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At photon energies near the Ne K edge it is shown that for 1s ionization the Auger electron, and for 2s

ionization the fast photoelectron, launch vibrational wave packets in a Ne dimer. These wave packets then
decay by emission of a slow electron via interatomic Coulombic decay (ICD). The measured and
computed ICD electron spectra are shown to be significantly modified by the recoil induced nuclear

motion.
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For molecular ionization, excitation, and electronic de-
cay the Born-Oppenheimer and Franck-Condon approxi-
mations are successfully invoked to describe most of the
observed phenomena. Two assumptions are usually made:
First, the nuclei are considered frozen in coordinate space
during the electronic transition, and second, the momen-
tum coupling between electrons and nuclei is neglected.
This is obvious in the often used Franck-Condon approxi-
mation to electronic transitions of a molecule where the
electronic dipole matrix element is evaluated at the equi-
librium distance of the ground state and the resulting
vibrational spectrum is due to overlaps of the vibrational
levels of the ground and final electronic states of the
transition. Domcke and Cederbaum [1] showed theoreti-
cally that relaxing the Franck-Condon approximation for
photoionization gives rise to momentum coupling between
electrons and nuclei which can lead to an observable
“recoil effect.” For high energetic photoelectrons the re-
coil momentum imparted differently onto the nuclei may
result in non-Franck-Condon vibronic excitations. This
effect has only recently been confirmed experimentally
not only in molecules [2,3] but also in solid states [4]. In
addition, the recoil effect can also lead to an observable
phase shift of the photoelectron [5].

It is pointed out here that recoil effects are not only
relevant for photoionization, but also for Auger decay, and
are particularly relevant for subsequent decay processes
following either photoionization or Auger decay.
Specifically, in the present letter we demonstrate that in-
teratomic Coulombic decay (ICD) in the Ne dimer is
significantly modified by the recoil momentum of a fast
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electron emitted along the internuclear axis. ICD, first
introduced in [6], is a decay where the transfer of relaxa-
tion energy from one site of a weakly bound complex can
lead to the emission of a low energy electron from a
neighboring site. ICD, resulting in a doubly charged state
of the dimer, takes place in Ne, after its 2s ionization

Ne /Ne + hw — Ne™ (257 !)/Ne + ¢,
—Ne*2p™) + Net(2p~ 1) + ep + e;cp
(1)
and has recently been studied, both experimentally [7—10]
and theoretically [11-13]. In addition, ICD after Auger

decay of the 1s vacancy, resulting in a triply charged state
of the Ne dimer

Ne/Ne + how — Ne*(1s71)/Ne + e
— Ne2*(2s712p~1'P)/Ne + ep + e
— Ne?*(2p~2'D) + Ne*(2p~ 1)
+ep tey +oerep, 2)

has also been observed experimentally [14-16] and inter-
preted theoretically [17-19]. For both reactions (1) and (2),
ICD takes place on a time scale comparable to the nuclear
motion of the Ne atoms (the time for the electronic decay
of ~100 fs is comparable to the typical time for the nuclear
dynamics, which is ~300 fs). As a consequence, as clearly
demonstrated in [13,19], the nuclear dynamics consider-
ably influence the ICD spectrum providing a good agree-
ment between theory and experiment. Since the potential
energy surfaces of these singly or doubly charged dimers
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are very shallow we expect that the recoil momentum of a 1.0 : . . . Z . N
fast electron imparted onto the nuclear dynamics will lead * 2 E\f rrEEEEsmm
to an observable modification of the ICD spectra for both /KAN\ —e—0,= 66°-114°
reactions (1) and (2). 05 \‘\ —A—Bp= 0°- 5%
The present experiment has been performed at BL _ and 1277 - 180°
UES56/1 SGM at BESSY using the COLTRIMS technique N e idvie \%
[20-22]. It is similar to that reported in [16]. In order to g 0o (normal ICD) K\&.\A L
produce fast photo- and Auger electrons we used a photon e
energy of hw = 880.2 eV, which is 10 eV above the 1s g [LIIIIIIIIIIIITIrsee==--
ionization threshold of Ne,. This corresponds to a 2s E / o e -"QK' A\f/era;;e |ntenS|;|es
photoelectron energy of Ep = 831.7 eV in reaction (1) /:i/./- R (|(9;r|:) ;?::'Zzée)n
and to a ls photoelectron energy of Ep = 10 eV and an 0-5'. \
Auger-electron energy of E, = 772 eV in reaction (2). T8 = 56:'”4: il\.
The corresponding recoil energy, as given by the mass ::Z";;éézo ‘\L\'i'
ratio of the electron and the Neon atom, is about 22 meV. A ‘I::::h
The coincident detection of both fragment ions and the 0.0 o ! ] 3 a - s

ICD electron allows us to identify the initial ICD state and,
hence, to identify reactions (1) and (2). Determining the
directions of the high energy photo- or Auger electron with
respect to the direction of fragmentation of Ne, is essential
to study the recoil effect, since the induced nuclear motion
depends strongly on this direction. The momentum vector
of the fast photoelectron in reaction (1) was obtained from
the measured momenta of the two ions and the ICD elec-
tron using momentum conservation. In reaction (2), both
photo- and Auger electrons are emitted from the same site
where the initially created core hole was localized, thus,
imparting their respective recoil momenta onto the same
atom which finally becomes the Ne?>" fragment. The latter
localization was verified by showing the broken symmetry
of the photoelectron angular distribution [14,15]. Although
the sum recoil momentum is relevant for the recoil effect
and directly measured in our experiment as indicated
above, we refer in the following for simplicity to the recoil
momentum of the Auger electron only. For a recoil mo-
mentum parallel to the bond, the fragmentation direction
coincides, due to the fast Auger decay and the fast disso-
ciation, with the dimer axis at the instant of photoabsorp-
tion. If the recoil momentum is perpendicular to the bond,
it causes a rotation of the dimer before dissociation. This
rotation of the internuclear axis due to the recoil effect is
estimated for present parameters to be maximally 9° per
100 fs.

Figure 1 comprises the results of the present experiment.
The normal ICD electron spectra measured for reaction (1)
at different directions between the fast photoelectron and
the dimer axis are shown in the upper panel. For the
perpendicular recoil momentum the data are integrated
over the photoelectron emission angle #p in between
66°—114° (dots). Since both detected ions have the same
charge (Ne™), the two cases where the photoelectron is
emitted along the dimer axis compressing or stretching its
bond cannot be distinguished. Therefore, we show the
experimental spectrum integrated over the photoelectron
emission 0°-53° and 127°-180° (triangles). The ICD

ICD electron energy [eV]

FIG. 1 (color online). Intensities of the ICD electrons mea-
sured in coincidence with the photoelectrons emitted at different
directions after 2s ionization of Ne, (top) and with the Auger
electrons after 1s ionization of Ne, (bottom). All spectra are
normalized to the same integral. Typical errors are shown on top
by bars.

spectra observed for reaction (2) at different directions of
the fast Auger electron are shown in the lower panel of
Fig. 1. For the perpendicular recoil momentum (dots) we
again show the experimental spectrum integrated over 64
in between 66°—114°. Knowing that the site of the Ne?*
fragment received the recoil momentum together with the
measured direction of the momentum allows us to experi-
mentally distinguish the compression from the stretching
of the bond. If we define 6, with respect to the direction of
the detection of the Ne?* fragment, the compressing mode
will correspond to 8, = 0° and the stretching mode—to
6, = 180°. The experimental ICD spectra integrated over
64 in between 0°-53° (compressing mode) and in between
127°-180° (stretching mode) are also shown in the lower
panel of Fig. 1 by triangles and squares, respectively. One
can see that the ICD spectra measured for different direc-
tions of the fast electron are noticeably different, and the
difference is larger than typical errors shown by bars on the
top of each panel.

In order to interpret the present experiment we applied
the time-dependent theory of wave packet propagation for
ICD asin [12,13,19]. We utilized the same potential energy
curves (PECs) and ICD rates as in [13,19,23] which al-
lowed us to interpret the experimental ICD spectra mea-
sured without recoil effect [7]. In order to take the recoil of
nuclei by a fast electron into account we proceed along the
same lines as suggested in [1]. For simplicity we assume
that the fast electron with momentum k, was emitted from
the left atom of the dimer located at R;. After instanta-
neous emission of a fast electron the intermediate wave
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packet created on the ICD initial PEC will get an additional
phase e~ 'R._By separating the vibrational motion of the
dimer described by coordinate R from the motion of its
center of gravity described by Ry the above phase factor-
izes as e KeRse=ke(R/2) - Apart from the phase factor
e~ %'Rs describing the center of gravity motion, the initial
condition for the intermediate wave packet |W,(z)) which
propagates on the PEC of the state decaying by ICD reads

|‘I’d(l — 0)> — |v0>eﬂ'(kﬂ/2)~R — |U0>efi(kp/2)Rcosﬁp/A, (3)

where |v,) is the wave function of the zero vibration level
of the Ne, ground state.

Time evolutions of the wave packet |V ,(¢)) propagating
on the PEC of the Ne?* (25 !'2p~ ! P)Ne state decaying by
ICD (initial ICD state) computed for different recoil modes
in reaction (2) are shown in Fig. 2. The maximal value of
the recoil momentum transferred to the vibrational motion,
% cosf, = £3.77 a.u., which corresponds to the Auger
electron emitted along the dimer axis 8, = 0°/180° with
an energy E;, = 772 eV, was used in the calculations. For
8, = 90°, the wave packet is created at the right turning
point of the PEC of the initial ICD state and starts to
propagate inwards without initial velocity (middle panels).
It reaches the left turning point after about 100 fs and
makes a complete oscillation cycle after about 350 fs. In
the case of a compressing mode (left panels), the wave
packet starts to propagate inwards with an initial velocity
provided by the recoil and reaches the left turning point
much earlier. In the stretching mode (right panels), the
wave packet starts to propagate outwards with an initial
velocity opposite to that in the compressing mode. It turns
back after about 100 fs and reaches the left turning point
much later.

The ICD spectra computed accounting for the recoil of
the nuclei are depicted for both reactions in Fig. 3. In order
to facilitate comparison between theory and experiment we
averaged the computed spectra over the emission direc-

0,=0° [ 6,=90° o180 K

farb. units]

FIG. 2 (color online). Modulus squared of the wave packet
propagating on the PEC of the state Ne>" (25 '2p~!!P)Ne
decaying by ICD computed at different times. The excitation
of the compressing mode (left panels), vibrational recoil free
mode (middle panels), and stretching mode (right panels) are
shown. The maximal value of the recoil momentum transferred
to the nuclear vibrational motion, |k,|/2 = 3.77 a.u., which
corresponds to the Auger-electron energy Ej = 772 eV, was
used in the calculations. Note that due to ICD the norm of the
wave packet decreases in time.

tions of the fast photo- or Auger electron. Since recoil
induced rotations of the internuclear axis cause additional
uncertainties of maximum 9° in the determination of the
angles 0p/4 during the typical lifetime for the ICD of about
100 fs, we depict computed spectra averaged in the inter-
vals 0°-60°, 60°-120°, and 120°-180°. Thus, on average,
for the first and last intervals only about 83% of the
maximal recoil effect for compressing and stretching
modes are accounted for in the depicted spectra (dashed
lines), and about 25% of the recoil are included for the
middle interval (solid lines).

Figure 3 demonstrates the enormous influence of the
nuclear dynamics launched by the recoil momentum on
the computed ICD spectra. As discussed above, in the
compressing mode the dimer spends more time at smaller
internuclear distances. This results in a preferable emission
of the low energy ICD electrons (compare red dashed and
solid lines on the lower panel of Fig. 3), since the energy
difference between the potential curves of the initial and
the final ICD transition states and with this the kinetic
energy of the ICD electron decreases with smaller inter-
nuclear distances. In the stretching mode the dimer spends
more time at larger internuclear distances and high energy
ICD electrons are preferably emitted (compare blue dashed
and solid lines on the same figure). In reaction (1) these
modes are indistinguishable due to the identical Ne* frag-
ments, and the recoil leads, as expected, to a broadening of
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FIG. 3 (color online). Computed spectra for normal ICD of
Ne, (top) and ICD after Auger decay (bottom). The spectra were
averaged over the directions of the recoil momentum (see
legend). Model spectra simulating the additional presence of
ETMD (see text) for stretching and compressing modes are also
shown on the lower panel. All spectra are normalized to the same
integral.
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the distribution (compare dashed and solid lines on the
upper panel of Fig. 3).

By comparing Figs. 1 and 3, one can see that the
presently measured effect is much weaker than theory
shows, but that the qualitative agreement supports the
recoil interpretation. As shown in [16], the ICD tran-
sition  between the Ne’"(2s7!'2p~!'P)/Ne and
Ne?"(2p~2'D) + Net(2p~!) states for reaction (2) over-
laps with the electron transfer mediated decay (ETMD,
[24]) transition between the Ne2"(2s72)/Ne and
Ne?*(2p~23P) + Ne*t(25s~!) states. Since we detect only
electrons with an initial kinetic energy up to 12 eV within a
solid angle of emission of 47 the statistics as well as the
resolution in the high energy region of the auger electrons
was not enough to separate these two channels out of the
kinetic energy of the Auger electron. Hence the ETMD
transition is also included in the experimental spectrum.
The ratio of the ICD to ETMD transitions estimated from
the present experiment is 83% to 17%. In contrast to ICD,
in ETMD the Auger electron is emitted from the site which
becomes the Ne* fragment leading, therefore, to the op-
posite recoil effect. The model spectra estimated for com-
pressing and stretching modes assuming the same nuclear
dynamics for the ETMD and the above ICD to ETMD ratio
are shown for reaction (2) in the lower panel of Fig. 3 by
dash-dotted-dotted lines. One can see that accounting for
the presence of ETMD improves the agreement between
the presently measured and computed electron spectra for
reaction (2). As shown in [13,19], partial spectra computed
for different initial and final ICD states are notably differ-
ent. The remaining discrepancy between presently com-
puted and measured spectra can be connected with the fact
that equal partial ICD rates were used in the present
calculations.

In conclusion, we have demonstrated a breakdown of the
Franck-Condon approximation for decay processes follow-
ing the emission of a fast electron by studying ICD of Ne
dimers both experimentally and theoretically. The ICD
spectra measured for the ICD of the Nej(2s™!) states
and the ICD after Auger decay of the Nej (1s~!)) states
unambiguously demonstrate significant modifications of
the nuclear dynamics accompanying ICD by the recoil
momentum imparted on the nuclei by fast photo- and
Auger electrons. Our calculations illustrate an enormous
effect of the recoil of the nuclei on the computed wave
packets and ICD spectra supporting the present measure-

ments. ICD processes following the emission of a fast
electron provide a time averaged image of the nuclear
wave packet, which has received the initial momentum,
and hence allocate a sensitive tool to study the recoil effect.

This work was supported by BMBF, DFG, BESSY,
JSPS, and MEXT. We thank S. Cramm and the staff at
BESSY for excellent support. We are grateful to S.
Stoychev and A. Kuleff for stimulating discussion. K. K.
and T. W. acknowledge support by DESY. S.S., and X.J.L
acknowledges support by JSPS. L.S.C. acknowledges
support by DFG. Ph. V.D. was funded by the EU Marie
Curie (PIIF-GA-2008-219224).

*doerner @atom.uni-frankfurt.de
[1] W. Domcke and L.S. Cederbaum, J. Electron Spectrosc.
Relat. Phenom. 13, 161 (1978).
[2] E. Kukk er al., Phys. Rev. Lett. 95, 133001 (2005).
[3] T.D. Thomas et al., J. Chem. Phys. 128, 144311 (2008).
[4] Y. Takata et al., Phys. Rev. Lett. 101, 137601 (2008).
[5] K. Ueda et al., Chem. Phys. 329, 329 (2006).
[6] L.S. Cederbaum, J. Zobeley, and F. Tarantelli, Phys. Rev.
Lett. 79, 4778 (1997).
[7] T. Jahnke et al., Phys. Rev. Lett. 93, 083002 (2004).
[8] T. Aoto et al., Phys. Rev. Lett. 97, 243401 (2006).
[9] T. Jahnke et al., Phys. Rev. Lett. 99, 153401 (2007).
[10] T. Jahnke et al., J. Phys. B 40, 2597 (2007).
[11] R. Santra, J. Zobeley, L. S. Cederbaum, and N. Moiseyeyv,
Phys. Rev. Lett. 85, 4490 (2000).
[12] S. Scheit, L.S. Cederbaum, and H.-D. Meyer, J. Chem.
Phys. 118, 2092 (2003).
[13] S. Scheit et al., J. Chem. Phys. 121, 8393 (2004).
[14] K. Kreidi ef al., J. Phys. B 41, 101002 (2008).
[15] M. Yamazaki et al., Phys. Rev. Lett. 101, 043004 (2008).
[16] K. Kreidi et al., Phys. Rev. A 78, 043422 (2008).
[17] R. Santra and L.S. Cederbaum, Phys. Rev. Lett. 90,
153401 (2003).
[18] S.D. Stoychev et al., J. Chem. Phys. 129, 074307 (2008).
[19] Ph.V. Demekhin, S. Scheit, S.D. Stoychev, and L.S.
Cederbaum, Phys. Rev. A 78, 043421 (2008).
[20] R. Dorner et al., Phys. Rep. 330, 95 (2000).
[21] J. Ullrich et al., Rep. Prog. Phys. 66, 1463 (2003).
[22] T.Jahnke et al., J. Electron Spectrosc. Relat. Phenom. 141,
229 (2004).
[23] V. Averbukh and L.S. Cederbaum, J. Chem. Phys. 125,
094107 (2006).
[24] J. Zobeley, R. Santra, and L.S. Cederbaum, J. Chem.
Phys. 115, 5076 (2001).

033001-4



