

lo) — (1s) 160" — Z(Zp)_lfR shakeup,

and

lo) — Z(ls)_l'R — Z(Zp)_l’R spectator,
lo) = Y (1s) 'R — (2p)"'65" shakedown,

are responsible for the interferences observed in our spec-
tra (see inset in Fig. 1). Although the relative ratio of the
participator dipole moments with respect to the spectator
transition dipole moments is only about 1:100, the partici-
pator terms can still contribute significantly to the RIXS
cross section at excitation energies between the 1s — 60
resonance and the Rydberg states (Fig. 3). On the other
hand, to reproduce spectra measured at small energy de-
tunings, interference terms may be neglected because the
spectator amplitude dominates over the amplitude of the
weakly excited participator decay channel.

In conclusion, the KL spectral map of inelastically
scattered x rays in the region of Cl K edge in the HCI
molecule was measured with high resolution and compared
to fully ab-initio calculated spectra. In order to obtain a
good agreement between the theoretical and experimental
sequence of emission spectra it is necessary to account for
the electronic state interferences. The interference effects
in RIXS spectra are most strongly exposed at inter reso-
nance excitation energies where coherent excitation of
neighboring states occurs with comparable strengths. For
weakly overlapping states such an approach requires high
experimental sensitivity to measure weak emission signal
in the gap between resonances, but this offers a possibility

to test with high precision the set of calculated transition
amplitudes including their relative phases—the goal of a
complete quantum-mechanical measurement.
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