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Nuclear Motion of Core Excited BF3 Probed by High Resolution Resonant Auger Spectroscopy
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High resolution resonant Auger spectroscopy applied to the core excitation of BF3 reveals that the
kinetic energy of the spectator Auger electrons stays constant when the photon energy is scanned
through the B1s ! 2a00

2 resonance, whereas the kinetic energy of participator Auger electrons shows
a linear photon energy dependence. These nondispersive and dispersive effects are theoretically
reproduced using a quasi-Jahn-Teller model and by treating the Auger emission process as a coherent
second-order quantum process. [S0031-9007(97)04506-7]

PACS numbers: 33.80.Gj, 33.80.Eh
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The study of core excitation of atoms and molecu
is an active field which benefits from fast developmen
in technologies of soft x-ray monochromators and sy
chrotron radiation sources. It is now possible to obse
the evolution of a deexcitation process following the res
nance excitation with a resolution smaller than the na
ral width of the core excited states. Then, the resolut
of the deexcitation spectrum is determined by the co
volution of the bandwidth of the excitation energy an
the bandwidth for the energy analysis of the deexci
tion spectrum [1,2]. Such resonance measurements
vide evidence of the breakdown of the two-step mod
in which the excitation and the deexcitation processes
treated separately. The breakdown of the two-step mo
is clearly seen in the linear dispersion of kinetic ener
of the resonant Auger electrons as a function of pho
energy scanning through the resonance. This effect
been recently addressed both theoretically and experim
tally, known as “Auger resonant Raman” [1,2].

Another interesting aspect is a strong lifetime depe
dence in the resonant Auger emission spectral shap
molecules. If the lifetime of a core excited state is long
than a period of molecular vibrations, the natural wid
is smaller than the vibrational spacing and the excitat
to a specific vibrational level will occur for a sharp ban
width of the incident photon. In this situation, the d
excitation spectrum can be approximately described b
Franck-Condon factor between the core-excited state
final states of the decay. On the other hand, if the lifetim
is shorter than the vibrational period, one can no lon
say which vibrational level is excited, and a coherent n
clear motion will be induced as a result of interference b
tween excited vibrational levels. When the lifetime is n
much shorter than the vibrational period, this nuclear m
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les
ts
n-

rve
o-
tu-
ion
n-
d

ta-
pro-
el
are
del
gy
ton
has
en-

n-
e in
er
th
ion
d-
e-
y a
and

e
ger
u-
e-

ot
o-

tion will be reflected in the Auger electron spectral shap
In other words, the resonant Auger electron spectrosco
may become a probe of the ultrafast dynamical process
the core-excited state during the core hole lifetime. Suc
high resolution studies have been reported only for d
atomic molecules so far [3–5].

In this Letter, we report nuclear motion of a polyatomic
molecule probed by high resolution resonant Auger ele
tron spectroscopy. The main difference between pol
atomic molecules and diatomic molecules is that th
relevant potential energy surfaces are multidimension
and thus the molecular shape or the symmetry can
changed for each state allowing specific effects stress
in this Letter. The polyatomic molecule concerned her
is BF3, a plane molecule ofD3h symmetry in its ground
state. The B1s excitation (absorption) spectrum shows
a strong resonance B1s ! 2a00

2 below the B1s ioniza-
tion threshold [6]. Extensive study on this resonance an
its decay dynamics [7–10] revealed that the molecu
deforms to theC3y pyramidal structure following the B
1s ! 2a00

2 excitation in competition with electronic decay.
The aim of the present study is toseethis nuclear motion
with high-resolution resonant Auger spectroscopy.

We first explain the idea of the experiment. The effec
tive width of the B 1s ! 2a00

2 resonance is,400 meV.
The lifetime broadening of the B1s is ,80 meV or less.
According to the core equivalent model, the core-excite
BF3 geometry can be approximated to CF3. The stable
geometry of the B1s212a00

2 core-excited state is known
to be C3y , where the B atom is out of plane [9], and
thus the out-of-plane vibrations (n2:a00

2 symmetry) are
expected to be highly excited via the1s ! 2a00

2 excita-
tion. The effective width of the resonance is therefor
considered as a width of the envelope of out-of-plan
© 1997 The American Physical Society 3857
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vibrational progression containing many unresolve
highly excited vibrations: the interval of the adjacen
vibrational levels may be a little smaller than the natur
width of the1s21 2a00

2 state. In this situation, the chang
of the photon energy corresponds to the change o
location of a wave packet created on the potential surfa
of the 1s21 2a00

2 core-excited state. Then a dynamica
motion of the wave packet, or a nuclear motion of th
molecule, should be revealed in the deexcitation spectr
observed with a sufficiently high resolution.

The experiment has been carried out at the SA
bending-magnet beam line of SuperACO. A plane-grati
monochromator installed in this beam line was us
with entrance and exit slits of 0.1 mm, giving a photo
bandwidth of 200 meV at 200 eV. This bandwidth i
smaller than the effective width of,400 meV for the
B 1s ! 2a00

2 resonance and thus allows us to selective
excite a part of the resonance, or a bunch of vibrationa
excited states.

The electron analyzer used for this experiment is d
scribed in detail elsewhere [11]. Only a brief account
given here. The analyzer is a double toroidal type whi
combines the advantages of the cylindrical mirror analyz
(high acceptance angle) and the hemispherical analy
(plane focus for a broad kinetic energy range). A retardi
lens system of four conical elements focuses the elect
beam on the conical entrance slit of the first tore. The ele
trons are dispersed and focused by a set of two tores, o
plane perpendicular to the analyzer symmetry axis, wh
a set of three microchannel plates is mounted together w
a position sensitive detector of resistive anode type. T
measurements have been carried out at a pass energ
20 eV. The electron energy resolution is 200 meV.

Figure 1(a) shows the observed resonance Auger sp
tra. Here spectral intensities of photoelectron emissio
are plotted versus binding energy BE hn 2 KE, where
hn is the photon energy and KE is the electron kinetic e
ergy. The photon energies employed for the excitations
the energy of the resonance peak (195.5 eV) and 200 m
lower and higher than the resonance peak energy.

Six outer valence photoelectrons are partially resolv
in the spectra of Fig. 1(a). The resonance enhancemen
significant for1a00

2 , 2e0, and2a0
1, as noticed previously [8],

indicating the occurrence of the participator Auger deca
The electron emissions at the binding energies,28 37 eV
in Fig. 1(a) correspond to the spectator Auger deca
whose final states have two holes in the outer valen
orbitals localized at two different F sites and one electron
the2a00

2 orbital [8,12]. There are three recognizable peak
but many multiplet structures in the two-hole one-electr
final state are actually involved there.

The binding energies of the participator Auger pea
are constant irrespective of the excitation photon ener
kinetic energies of the participator Auger peaks sho
a linear dependence on the photon energy. This lin
dispersion can also be seen in the atomic spectator lin
3858
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FIG. 1. The observed (a) and calculated (b) resonance Au
spectra. The participator and spectator Auger spectra are sh
in the left hand and right hand panels, respectively. The res
for the excitation at B1s ! 2a00

2 resonance and for 200 meV
lower and higher than the resonance peak are shown.

In case of atoms, since there is no energy dissipat
mechanism and/or dephasing mechanism, this is qu
reasonable: the resonant Auger process can be rega
as a pure Raman scattering. In the case of molecu
concerned here, however, the linear dispersion correlat
between the Auger kinetic energy and the photon ene
may disappear due to the conversion of the energy
the vibrational degrees of freedom. We can expla
this dispersive effectqualitatively within a semiclassical
picture, using the adiabatic potential surface along t
out-of-plane vibration mode witha200 symmetry, the
coordinate of which is designated byQa200 hereafter.
The adiabatic potentials are shown in Fig. 2. Note th
in the case of participator Auger decay, the final sta
adiabatic potential is assumed to be stable at the ori
whereas the core-excited state is unstable there. In
semiclassical picture, the Auger emission signal ga
intensity mainly at the turning points of the classic
motion of the wave packet and also at the points where
potential curves for the initial and the final state becom
parallel. The prominent peak which shows the dispers
effect corresponds to the decay at the inner turning po
near the origin where the excitation takes place. T
prompt decay to the Auger final state prohibits the nucle
motion to respond to the potential change, as if it we
frozen around the ground state configuration. This is qu
analogous to the behavior of the Rayleigh component
the resonant light scattering of a strongly coupled vibron
system [13] and is a salient feature of coherent seco
order processes.

The assumption of the minimum of the potential surfa
at the origin alongQa00

2
in the final state is supported

by the previous photoelectron-photoion coincidence stu
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FIG. 2. The adiabatic potential surfaces along the out-of-pla
vibration mode witha00

2 symmetry for the core excited1s212a00
2

state (solid line), the participator Auger final state (dashed lin
and the spectator Auger final state (dotted line). The origin
the potential energy is shifted arbitrary for each line.

[7], which showed that the states with one outer valen
hole predominantly dissociate into BF1

2 1 F and thus the
dissociation is within the molecular plane. The fact th
outer valence photoelectrons excited by the He line sou
do not show significant out-of-plane vibrations [14] als
implies that the potential surfaces of these states are st
at the origin alongQa00

2
.

Another interesting point is the appearance of the t
on the higher binding energy side (i.e., lower kinet
energy side of the emitted electron) in the spectra, as no
previously [8]. This is direct evidence that the deexcitatio
occurs while the B atom is moving out of the plane. Th
participator Auger spectrum of O2 [3] shows a similar tail
and is interpreted by the deexcitation in the course of t
stretching of the bond in the excited state. The nucle
motion we are probing here is molecular deformation fro
D3h to C3y . A tail structure of equivalent origin has bee
observed in the resonant light scattering of the F centers
alkali halides [15] and is called a hot luminescence. T
mechanism responsible for the tail in the resonant Aug
spectrum discussed here may be calleddynamical Auger
emissions. If the lifetime of the core-excited state wer
long enough for the molecule to vibrate many times, t
electronic decay would take place predominantly also
the vicinity of the potential minimum of the core-excite
state, where the potential curve is parallel to the final st
(see Fig. 2). The observed participator spectrum, howev
does not show such a significant peak corresponding to
decay there, implying that the lifetime is shorter than th
vibrational period.

Let us now turn to the energy dependence of the spec
tor Auger peaks in Fig. 1(a). The binding energies of t
spectator peaks show a linear dependence on the ph
ne
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energy: kinetic energies of the spectator Auger peaks a
nearly constant. This photon energy dependence (nondis-
persive effect) implies that the potential surfaces of the
spectator Auger final states are nearly parallel to that o
the intermediate core-excited state in the vicinity of the
origin, and therefore unstable alongQa00

2
. The early decay

leading to these peaks occurs perpendicularly downward
the configuration coordinate space (Fig. 2) because of th
orthogonality of the vibrational states, and thus the los
of the potential energy in the excited state is compensate
by that in the final states. Previous coincidence measur
ments [9,10] showed that the energetic B1 is ejected fol-
lowing the spectator Auger decay, supporting the idea th
the potential surfaces of the spectator Auger final states a
unstable alongQa00

2
.

In order to confirm our conjecture described so far
we have carried out theoretical calculations. We con
sider a quasi-Jahn-Teller coupling between the2a00

2 and
s3sd3a0

1 excited states through theQa00
2

out-of-plane vibra-
tional mode and obtain vibronic states solving the energ
eigenvalue problem. Then we calculate resonant Auge
emission spectrum treating the Auger emission proces
as a coherent second-order quantum process (i.e., Ram
process).

The Hamiltonian for the initial state is written by

Hg 
1
2

sP2 1 v2Q2d , (1)

where Q denotes the coordinate of theQa00
2

vibrational
mode, andP is the conjugate momentum toQ. The
frequencyv is ,0.089 eV. For the B 1s212a00

2 core-
excited state, we consider the following HamiltonianHex:

Hex  Hel 1 HL 1 HJ-T , (2)

where

Hel  ecj2a00
2 l k2a00

2 j 1 sec 1 Dd j3a0
1l k3a0

1j , (3)

HL 
1
2

P2 2 E0 exp

∑
2

1
2

V2

E0
Q2

∏
, (4)

HJ-T  SQ expf2sQyrd2g

3 hj2a00
2 l k3a0

1j 1 j3a0
1l k2a00

2 jj . (5)

In the above equations,j2a00
2 l state atec interacts with

j3a0
1l state located atD above j2a00

2 l through the quasi-
Jahn-Teller couplingHJ-T.

In the final state, the system is separated into tw
parts, the ion and the Auger electron. The final stat
Hamiltonian for the ion,Hf , is assumed to have almost
the same form asHL and asHex, for the participator and
spectator Auger emission processes, respectively.

The resonant Auger spectrum is calculated by using th
Kramers-Heisenberg formula:

SsV1, ekd 
X
f

É X
c

kf, ekjTjcl kcjPjgl
Ec 2 Eg 2 V1 2 iGs1sd

É2
3 dsEf 1 ek 2 V1 2 Egd , (6)
3859
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where the kinetic energy of the Auger electron is denot
by ek, and thejcl and jfl are the eigenstates forHex
and Hf with the energiesEc andEf, respectively. The
ground state energy is represented byEg, and Gs1sd is
the damping factor due to the B1s core hole lifetime.
The dipole transition operator for the incident x-ray pho
ton is P and the Auger transition operator is describe
by T. Various Auger transition elements are determine
so as to reproduce the experimental results. We conv
lute this spectra by a Gaussian taking into account t
effects of the experimental resolution and the final sta
lifetime. Here we neglect all the multiplet structures fo
simplicity.

In Fig. 1(b), we present the results of the calculate
participator and spectator Auger emission spectra f
comparison with the experimental results. The calculatio
reproduces well the dispersive and nondispersive char
ters in the participator and spectator Auger peaks, resp
tively. In Fig. 2, we show the adiabatic potential surface
along Qa00

2
for the B 1s212a00

2 core-excited state and the
participator and spectator Auger final states. The pote
tial surfaces for core-excited state and the spectator Aug
final state are unstable at the origin, whereas the pote
tial surface of participator Auger final state is stable. Th
present calculation confirms our conjecture about the o
gin of the dispersive/nondispersive effects of participato
spectator Auger peaks described above. We can also
that each of the calculated participator Auger spectra h
a tail towards the higher binding energy side. In the ca
culation of the spectra seen in Fig. 1(b) the lifetime widt
is 64 meV. We have also calculated the spectra var
ing the lifetime widthGs1sd in the range between 20 and
200 meV and found that the satellite peak ascribed to t
Auger emission from the point in the vicinity of the ex-
cited potential minimum increases its intensity at,2.3 eV
above (in binding energy scale) the main peak with th
decrease in the lifetime width, whereas the intensity
the tail decreases rapidly with the increase in the lifetim
width. Thus, the present calculation confirms that the ta
of the participator Auger spectrum indeed corresponds
3860
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the dynamical Auger emission reflecting the dynamica
nuclear motion in the core-excited state.

In conclusion, high resolution resonant Auger spec
troscopy following the B1s ! 2a00

2 excitation of BF3
allows us to point out a new effect, specific of poly-
atomic molecules: the observation of dispersive/nondi
persive lines as issued from participator/spectator state
It has been interpreted in terms of bound/unbound sha
of the relevant potential curves of the ions along theQa00

2

coordinate, as shown by theoretical calculations. The ta
in the participator Auger spectrum is ascribed to a dy
namical Auger emission which illustrates the survival o
the core-excited state against wave packet motion alo
the ion potential surface. It is thus shown that resona
Auger spectroscopy provides direct information not onl
on potential surfaces but also on nuclear dynamics.

K. Ueda is grateful to the Japanese Ministry of Edu
cation and Science for financial support to carry ou
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