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Doppler Effect in Resonant Photoemission from SF6: Correlation between Doppler Profile
and Auger Emission Anisotropy
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Fragmentation of the SF6 molecule upon F 1s excitation has been studied by resonant photoemission.
The F atomiclike Auger line exhibits the characteristic Doppler profile that depends on the direction of
the photoelectron momentum relative to the polarization vector of the radiation as well as on the photon
energy. The measured Doppler profiles are analyzed by the model simulation that takes account of the
anisotropy of the Auger emission in the molecular frame. The Auger anisotropy extracted from the data
decreases with an increase in the F-SF5 internuclear distance.
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highly symmetric Oh molecule SF6. The ion yield mea- hand, exhibits a splitting, characteristic of the Doppler
If a core electron of an atom in a molecule is promoted
to an unoccupied molecular orbital, the core hole decays
predominantly with Auger emission. The nuclear motion
proceeds in the molecular core-excited state in competi-
tion with the Auger decay. The typical time scale of this
competition is <10�14 s. As a result, molecular Auger-
decay features and atomiclike Auger lines can coexist in
the resonant photoemission spectra [1–6]. Such electron
spectra provide a unique possibility for studying details of
the nuclear dynamics as well as Auger dynamics [7–9]. In
the present Letter, we discuss a detailed analysis for the
Doppler profile of the atomiclike Auger line as a typical
example for such studies.

The Doppler effect in resonant photoemission was
predicted by Gel’mukhanov and co-workers [10,11]. If
the dissociation is highly anisotropic along the polariza-
tion vector of the radiation, and if the electron emission is
observed along this direction, then the Auger line of the
departing atomic fragment can be Doppler split. This
Doppler splitting has been observed for O2 [12], O3

[13], DF [14], and CF4 [15]. In the study on CF4 [15],
Ueda et al. observed a Doppler split of the F 1s�1 atom-
iclike Auger line in the resonant photoemission spectra,
when the photon energy is tuned to the F 1s! a�1 reso-
nance and electron emission is observed in the direction
parallel to the polarization vector. The Doppler splitting
disappears when the electron emission is observed in the
direction perpendicular to the polarization vector. These
observations indicate that one of the C-F bonds is
elongated along the direction of the polarization vector
and the ultrafast dissociation proceeds in the core-
excited state.

In the present work, we extend the observation to the
0031-9007=03=91(21)=213003(4)$20.00 
surement for SF6 indicated strong anisotropic fragmenta-
tion at the F 1s! a�1g resonance [16], as in the case of CF4
[15]. The present observation reveals that the Doppler
profile of the atomiclike Auger line observed in the
direction perpendicular to the polarization vector exhib-
its a flat peak shape that varies as a function of photon
energy. The flat peak shape contrasts to the sharp peak
shapes of the corresponding Doppler profiles observed so
far [12–15]. We demonstrate that the observed energy-
dependent flat peak shape includes the information about
the anisotropy of the atomiclike Auger emission in the
molecular frame.

Measurements have been carried out on the c branch
of the soft x-ray photochemistry beam line 27SU at
SPring-8 [17]. The radiation source is a figure-8 undulator,
whose emitted radiation is linearly polarized either in the
plane of the storage ring (1st order) or in the plane per-
pendicular to it (0.5th order) [18]. Angle-resolved elec-
tron emission measurements are performed by changing
the undulator gap, without rotating the electron analyzer.
The electron spectroscopy apparatus consists of a hemi-
spherical electron analyzer (Gammadata Scienta SES-
2002), a gas cell, and a differentially pumped chamber
[19]. The overall resolution used in the present measure-
ments is 150 meV.

Figure 1 contains electron spectra measured at seven
different photon energies across the F 1s! a�1g resonance
at ’688 eV. The spectra are recorded for electron emis-
sion in the directions parallel (0�) and perpendicular
(90�) to the polarization vector of the radiation. The
kinetic energy of the valence photoelectron bands, labeled
X, AB, and C–F, increases with an increase in the photon
energy. The nondispersive spectral feature F�, on the other
2003 The American Physical Society 213003-1
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FIG. 2. Doppler profiles of the F� atomiclike Auger line
emitted in the directions parallel and perpendicular to the
polarization vector. The spectra are recorded across the F 1s!
a�1g resonance of SF6 for five different photon energies.
Baselines are subtracted.
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FIG. 1. Electron spectra of SF6 recorded for parallel (dots)
and perpendicular (solid lines) polarizations. The measure-
ments are carried out at seven different photon energies across
the F 1s! a�1g resonance, as indicated by the arrows in the
right panel, where the total ion yield spectrum is displayed.
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effect, in the 0� spectrum. The Doppler shift of the
kinetic energy of electrons emitted from the F� fragments
propagating in opposite directions has the opposite sign
and thus the Doppler splitting is observed in the 0�

spectrum. (Hereafter F� indicates the core-excited F
atom.) The kinetic energy of this band, ’ 656:3 eV, is
indeed very close to the energy of the Auger line, 656.5 eV,
for the 1s2p6 2S! 2p4 1D transition of the F atom [20].

Figure 2 presents the enlarged spectra of the F� atom-
iclike Auger line, after subtraction of the baseline. Focus
on the 90� spectra where the Doppler splitting is absent.
The Doppler broadened profiles exhibit a flat peak shape
when the photon energy is tuned to the vicinity of the
resonance peak (at 688:28� 0:75 eV) and a very shallow
dip appears at the center when it is tuned to the low
energy side (at 686.8 eV). These peak shapes contrast
with the Gaussian-like sharp peak shapes for the corre-
sponding F� atomiclike Auger lines observed for the 90�

spectra of DF [14] and CF4 [15].
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Let us consider the atomiclike Auger emission in the
resonant photoemission. The process consists of photo-
absorption and decay:

photon �!� 	 AF ! AF� ! e��E� 	 A�F	; (1)

where A 
 SF5, and ! and E are the photon and Auger
electron energies, respectively. The photoabsorption takes
place at the internuclear distance R0 between F� and A,
whereas the decay from the core-excited state c takes
place at R � R0 	 �R with a displacement �R. Then,
from the energy conservation law, �	 E	 Ef�R� � !	
E0�R0� holds, where � is the kinetic energy release and E0

and Ef are the energies of the initial ground state 0 and
the Auger final state f. As we discuss later, the decay c!
f may take place before the fragment reaches the disso-
ciation limit (R! 1). Then the kinetic energy release �
may depend on R.

We define the angle � between the momentum k of the
Auger electron and the velocity vector v of the F� atom.
Then k  v � kv cos�, with k �

������
2E

p
; atomic units are

used through the paper unless indicated. The velocity v is
related to the kinetic energy release, � � m2

Fv
2=�2��;
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where mF is the mass of the F atom and � is the reduced
mass, � � mFmA=�mF 	mA�, with mA being the mass of
SF5. The cross section of resonant photoemission near the
atomiclike Auger line can then be expressed as

��E;!� �
Z �

0
d� sin�

��cos��Q2�cos��

��E� kv cos��2 	 �2 ; (2)

where �E 
 E�!cf is the Auger electron energy rela-
tive to the center of the atomiclike Auger line at !cf; !cf
also depends on R. � is the lifetime width (HWHM) of
the core-excited state. The ! dependence of ��E;!� is
hidden in v and Q (see below). One can see that the
spectral shape of the resonant photoemission is influ-
enced by three anisotropic factors. The denominator in
Eq. (2) depends on � due to the Doppler effect. The
polarization function � of the molecular dissociation
also exhibits anisotropy because of the selectivity of the
molecular orientation in the core excitation [21]:

��cos�� � 1
3�1	 �P2�êe  k̂k�P2�k̂k  v̂v��; (3)

where k̂k � k=k, v̂v � v=v, êe is the polarization vector, and
P2�x� � �3x2 � 1�=2 is the Legendre second order poly-
nomial. Here we heuristically assumed that the angular
distribution of the F� fragment is given by I / �1	
�P2�êe  v̂v��, with � being the anisotropy parameter of
the F� fragment. Third, the squared electronic matrix
element,Q2�cos��, of the Auger transition c! f depends
on � due to the anisotropy of molecular orbitals involved
in the spectator decay concerned:

Q2 � 1	 #P2�cos�� 	 # 0P4�cos�� 	    : (4)

One should note that, contrary to this expansion in the
molecular frame, the maximum harmonic of the angular
distribution in the laboratory frame (2) cannot be greater
than P2�êe  k̂k� [22,23]. Let us stress that # � # 0 �    � 0
for R! 1, because the decay, 1s12s22p6 ! 1s22s22p4 	
e�, in the isolated F� atom is isotropic. In the real situ-
ation, however, R is finite and thus the F� atom is dis-
turbed by the SF5 fragment. As a result, the anisotropy
parameters (# , # 0;    ) can deviate from zero. Since 1 >
j#j � j# 0j, one can assume # 0 � 0 to the first approxima-
tion. Such an assumption agrees nicely with the pump-
TABLE I. Parameters for describing the Dop
obtained via fitting to the experimental data for
atomiclike Auger line energy; �, kinetic energy
fragment with a core hole; and # , anisotropy of th
frame. The error estimates correspond to statisti

! (eV) � (eV) !cf (eV)

686.80 �1:48 656:31� 0:09
687.55 �0:72 656:32� 0:03
688.28 0.0 656:34� 0:02
689.03 	0:75 656:35� 0:03
690.78 	1:51 656:36� 0:02
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probe electron-ion-coincidence measurements for large
delay times [24].

To discuss the observed Doppler profiles quantitatively,
using the model described above, we have performed a fit
of Eqs. (2)–(4) to the experimental spectra. The results of
the fit are shown by the solid curves in Fig. 2. Parameters
extracted from the fit are the energy for the center of the
atomiclike Auger line, !cf, the velocity v, the anisotropy
parameter � of the F� fragment relative to the polariza-
tion vector êe, and the anisotropy parameter # for the
Auger emission relative to the velocity vector v, i.e., in
the molecular frame. These values are summarized in
Table I. Here the kinetic energy release � � m2

Fv
2=�2�� is

presented instead of the velocity v. The detuning of the
photon energy! from 688.28 eV (the resonance peak), �,
is also given in the table.

We first focus on !cf. In principle, !cf depends on the
nuclear distance Rwhere the Auger decay takes place and
thus can be dependent on �, since R can be dependent on
� (see below). The extracted !cf slightly increases with
an increase in !cf but the variation is within the uncer-
tainties. The small variation of !cf illustrates that the
potential energy curves between the core-excited state c
and the Auger final state f already become almost parallel
in the region of R where the Auger-decay takes place.

The kinetic energy release � is mostly determined by
the Doppler splitting in the 0� spectrum in our fitting
procedure. It increases by a ’ 0:6 eV step with an increase
in the photon energy ! by a ’ 0:8 eV step. This contrasts
to the diatomic case of DF [14], where � increases by the
same amount as the increase in!. The! dependence of �
observed for SF6 implies that only a part of the energy
stored in the nuclear motion of the core-excited state is
released in dissociation at the point where the Auger
decay takes place. The rest may be kept mostly in the
SF5 fragment in the form of vibrational energy (see
Ref. [15]). Note also that � depends on the distance R
and that R can be dependent on !. As a result, � can be a
nonlinear function of !.

The extracted values of the anisotropy parameter � for
the F� fragment are ’ 1:4 and stay almost constant as a
function of �. The values of � do not coincide with �ion
pler profile of the F atomiclike Auger line,
the resonant Auger emission from SF6. !cf,
release; �, anisotropy of the departing F�

e atomiclike Auger emission in the molecular
cal uncertainties.

� (eV) � #

3:0� 1:5 1:21� 0:09 0:8� 0:3
3:8� 0:5 1:39� 0:03 0:3� 0:1
4:3� 0:3 1:28� 0:02 0:4� 0:1
4:8� 0:5 1:35� 0:02 0:3� 0:1
5:4� 1:7 1:36� 0:05 0:0� 0:2
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determined from the angular distribution of the ion cur-
rent, Iion / �1	 �ionP2�êe  v̂vion��, recorded at � ’ 0 [16].
The ion angular distribution Iion is more isotropic (�ion ’
0:4) [16] than the angular distribution of the F� fragment
(� ’ 1:4). This is because the F	 ion detected as ion
current is not necessarily the one which originally had
the 1s hole. Note that the deviation of � from 2 implies
that the velocity v of the F� fragment is not necessarily
parallel to the molecular symmetry axis. This situation is
different from the diatomic cases such as O2 [12,21] and
DF [14], where � � 2. In these cases, v of the atomic
fragment lies exactly along the molecular axis, since the
rotational motion is much slower than the dissociation. In
the case of polyatomic molecules such as SF6, however,
the velocity component of the F� fragment perpendicular
to the symmetry axis can arise from the perpendicular
bending motion within the valley of the dissociation path
and result in the deterioration of the anisotropy of the
fragment.

We now focus on the Auger anisotropy # in the mo-
lecular frame. The peak shape of the 90� spectrum be-
comes flat for positive # and a shallow dip appears when #
approaches 1. One can see such changes of the peak shape
when the photon energy decreases across the F 1s! a�1g
resonance. Indeed the extracted value of # varies from 0
to 0.8 as � varies from 	1:5 to �1:5 eV, as can be seen in
Table I. How can we understand this � dependence of #?
From Table I, one finds that v �

����������
2��

p
=mF increases

(decreases) for positive (negative) �. To the 0th approxi-
mation, the displacement �R of the F� fragment between
the points where the photoabsorption and Auger decay
take place can be approximated to ’v=�, where � ’
0:1 eV for the F 1s-hole state. �R thus estimated are
�R ’ 0:4 �A for � � 	1:5 eV, and �R ’ 0:2 �A for � �
�1:5 eV. Thus we can conclude that # decreases from
0.8 to 0 with an increase in �R from 0.2 to 0.4 Å. Indeed
the Auger anisotropy # is expected to be zero at the
dissociation limit �R! 1, since this anisotropic effect
is purely a molecular effect due to the anisotropic mo-
lecular field.

In conclusion, we have observed the F� atomiclike
Auger line, emitted from the dissociating core-excited
SF6 molecule. This Auger line exhibits a Doppler profile
that depends on the direction of observation and the
photon energy. We demonstrate that the anisotropy of
the Auger emission in the molecular frame can be ex-
tracted from the profile analysis of this Auger line.We find
that the Auger anisotropy decreases with an increase in
the internuclear distance as a natural consequence that
the Auger anisotropy is a pure molecular effect.
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[7] F. Gel’mukhanov and H. Ågren, Phys. Rev. A 54, 379

(1996).
[8] E. Pahl, L. S. Cederbaum, H.-D. Meyer, and F. Tarantelli,

Phys. Rev. Lett. 80, 1865 (1998).
[9] N. M. Kabachnik, K. Ueda, Y. Muramatsu, and Y. Sato,

J. Phys. B 31, 4791 (1998).
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B. Wannberg, J. Electron Spectrosc. Relat. Phenom. 50,
C1 (1990).

[21] A. Baev, F. Gel’mukhanov, P. Sałek, H. Ågren, K. Ueda,
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