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Resonant inelastic soft x-ray scattering (RIXS) spectra excited at the 1o, — 30, resonance in gas-
phase O, show excitations due to the nuclear degrees of freedom with up to 35 well-resolved discrete
vibronic states and a continuum due to the kinetic energy distribution of the separated atoms. The RIXS

profile demonstrates spatial quantum beats caused by two interfering wave packets with different

momenta as the atoms separate. Thomson scattering strongly affects both the spectral profile and the

scattering anisotropy.
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Interference is a direct manifestation of the wave nature
of matter, most clearly demonstrated in Young’s double-slit
experiment. When a genuine double-slit experiment is
performed with free atoms [1] care must be taken to
make an atomic beam with sufficient temporal as well as
spatial coherence for interference fringes to be observed. In
spectroscopic studies double-slit analogues are encoun-
tered, e.g., in the oscillatory time dependence of the decay
probability following sudden excitation of two levels of a
quantum system, referred to as quantum beats [2]. Spatial
quantum beats [3], although conceptually more directly
related to the wave nature of matter, have been given
much less attention. Here we report on spatial quantum
beats in resonant inelastic soft x-ray scattering (RIXS)
spectra of the O, molecule, where two dissociating states
form the analogue of the double slit. Initially, the molecule
is in the zero-point vibrational level of the electronic
ground state. This defines the spatial initial conditions,
and also the temporal initial conditions as the excitation
process is fast in comparison to the nuclear motion.
Depending on which state is excited the atoms separate
with different speeds, and thus their phase difference varies
with internuclear distance. The resulting interference
fringes are monitored in radiative transitions, which project
the wave packet development in discrete as well as con-
tinuum vibrational excitations of the electronic ground
state.

It has long been realized that the decay of core excited
states in molecules contains information about the
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femtosecond nuclear dynamics during the excitation-
emission process [4]. In the electronic decay channel this
feature is currently widely applied, and resonant Auger
spectra excited at the same resonance that we use in the
present study, the 1o, — 30, resonance in O,, have been
analyzed in detail [5]. Nuclear dynamics has also been
addressed in RIXS experiments (see, e.g., Refs [6-9]), in
which dipole selection rules imply a high sensitivity to the
symmetry of the wave functions, and simplify the inter-
pretation of the spectra. In most studies, however, the
energy resolution and counting statistics in the RIXS spec-
tra have been compromised due to experimental limita-
tions, and have not been in parity with what is achievable in
resonant Auger spectra. With the new generation of instru-
mentation this is changing dramatically, and as we have
recently demonstrated, individual vibrations can now be
readily resolved in molecular RIXS spectra [10].

As in our previous study [10] we have used the SAXES
spectrometer [11] at the ADRESS beam line [12] of the
Swiss Light Source, Paul Scherrer Institut, Villigen PSI.
Gas-phase measurements were facilitated using a flow cell
with a 100 nm thick diamondlike window, separating the
ultrahigh vacuum from the sample gas. Incoming and out-
going radiation passed though the same window, both at an
angle of 45°.

Scattering at the lo, — 30, resonance [Fig. 1(a)]
includes a well-resolved vibrational progression with
(a) some 35 narrow (FWHM = 50 meV, determined by
the experimental resolution) peaks in the 0-5 eV energy
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FIG. 1 (color online).
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Experimental (a) and theoretical (b) RIXS spectra for § = 90"; w = 539, 538.75, 538.5, 538 eV (from top to

bottom) as indicated in the absorption spectrum in the top panel. The theoretical “atomic™ peak includes also contribution from the
dissociative 13TI o final state which converges to the same dissociative limit as the ground state. The polarization dependence of the
RIXS spectrum shown in panel (c) demonstrates that scattering to » = 0 has a different dependence on the angle § = 2/ (e, n;) (here
6 = 0" and 90°), than scattering to » > 0. The gray bar shows the intensity of the elastic peak intensity for § = 90" without Thomson

scattering.

loss range, which transforms into (b) a continuum with
smooth intensity variation in the 5-11 eV range, and (c) a
sharp Lorentzian (FWHM = 0.2 eV) peak at 11.5-12.5eV
loss. The RIXS spectra are due to transitions to the 32;
electronic ground state represented by the whole potential
curve up to the O(P) + O(*P) dissociation limit (around
5 eV [13]). The features are assigned to (a) bound vibronic
states, (b) losses corresponding to kinetic energy distribu-
tion of the separating atoms, and (c) emission from the
atoms at full speed. We see an intensity variation of the
intensity envelope of the discrete final states with a mini-
mum around 1.5-2 eV and a maximum around 4 eV,
followed in the continuum by a minimum around 7 eV,
and a faint maximum around 9 eV. The energy position of
the atomic peak, finally, equals the kinetic energy of the
separated atoms plus the ground state dissociation energy.
In the following we will demonstrate that this phenome-
nology represents spatial quantum beats, due to the exci-
tation of two nonequivalent dissociating intermediate
33, (lo;'30,) states. Although this cannot be directly
observed in the absorption spectrum it has earlier been
demonstrated [14,15] that there are two such states due
to two possible internal spin couplings: the spin of the
remaining lo, electron can be parallel or antiparallel to

the spin of the two unpaired electrons in the 17, orbital,
and the states are denoted Q (for quartet) and D (for
doublet), respectively.

Before addressing the dynamics in more detail we out-
line the numerical ab initio procedure. The simulations of
the RIXS spectra shown in Fig. 2 were performed using the
time-dependent wave packet technique [16,17]. Potential
energy surfaces of the ground and core excited Q and D
states in the 0.9 < R < 2.0 A region were computed using
a complete active space (CAS) wave-function based
approach. The D state potential energy surface was deter-
mined using the CASSCF/MRPT2 method, in which all
16 electrons of O, are included in an active space consist-
ing of 10 orbitals used in wave-function optimization, and
dynamic electron correlation effects were accounted for
using multireference second order perturbation theory
(MRPT?2). The Q state wave function was obtained with
the D state wave function as reference using the configu-
ration interaction method. All calculations were carried out
using aug-cc-pCTVZ basis set [ 18] augmented by midbond
basis functions taken from Ref. [15], which are introduced
to achieve a better description of the Rydberg states. Core
orbital relaxation and static electron correlation effects are
treated in a self-consistent fashion allowing for a rigorous

153004-2



PRL 106, 153004 (2011)

PHYSICAL REVIEW LETTERS

week ending
15 APRIL 2011

E(eV)? 2‘
544

540

A

536

intensity

FIG. 2 (color online). Physical picture of the modulations in the
vibrational RIXS spectrum. The calculated RIXS spectrum (gray
profile in the right panel) with one intermediate state does not
display any envelope oscillations and differs qualitatively from the
experimental spectrum. The interference between the Q and D
scattering channels results in a spatial modulation of the total wave
packet W, + W, which leads to the beat structure in the RIXS
spectrum (“Q + D” spectrum in the right panel). The reflection
principle explains qualitatively how the spatial modulation of
|W, + Wp|? gives the intensity modulation in the RIXS spectrum.

description of core and valence orbital reorganization upon
lo, — 30, excitation.

Below we give a simplified physical picture of the
spatial beat phenomenon in RIXS. The double differential
cross section for vibrational RIXS, as a function of the
primary photon energy @ and energy loss Aw = w; — w,
where w, is the energy of the secondary photon, is

o(w, Aw) = rj— " Z[(e e)2<Z2 + 2?ZReF0)6,,VO

1+ 2(e1 . e)2 2
AR @,y )

Here ry = 2.82 X 10713 cm is the classical radius of the
electron, Z = 16 is the number of electrons in O,, » is the
vibrational quantum number of the final state, and e and e
are the polarization vectors of the primary and secondary
photon, respectively. We use atomic units. The terms in
Eq. (1) proportional to Z? and ZReF, describe Thomson
scattering and the interference between Thomson and
resonant channels, respectively, while the last term shows

the resonant scattering. As the polarization of the second-
ary photon is not detected, and as the angle between e and
the propagation direction of the secondary photon, nj, is
6= 2(e,my) =0° and 90°, (e, -e)*> — 1sin’6 in the
present experiment. The scattering is on resonance with
the two intermediate Q and D dissociative states which
have an energy spacing near the ground state equilibrium
distance of A = E,(R) — Ep(R). Therefore the scattering
amplitude is expressed as the sum F, = FD + F 9 where
the scattering amplitude of the jth channel is the integral
over the energy of the dissociative state € relative to the
energy of the vertical transition w ;y:

F, = wwldfo(vl‘lf)

=[d<@Am¢4m
— e+

_ T o~ 0328 \/5 Q;
Ry R (d = DTRVL G

Here d is the matrix element for the electronic transition
between the ground and intermediate states, which we
assume to be independent of the internuclear distance,
;= w — wj is the detuning of w relative to w ;y, and
S is the spectral width of the Franck Condon factor
(¢ |0)*. Integrating over € we use that I' < S so that
the main contribution to the integral (¢ jflO) comes from
the pole € = ; + I

Both wave packets propagate along the energy surface
of the intermediate states with the total energy w (see
Fig. 2). When the nuclei separate the kinetic energy of
the wave packets increases as the potential decreases. Two
different potential surfaces imply two different kinetic

W(R)

energies &;(R) and hence, different wave numbers k;(R) =

1/2,(/“9]»(R) and the related velocity v;(R) = k;(R)/u,

where u is the reduced mass of the atoms. As shown in
Eq. (2) the phase of the wave packet W;(R) is the same as
the phase of the nuclear wave function ¢jg (R). The

semiclassical expression for the nuclear wave function
results in

dR,
vj(Rl).

q,J(R) Mexp(ﬁR[lk](Rl)de - FdT]), dr=
3

Now we can estimate the phase difference A< between the
Q and D wave packets

where 7= (R — Rp)/v is the time of the propagation of
the wave packet to the point R with the averaged velocity
v = (kg + kp)/2p and ¢ is the constant phase shift be-
tween the Q and D wave packets caused by the spacing
between the classical turning points Ry — R, (see Fig. 2).
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The changing phase difference results in a slow spatial
modulation of the total wave packet W(R) = W,(R) +
W, (R) which is seen in Fig. 2. At increasing R the beating
(Fig. 2) is damped due to the decay of the core excited
state:

cos(7A + @)e 27, 5)

The number of oscillations for continuum-continuum
transitions is very sensitive to the QD splitting A. For
example, we get two oscillations instead of one seen in
the experiment if we use the value A = 2 eV calculated
earlier [5,14,15]. The splitting (near the equilibrium) cal-
culated in the present article A = 1.4 eV gives only one
modulation which is consistent with the experiment
(Fig. 2). The atomic peak is computed assuming that the
QO and D core excited states converge to the same disso-
ciative limit OCP) + O*(3P).

Finally, we would like to point out that Thomson scat-
tering is the dominant channel for the elastic (v = 0) peak,
as the first term in Eq. (1) gives a much larger contribution
to the intensity than the second. The reason for this is the
strong suppression (I'/S = 0.05) of the resonant term
caused by the dissociative nature of the core excited state.
Thomson scattering influences only the final vibrational
state ¥ = 0, and it has an angular dependence which is
different from the resonant term. In contrast to resonant
scattering, Thomson scattering is absent for parallel ge-
ometry, § = 0. Thus, the vibrational progression is aniso-
tropic. By comparing spectra measured in parallel (6 = 0)
and perpendicular (f = 90°) geometry [see Fig. 1(c)] we
demonstrate that the cross section of Thomson scattering is
about 7 times larger than the cross section for resonant
scattering.

In conclusion, we have observed the spatial quantum
beat effect in vibrational RIXS of molecular oxygen. Our
study shows that the beat structure is very sensitive to the
splitting between two close-lying dissociative core excited
states. In addition, the combined experimental and theo-
retical study demonstrates the importance of the Thomson
channel in scattering via dissociative core excited states.
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