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Doppler effects in resonant x-ray Raman scattering

Faris Gel’mukhanov,* Hans Ågren, and Paweł Sałek
Institute of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

~Received 24 November 1997!

Theory for Doppler effects in resonant x-ray Raman scattering~RXS! is presented. It is shown that the
‘‘electron’’ Doppler effect is important in nonradiative RXS for decay transitions between continuum nuclear
states lying above the dissociation threshold, and that the averaging of the RXS cross section over molecular
orientations can lead to strong non-Lorentzian broadenings of the atomiclike resonances. The Doppler effect is
found to give a unique possibility to distinguish dissociating identical atoms, because different peaks corre-
spond to atoms with opposite Doppler shifts. Spectral features of the atomiclike profile are predicted and
analyzed. Strong oscillations of the RXS cross section will occur as a consequence of the interference of the
Auger electrons. Due to the Doppler effect and the interference, the atomiclike profile can be associated with
supernarrow spectral features, the width of which goes below the lifetime broadening and is practically
independent of the spectral distribution of the incident radiation. As another consequence of the oscillations
and strong anisotropy caused by the interference, we predict parity selection rules for Auger decay transitions
in both bound and dissociative systems. The corresponding experiments can be realized by measurements of
resonant Auger of surface adsorbed molecules and for molecules by the electron-ion coincidence technique.
@S1050-2947~98!07304-1#

PACS number~s!: 33.20.Rm, 33.50.Dq
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I. INTRODUCTION

The development of synchrotron instrumentation us
tunable narrow-band-pass radiation has made it possib
connect Auger electron and x-ray emission spectroscopie
a number of physical processes or effects in the x-ray wa
length region@1–6#. The high spectral quality has not on
rendered the possibility to analyze observed features by e
tronic structure theory, molecular-orbital theory for free sy
tems and band theory for solids, but also to resolve effe
that require an account of the nuclear motion. These incl
vibrational and phonon coupling for bound states, and
nuclear dynamics in dissociative potentials that makes b
atomiclike and molecularlike contributions to the x-ray sc
tering cross section. With ongoing investments in new ins
mentation, there is reason to anticipate further progres
spectral quality and that concepts like ‘‘thermal energy
‘‘rotational motion,’’ and ‘‘Doppler shifts’’ will become rel-
evant in the analysis of coming experiments.

The purpose of this work is to attempt to forestall some
the anticipated development by presenting a theory of x-
Raman scattering~RXS! taking account of Doppler effects
and to demonstrate a variety of physical phenomena ca
by this effect. The theory is general, covering both radiat
and nonradiative x-ray scattering and any character of
states involved, but most emphasis is placed on the situa
where the Doppler effects are most conspicuous, namely
nonradiative~Auger! scattering of molecules core excite
above the dissociation threshold. As is well known, the R
spectrum then consists of two qualitatively different par
the so-called ‘‘molecularlike’’ and ‘‘atomiclike’’ parts. Ac-
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cording to theory@7# the atomiclike contribution caused b
decay transitions in one of the dissociation fragments ha
width equal to the lifetime broadening, something confirm
by the experimental investigations of the resonant Au
spectra of HCl@8,9#. We generalize this result here, an
show that for large release energies following dissociat
and accompanying large electron Doppler effects, the ato
Auger resonance can be strongly non-Lorentzian. The D
pler shift can thus exceed the lifetime broadening for
kinetic-energy release in the regione;1 – 10 eV, which is
not uncommon for dissociating molecules@10,11#, but which
is substantially larger than the thermal energykBT
.0.03 eV. In the case of heteroatomic molecules, the e
tron Doppler shift will be smaller for RXS of the heavy ato
because the released kinetic energy is transferred main
light atom. A typical example is the HCl molecule inves
gated in Refs.@8,9#, where the chlorine Auger resonance th
shows Lorentzian profiles despite comparatively large
lease energy. In molecules with comparable atomic mas
the electron Doppler shift for the dissociative resonance
sufficiently large to exceed the lifetime broadening seve
times~for example,k•vA;0.2– 0.5 eV for molecules like O2
with G50.09 eV, wherek is a momentum of the Auger elec
tron!.

We investigate the anisotropy of ion yields in the Aug
Raman experiment, and predict that strong anisotropy of
ion propagation can be measured in an electron-ion coi
dence spectroscopy. The electron Doppler shifts for ato
propagating in opposite directions have opposite signs,
this leads to the possibility of distinguishing atoms in t
electron-ion coincidence spectra of homonuclear diato
molecules. It is found that averaging over molecular orien
tions leads to Doppler broadening of the atomiclike profi
since the electronic Doppler shift depends on the angle
tween the Auger electron propagation and the molecu

y,
2511 © 1998 The American Physical Society
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2512 57GEL’MUKHANOV, Å GREN, AND SAŁEK
axis. It is furthermore shown that the interference effec
important for the atomiclike profile of symmetrical mo
ecules, adding yet another example in x-ray Raman spec
copy where channel interference plays a crucial role in s
tems with identical atoms@12–19#. The reason for this effec
can be found in the interference contribution to the x-r
scattering cross section. It leads to spectral features
structural information for both electron-ion coincidence a
x-ray Raman spectroscopies. It is shown that under cer
circumstances the interference leads to a supernarrow
or hole in the atomiclike profile, narrower than the functi
of the exciting photons. We also focus on the role of t
interference for selection rules of the resonant Auger p
cess.

The paper is organized as follows. Section II gives so
brief facts about Doppler effects in x-ray spectra. It is fo
lowed by Sec. III, which gives a phase analysis of the sc
tering amplitude, and which shows that the origin of t
Doppler shift can be found in the site-dependent phase of
scattering amplitude. The approximation of the frozen m
lecular orientation used in the present paper is substanti
in Sec. III A. In Sec. III B the generalized bound-continuu
and continuum-continuum Franck-Condon factors leading
the electron Doppler shift are derived. The electron Dopp
shift and the recoil effect are discussed in Sec. III C, wh
Sec. IV is devoted to an analysis of anisotropical and ot
spectral features caused by the electron Doppler effec
heteronuclear molecules, and which can be measure
electron-ion coincidence spectroscopy. The averaging pr
dure for the RXS cross section over molecular orientati
and Doppler broadening of the atomiclike profile is d
scribed in Sec. V. In the subsequent sections the theor
extended to molecules with identical atoms: The beginn
of Sec. VI provides expressions for the direct and interf
ence contributions to the scattering cross section. In S
VI A and VI C, we discuss the parity selection rules and t
role of the interference in the formation of the molecularli
and atomiclike resonances for the broad class of syst
with small electron Doppler effects. The principal possibil
to use electron-ion coincidence measurements and to di
guish oppositely propagating identical atoms is shown
Sec. VI B. In Sec. VI C, the cross section for anA2 molecule
is averaged over molecular orientations. In Secs. VI D a
VI D 2 we show that the atomiclike profile of molecules wi
identical atoms consists of the supernarrow peak or hole w
the spectral width below both the lifetime broadening and
width of the incident radiation. A strict proof of the exa
cancellation of the lifetime broadening in these peaks
holes is given in Appendix B. The qualitative explanation
the machinery for the formation of these supernarrow f
tures is given in Sec. VI D 1. Our findings are discussed
concluded in Sec. VIII.

II. BRIEF ACCOUNT OF DOPPLER EFFECTS
IN X-RAY SPECTRA

In the soft-x-ray region the thermal motion of the mo
ecules can give additional broadening. Indeed, the total
tial and final energies of the photon plus molecule system
the Auger process arev1E01MV2/2 and (MV1kph
2k)2/2M1E1Ef , respectively. HereV is the velocity of a
s
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center of gravity of a molecule with massM ; u andk are the
photoelectron velocity and momentum of the target molec
in the laboratory frame of reference;kph is the incoming
photon momentum; andE0 andEf are total internal molecula
energies for the ground and final states. In this paper we
use the system of atomic units. According to the energy c
servation law the photoelectron energyE5u2/2 has a shift

E5v2v f 02e82~kph2k!•V ~1!

caused by molecular motion, wheree8 is the kinetic energy
released under dissociation of the molecule. The te
kph•V is the well-known Doppler shift caused by the phot
momentumpph. This shift is negligibly small in the soft-x-
ray region due to the small value of the photon moment
kph5v/c.v/137 ~for example,kph.0.14 a.u. for O2!. This
means that ordinary Doppler broadening often can be
glected in x-ray spectroscopy. One can also anticipate
Doppler effects are difficult to identify in the hard-x-ray re
gion due to large lifetime broadening and poor spectral re
lution.

The shiftk•V in Eq. ~1! is analogous to the Doppler shif
but is larger and arises from the combination with the el
tron momentumk @20# ~for example,k.6 a.u. for O2!. This
electron Doppler broadeningDT5kV̄Aln 2 depends on the
temperatureT and on the excitation energy through the the
mal velocities v̄5A2kBT/M and k5A2E, respectively.
HerekB is the Boltzmann constant.

To get an idea about the Doppler broadening, one
consider the x-ray resonant photoemission spectra~RPE! of
carbon monoxide. The comparison of different broadenin
for the C 1s→p* RPE spectra of the CO molecule~DT
.20 meV, G.42.5 meV! @21# shows that the broadenin
DT caused by thermal motion of molecules must be tak
into account in the analysis of highly resolved RPE spec
This example demonstrates the typical case when the e
tronic Doppler broadeningDT caused by thermal motion a
room temperature (kBT.0.03 eV) is smaller than the life
time broadening. Recalling the large kinetic energy~1–10
eV! released under dissociation one can understand tha
electron Doppler effect in dissociative states is the larg
among the cases mentioned.

III. PHASE ANALYSIS OF SCATTERING AMPLITUDE
AND THE DOPPLER EFFECT

For the sake of transparency we consider resonant x
scattering by a simple three-level diatomic moleculeAB with
the reduced massm5mAmB /(mA1mB) ~Fig. 1!, and with
core excitation of atomA ~x-ray scattering by homonuclea
diatomic molecules is considered in Sec. VI!. As shown be-
low, the Doppler effect in radiative RXS is usually small
comparison with the lifetime broadeningG, while it is more
important in the nonradiative case~Raman Auger!. Due to
this fact and for the sake of convenience we focus the p
sentation on resonant Auger scattering, but keep in mind
the material covered in this paper easily can be extende
the radiative RXS case.

The energyv of x-ray photons with wave vectorkph and
polarization vectore is passed during the scattering to th
Auger electron of energyE5k2/2 and momentumk, and to
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57 2513DOPPLER EFFECTS IN RESONANT X-RAY RAMAN . . .
the molecule excited from the grounduO& to the final elec-
tronic stateu f &. We take special interest in core excitatio
above the dissociation threshold of the potential surf
Ui(x), thus when specific ‘‘atomiclike’’ narrow resonance
appear@7,9#. A qualitative picture of the formation of narrow
atomiclike resonances with broad short- and long-wa
wings @7,9# is given in Fig. 2. Contrary to the wings tha
follow a Raman-Stokes dispersion law, the energy positi
of the atomiclike resonances do not depend on the excita
energy@7–9#. As one can see in Fig. 1, the nuclear sta
ue,i & and ue8, f & for the core excited and final electron
states are lying in the continuum having nuclear kinetic
ergies at infinite separatione5p2/2m and e85p82/2m, re-
spectively. The continuum nuclear wave functions are h
normalized to ad function: ^ j ,eue1 , j &5d(e2e1). The
double differential RXS cross section for a fixed molecu
orientation and monochromatic excitation reads@2,14#

s~E,v!5uFu2, e85v2E2v f 02~kph2k!•V, ~2!

where v j 05U j (`)2U0(R0)2v0/2( j 5 i , f ), R0 is the
ground-state equilibrium interatomic distance,U j (x) is the
interatomic potential of thej th electronic state, andv0 is the
frequency of the vibrational stateu0& of the ground electronic
state. For brevity the notations(E,v) is used here instead o

FIG. 1. Scheme of spectral transitions.

FIG. 2. Formation of the atomiclike resonance with ‘‘blue’’ an
‘‘red’’ wings.
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ds(E,v)/dE dO. The lifetime broadening of the final stat
G f is often small in comparison with the lifetime broadenin
G of the core excited states, and in comparison with
spectral width of incident radiation. Therefore,G f is ne-
glected in Eq.~2!.

To start, we investigate the properties of the RXS cro
section for the fixed-in-space molecular orientation~2!. The
physical meaning and applicability of this ‘‘sudden’’ ap
proximation will be described in Sec. III A~the procedure of
the averaging of this cross section over molecular orien
tions is also deferred, to Secs. V and VI C!. We start from
the phase analysis of the resonant part of the scattering
plitude @22,2,14#

F}E dRCP8
* ~R!CP~R!

3E de
^ f ,e8uQf i ue,i &^ i ,eue•Di0eıkph•RAu0&

V2e2ıG
. ~3!

HereRA andR are the radius vectors of the atomA and the
center of gravity of the molecule, respectively,Di0 is the
dipole matrix element between core excited and ground e
tronic states, andV5v2v i0 is the detuning of the inciden
photon frequency from the resonant frequencyv i0 of the
adiabatic photoabsorption transition. The wave funct
CP(R)5(2p)3/2exp(ıP•R) describes the free motion of th
center of gravity of the molecule with the momentumP
5MV. In Eq. ~3!, we have taken into account the conditio
of completeness for the continuum wave functionsCP(R) in
the intermediate core excited state.

The atomiclike decay transitioni→ f in the radiative x-
ray Raman scattering is dictated by the dipole selection ru

Qf i5e* •Df ie
2ıkph8 •RA ~4!

with e8 andkph8 as the polarization vector and momentum
final photon.

In the dissociative region the spectral transition is ess
tially atomiclike, and all electronic wave functions involve
in this decay are very close to those of the atomA. We
consider here the case of high-energy Auger electrons, w
allows us to express the wave function of this electron,ck(r )
relative to the nucleusA,

ck~r !5ck~r2RA!eık•RA. ~5!

This means that the Coulomb matrix element has a ph
factor

Qf i5Qf i
A e2ık•RA, ~6!

since the Auger transition in the considered case can be
sumed to take place in the isolated atomA. The Coulomb
matrix elementQf i

A is calculated withck(r2RA).

A. Molecular rotation and RXS duration

Both the RXS cross section and amplitude were writ
for the fixed molecular orientation; see Eqs.~2! and~3!. The
approximation of fixed-in-space or frozen molecular orien
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2514 57GEL’MUKHANOV, Å GREN, AND SAŁEK
tion under scattering@23,3,14# means that the molecule ha
no time to rotate during the RXS event@24–26#,

t5~Vs
21G2!21/2. ~7!

Here Vs5v2v i0
s denotes the detuning from the resona

frequency of the sudden or vertical photoabsorption tra
tion v i0

s 5Ui(R0)2U0(R0)2v0/2.
The molecular orientation can be considered as froze

the RXS duration timet is shorter than the period of mo
lecular rotationt r ,

t,t r . ~8!

One can easily show that this condition is fulfilled for RX
The effective rotational frequencyv r has the order of mag
nitude of the thermal energykBT in accordance with the
Boltzmann distribution:kBT.0.03 eV for room tempera
tures. So the approximation of frozen orientation~8! is valid
for molecules and detunings with (Vs

21G2)1/2.0.03 eV.
One can see that even light molecules like O2 with G
50.09 eV lack the time to rotate during the RXS proce
This analysis may be done also in a stationary representa
for the scattering amplitude with strict rotational wave fun
tions u jm& and corresponding vibrational statesue,i & using
the condition of completeness 15( jmu jm&^ jmu and the
method applied earlier for the vibrational problem@7,24,26#.

Due to the emission of a fast Auger electron, the molec
receives a recoil which can accelerate the molecular rota
and hence shorten the rotation ratet r up to 1/dErot . Even for
light molecules like O2 the change of the rotational energ
dErot due to the recoil does not exceed 0.06 eV~see Appen-
dix A!. However, this recoil energy can be comparable w
the width of the supernarrow peaks and holes discusse
Sec. VI D.

B. Generalized Franck-Condon factors

Due to the nuclear motion, the coordinateRA of atomA is
shifted relative to the equilibrium siteRA

0 by the distance
dRA . To calculate the nuclear matrix elements in Eq.~3!, we
need the expression forRA through the normal coordinat
x5RA2RB of relative motion and through the center
gravity of the moleculeR5(mARA1mBRB)/(mA1mB)

RA5ax1R, RB52bx1R,

a5
m

mA
, b5

m

mB
. ~9!

The Born-Oppenheimer approximation allows one to rew
the RXS amplitude~3! as follows

F}and~P82P2kph1k!

3E de
^ f ,e8ue2ık•xaue,i &^ i ,eueıkph•xau0&

V2e2ıG
. ~10!

The amplitude of the resonant x-ray scattering by atomB
is also given by this expression if exp(2ık•xa)
and exp(ıkph•xa) are replaced by exp(ık•xb) and
exp(2ıkph•xb), respectively.
t
i-

if

.
on
-

le
n
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e

The momentum conservation law (P85P1kph2k) de-
scribing the photon and electron recoil effects yields imm
diately the Doppler shift in Eqs.~1! and~2!. One recalls here
that for the final description of the Doppler effect caused
the thermal motion, the cross section~2! must be convoluted
with the Maxwellian distribution}exp(2MV2/2kBT). Thed
function in Eq.~10! and the small photon and electron Do
pler shifts (kph2k)•V will not further be taken into accoun
due to the smallness of the Doppler effect caused by
thermal motion of molecules~see the discussion in Sec. II!.

The factor an5e•Di0Qf i
A depends on the unit vectorn

along the molecular axis (x5xn) through the dipole momen
Di0 . The dependence ofan on the internuclear distancex
enters mainly via the decay amplitudeQf i

A . This dependence
is not so important for the here discussed dissociative
atomiclike resonance which is formed by the spectral tran
tions in one of the isolated atoms (A). So the decay factor
Qf i

A (x) is approximated here by its asymptotical valueQf i
A

.Qf i
A (`).

Let us evaluate the Franck-Condon~FC! factors con-
nected with the photoabsorption transition assuming the
monic approximation for the ground-state vibrational wa
function u0&5(pa0

2)21/4 exp„2@(x2R0)/a0#2/2…. The ef-
fective length scale in this integral is the effective amplitu
of vibrations a05(mv0)21/2, and allows an estimation o
kph(x2R0) as kpha0 . As a rule this parameter is small~for
example,kpha0;1022!1 for O2!, and one can replace th
exponent exp@ıakph•(x2R0)# in the considered FC factor b
1, giving the final result@7#

^ i ,eueıkph•xau0&5G~p!eıakph•R0,
~11!

G~p![^ i ,euo&

.2mS 2mb3

p1/2a0
D 1/2

expF2
1

2 S De

g i
D 2G if b!a0 ,

where De5e2DUi , DUi5Ui(R0)2Ui(`), g i5Fia0 , b
5(2mFi)

21/3, andFi52(dUi /dx)0 is the slope of the in-
teratomic potentialUi(x) for the core excited state at th
equilibrium pointR0 . This asymptote differs slightly from
Eq. ~19! in Ref. @7#, whereDe contains2Fib. The term is
neglected here in the expression forDe, which also gives
better agreement of the asymptote~11! obtained by direct
numerical calculations of the bound-continuum FC fact
The phase factor exp(ıakph•R0) is very important for hard
RXS by symmetrical molecules with identical atoms@14#,
since then the phase multiplier destroys the coherence
tween the scattering channels through the identical atoms
the case of radiative RXS this destructive interference le
to the violation of the selection rules for the x-ray scatteri
tensor@14#. Here we will consider only the case of soft
rays (kphR0!1) for which the phase factor exp(ıakph•R0)
can be replaced by unity.

To understand the main spectral and anisotropic featu
of the RXS amplitude we need to know the generaliz
continuum-continuum FC factors. Focusing on t
continuum-continuum transitions in the dissociative regio
we thus need to know the continuum nuclear wave functi
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57 2515DOPPLER EFFECTS IN RESONANT X-RAY RAMAN . . .
mainly in this region. The dissociating atoms are here m
ing in a constant potentialU j (`) with the plane-wave func-
tion

ue, j &5S 2m

ppD 1/2

sin@p~x2xj !1w j #,

w j5E
xj

`

~pj2p!dx1
p

4
. ~12!

Here j 5 i , f , pj5ˆ2m„e2@U j (x)2U(`)#…‰1/2, andxj is the
classical turning point wherepj50. We will assume below
that ue, j &50 in the classically inaccessible regionx,xj .
The exact value of the scattering phase can be found dire
from the Schro¨dinger equation or from the semiclassical fo
mula ~12!. The classical turning pointsxi , xf as well as the
scattering phasesw i and w f for the core excited and final
state potentials depend on the energiese ande8, respectively
~the energy labels for these quantities are dropped here s
we will need the values ofxj and w j only for e5V!. Ac-
cording to the Condon principle, the value ofxi is close to
R0 .

From the continuum wave functions~12!, the second gen
eralized FC factor can be evaluated analytically as

^ f ,e8ue2ık•xaue,i &5
m

2~pp8!1/2 e2ıqxi

3Feıwd~p2p81q!

1e2ıwd~p2p82q!

1
1

pH 2 sin~ w̃ !`S 1

p81pD
1ıFeıw`S 1

p82p2qD
2e2ıw`S 1

p82p1qD G J G ,
xi>xf , ~13!

where

q5ak cosu, w5w f2w i1p8D, D5uxi2xf u,
~14!

w̃5w i1w f1p8D, u is the angle between the momentumk
of the Auger electron and the molecular axisx, andP is the
principal value. This axis coincides here with the propa
tion direction of the dissociation fragments. The continuu
FC factor forxi,xf is again given by Eq.~14! after permu-
tations: i
 f , p
p8. Here we used the natural assumpti
of infinitesimal damping of continuum wave functions~12!
at infinity (x→`). This assumption relates to the fact th
atoms at the core excited potential surface have no tim
propagate tox5` owing to the finite duration@Eq. ~7!# of
the RXS event.
-

tly

ce

-

t
to

C. Electron Doppler effect and the recoil energy

The continuum wave function~12! consists of two waves
exp(6ıpx). The momentum exchange of the emitted Aug
electron with these two oppositely propagated waves lead
two spectral peculiarities of the FC factorp5p86q @Eq.
~13!# caused by a recoil under emission by the atomA of the
Auger electron with the momentumk. According to the mo-
mentum conservation law, the Auger electron transfers m
mentumq along the molecular axis to the quasifree atomA.
This leads to the change of the relative momentump. The
change of the momentum of atomA(ak sinu) in the perpen-
dicular direction is not so important for the discussed eff
~see Appendix A!.

From the physical point of view it is important to consid
the energy conservation law

e5e86vA8•k1
q2

2m
. ~15!

The last term in this expression is the electron recoil ener
while the second term is analogous to the photon Dopp
effect for the moving atomA with the velocity vA8
5nap8/m. However, contrary to the photon Doppler effec
the vectork is the momentum of the Auger electron. So th
effect can be coined the ‘‘electron Doppler effect’’~see Sec.
II !.

IV. ANOMALOUS ANISOTROPY OF AUGER ELECTRON
AND ION YIELDS

To succeed in the evaluation of the scattering amplitu
~10!, we take into account only resonance contributions
Eq. ~13!. In this resonant approximation one thus negle
the nonresonant term̀@1/(p1p8)#, and continue the inte-
gration overp up to 2`. We also assume that the energ
and momentum released under dissociation are sufficie
large: p.p8.p0@h, where p05A2mV and h
5GAm/2V. This condition is equivalent toV@G.

An estimation for O2 shows that the following three pa
rameters are small:h/p05G/2V;G/2DUi;1022 ~with
DUi;2 eV!, q/p0;1021, and qp/mg i;1021. Since we
aim to investigate the spectral shape of the atomiclike re
nance, the parameterup82p0u/p0;uE2v i f u/DUi is also as-
sumed to be small. Finally, expression~10! for the scattering
through the core excited state in atomA becomes

F5 f 3 H e2ıqxi, w5w f2w i1p0D
e2ıqxf , w5w i2w f1p0D

if xi>xf

if xf.xi ,
~16!

with

f }an

35
eıwG~p0!

n1kvA8 cosu2ıG
1

e2ıw$G~p8!2G~p0!%

n2kvA8 cosu2ıG
if xi>x

G~p0!e2GD/v0
eıw

n1kvA8 cosu2ıG
if xf.x

~17!
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and n5E2v i f . The electron Doppler shiftkvA8 cosu de-
pends on the velocityvA85ap8/m of the atomA after emis-
sion of the Auger electron. Herep85„2m@V2(E
2v i f )#…1/2, v05(2V/m)1/2 is the relative atomic velocity
corresponding to the kinetic energye5V. In the latter ex-
pression forf , only the main contribution is retained.

One can see that the scattering amplitude is suppresse
exp(2Gt) times if the final state turning pointxf is further
away thanxi . The reason of this quenching is the followin
Due to the photoabsorption, the nuclear wave packet is
ated in the core excited potential surface close to the turn
point xi . The Auger decay channel responsible for the f
mation of the atomiclike resonance (e85V) is strongly sup-
pressed during the propagation timet5D/v0 of this wave
packet, since the decay transitions to the final states with
same energye8.V would occur in the classically inacces
sible region~see Fig. 3!. During this delayt the population of
the core excited state and hence the RXS amplitude
creases by exp(2tG). The site-dependent electronic pha
factor ıqxf @Eq. ~16!# is defined by the turning pointxf ~the
Auger transitions responsible for the formation of the ato
iclike resonance becomes allowed from this point!. When
xf,xi the Auger decay withe8.V starts right away after
photoabsorption without delay. In this case the si
dependent phase is equal toıqxi . We will see in Sec. VI that
both these untrivial facts, that is, the lifetime damping of t
RXS amplitude and the phase shift, play crucial roles in
formation of the atomiclike profile of diatomic homonucle
molecules.

Resonant cone of dissociation

At this stage we explore the main contribution to the RX
cross section~2!,

1

~E2v i f 1kvA8 cosu!21G2 . ~18!

This expression concerns electron-ion coincident sp

FIG. 3. Positions with different significance of the classic
turning point for the final potential surface.
by

e-
g
-

he

e-

-

-

e

c-

troscopies with the experimental fixation of the molecu
axis ~via a direction of dissociation! and the direction of the
Auger electron propagation.

Experimental investigations@27–29# have clearly shown
the anisotropy of dissociation in the angle-resolv
photoelectron-photoion spectroscopy. This anisotropy, h
den in the anisotropy factoran , is smoother in comparison
with the strongly resonant ion yield~18! caused by the Dop-
pler effect. The latter equation shows that the electron-
coincidence signal changes drastically if the Auger elect
energyE lies in the Doppler band2kvA8,E2v i f ,kvA8 .
When the lifetime broadeningG is smaller than the electron
Doppler shiftkvA8 , the photoions or the fragment of disso
ciation propagate in the narrow angular interval

du.
G

kvA8
~19!

close to the cone surface~Fig. 4! u.u r :

cosu r5
v i f 2E

kvA8
if Uv i f 2E

kvA8
U<1. ~20!

The appearance of the narrowresonant cone of dissociatio
with ‘‘resonant’’ angleu r is one of the important results o
the studied problem. Equation~19! clearly demonstrates th
strong correlation between propagation directions of the A
ger electron and the ionA1.

V. AVERAGING OF THE CROSS SECTION
OVER MOLECULAR ORIENTATIONS

We consider now the spectral shape of atomic-like re
nances in the Auger spectrum of atomA in moleculeAB
with different atoms~the principally different case of identi
cal atoms is treated in Sec. VI C!. In this case the cross
section emanates entirely from the scattering amplitude
atomA ~to be specific, only the casexi.xf will be consid-
ered in this section!. For ordinary resonant Auger measur
ments of gas-phase molecules, the cross section must b
eraged over molecular orientations. We know that t
qualitatively different physical reasons are responsible
the dependence of the scattering amplitude~16! on the mo-
lecular orientation. As shown in Sec. IV, the first reason
the Doppler effect which leads to a sharper resonant dep
dence of the cross section on the molecular orientation~18!.
The second reason is the orientation of the molecular axn
relative to the polarization vectore and the Auger electron
momentumk. This smooth polynomial dependence is hidd
in the factoran . This allows to extract the factoruan0u2 from

l

FIG. 4. Resonant cone of dissociation.
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57 2517DOPPLER EFFECTS IN RESONANT X-RAY RAMAN . . .
the integral over the molecular orientation at the reson
angle~20!, leading to the following additional averaging o
this factor over alln0 of the cone. Using this averaging to
gether with Eqs.~2! and ~16!, one obtains

s̄~E,v!5s0Fr$G2~p0!1@G~p8!2G~p0!#2%

1
G

E2v i f
x cos~2w!G~p0!@G~p8!2G~p0!#G .

~21!

All unessential quantities are collected ins0
}^uan0u2&2p/G. The spectral shape of the cross section
defined by the two functions

r5
1

2pkvA8
FarctanS E2v i f 1kvA8

G D
2arctanS E2v i f 2kvA8

G D G ,
~22!

x5
1

2pkvA8
lnS ~E2v i f 1kvA8 !21G2

~E2v i f 2kvA8 !21G2D .

The Doppler shift

kvA8 cosu5kaF 2

m
@V2~E2v i f !#G1/2

cosu ~23!

depends on the Auger electron energyE ~see Fig. 6!. The
energy dependence of the electron wave numberk5A2E
can be neglected whenE is large.

To understand the main spectral features of the RXS c
section, let us for a while neglect theE dependence ofkvA8 .
Ther function is in this case a symmetrical function relati
to the resonanceE2v i f 50 normalized to unity:*dE r
51. The integral ofx is equal to zero (*dE x50) sincex is
an antisymmetrical function relative to the resonant ene
E5v i f . The asymptotes of ther function

r5H 1

2kvA8
QS E2v i f

kvA8
D if G!kvA8

G

p@~E2v i f !
21G2#

if G@kvA8

~24!

show directly the crucial role of the electron Doppler effe
and of the chaotical molecular orientation on the format
of the atomiclike spectral profile. HereQ(x) is the rectangu-
lar function:Q(x)51 if uxu<1 andQ(x)50 if uxu.1. The
shape of this dissociative resonance is close to a Lorent
only if the Doppler shift is small@7#, kvA8!G.

WhenkvA8 exceedsG, the position of the atomiclike reso
nance~18!

E5v i f 2kvA8 cosu ~25!

strongly depends on the molecular orientation via the D
pler shift kvA8 cosu. This leads to a broadening of the RX
spectral profile in the dissociative region since the to
nt

s

ss

y

t
n

an

-

l

atomiclike resonance is the sum of the partial atomicl
resonances~18! over all molecular orientations~Fig. 5!.
Moreover, now the resulting spectral profile is given by
rectangular functionQ@(E2v i f )/kvA8 # instead of a Lorentz-
ian ~18! ~see also Fig. 5!.

A. Role of the E dependency of the Doppler shift
on the RXS spectral shape

As one can see from Figs. 5 and 6, the real RXS pro
differs from the rectangular functionQ(E2v i f ) @Eq. ~24!#
due to theE dependency of the Doppler shift~23! ~Fig. 6!.
This profile, shown in Fig. 6, reminds one of a trapezo
rather than a rectangle. The main reason for this distortion
the Q function is the multiplier 1/kvA8 in the expressions for
the r function @Eqs. ~22! and ~24!#. According to Eq.~24!,
the RXS cross section tends to zero whenuE2v i f u.kvA8 .
This means that outside of the Doppler band theE depen-
dency of the Doppler shift is not so important~Fig. 6!.

FIG. 5. Doppler broadening caused by random orientation
molecules. Ther function ~22! is shown as a solid line, while the
Doppler-shifted Lorentzians@Eq. ~18!# are depicted as dotted lines
Specific values mA5mB for O2 are used. G50.01 eV, E
5500 eV, V52 eV, andD50.47 a.u.

FIG. 6. The dependence of the Doppler shiftkvA8 on the relative
kinetic energy of the Auger electronE2v i f for u50°. Input data
are the same as for Fig. 5.
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B. Role of the v dependency of the Doppler shift
on the RXS spectral shape

Equation~23! also shows that the Doppler shift depen
strongly on the excitation frequencyv. This dependency is
important since it gives a possibility to actively manipula
the magnitude of the Doppler shift~see Fig. 7!. It is then
necessary to recall that the RXS cross section decre
strongly when the frequencyv is tuned far from the crossing
point v5Ui(R0)2U0(R0)2v0/2 ~see Fig. 7!. This suppres-
sion is described by the photoabsorption bound-continu
FC factorsG(p0) @Eq. ~11!# with e5V.

C. Spectral shape of the RXS atomiclike profile

Figure 8 shows results of numerical simulations of t
RXS atomiclike profile@Eq. ~21!#, using the parameters o
the potentials for O2 @30#. The first term (}r) in Eq. ~21!
gives the main contribution to the cross section. The sec
smaller term at the right-hand side of this equation dem
strates oscillations@7# @cos(2w)#, which are caused mainly b
the phase differencep8D @see Eq.~14! of the continuum
wave functions~12! for the core excited and final states#. A
comparison of the total RXS profile with the Lorentzia
function shows clearly the Doppler broadening of the R
profile and its distortion due to interference of the interm
diate and final continuum states.

VI. RAMAN SCATTERING BY HOMONUCLEAR
DIATOMICS. ROLE OF CHANNEL INTERFERENCE

RXS by homonuclear diatomic molecules qualitative
differs from the scattering by heteronuclear ones@14#. To
take into account the indistinguishability of the two atom
one needs to sum their partial scattering amplitudes

F5F11F25 f 1e2ıqRf1 f 2eıqRf , ~26!

FIG. 7. The dependence of the Doppler shiftkvA8 on the detun-
ing V5v2v i0 of the incident photon frequencyv relative to the
resonant frequency of the ‘‘adiabatic transition’’v i0 (u50°). This
dependence is important only when the photoabsorption probab
~dashed line! Pabs(V)}^ i ,eu0& (0)2}exp@2(V2DUi)/gi)

2] is large
@see Eq.~11!#. DUi52 eV. g i50.66 eV. Other input data are th
same as for Fig. 5. The photoabsorption probability calculated
two model values ofDUi~52 and 6 eV! shows that the magnitud
of the Doppler shiftkvA8 depends strongly on the released ene
DUi .
es

m

d
-

-

,

q5 1
2 k cosu, Rf5max$xf ,xi%,

where f j is given by Eq.~17!. The phases2ıqRf and ıqRf
for different scattering channels differ only by the sign a
cording to the expression for the radius vectors of sites
first and second atoms@Eq. ~9!# in the center of gravity of the
molecule. To avoid unnecessary complications, let us a
lyze the RXS cross section, taking into account only t
main term in the scattering amplitudes~16! and ~17!. Con-
trary to intuition, the scattering amplitudesf 1 and f 2 for
atoms 1 and 2 are different:

f 1,2;
Y1,2x fanG~p0!eıw

n6D cosu2ıG
, D[

kv8

2
,

x f5 H 1
e2GD/v0

if xi.xf

if xf.xi .
~27!

HereD is the Doppler shift,v05(2V/m)1/2, the signs~2!
and ~1! correspond to the atoms 1 and 2, respectivelyn
5E2v i0 is the detuning of the energyE of the Auger elec-
tron from the resonant frequency, and the phasew is defined
in Eq. ~16!. The atomic~one-center! parameteran is given
here for atom 1. The important distinction off 1 and f 2 has a
simple physical meaning. The different signs of the Dopp
shifts for atoms 1 and 2 are caused by the motion of th
atoms in opposite directions (v152v2) in the center of
gravity frame. Clearly, the absolute values of the atomic
locities are the same (v8/2) ~v85p8/m is the relative veloc-
ity of the atoms!.

Another important distinction between the scattering a
plitudes f 1 and f 2 is their relative sign@14# given by the
symmetry parameterY1,2561. The sign ofY1,2 is defined
by the symmetry of the electronic wave functions involved
the scattering process. Without loss of generality, let

ty

r

y

FIG. 8. The dependence of the total RXS spectral profile~solid
line! s̄(E,v) @Eq. ~21!# on the relative kinetic energyn5E
2v i0 . E5500 eV, D50.47 a.u.,E5500 eV, andmA5mB516.
The long-dashed line shows the Lorentzian with a half-width
half-maximum~HWHM! G. The small second term~}x! ~dashed
line! in Eq. ~21! shows interference oscillations@cos(2p8D)# @7#.
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chooseY151. One can easily understand that the sign ofY2
depends only on the parity of the product 0^ j of parities 0
and f of ground and final electronic states

Y25 H 1
21

if 0 ^ f 5u,
if 0 ^ f 5g. ~28!

The atomiclike resonance is formed in the dissociative
gion ~Fig. 1! by the decay transitions to the set of final sta
of the same energy. Due to this degeneracy, one cannot
tinguish these states in the experiment and, hence, the
cross section must be summed over the full degenerate m
fold. However, as is well known, the x-ray scattering
identical atoms has specific spectral and anisotropic pe
liarities caused by the interchannel interference@14#. Accord-
ing to Eqs.~27! and~28!, the gerade and ungerade final sta
give interference contributions (; f 1* f 2) of opposite signs.
The interference terms of gerade and ungerade states
therefore suppress each other in the total cross section.~For
brevity we restrict ourselves to a couple of gerade and
gerade states below—the summation over other final s
quantum numbers can be done very easily.!

The quantity of interest is the cross section
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s~E,v!5s11s21s int

5 (
f 5g,u

@ u f 1u21u f 2u212 Re~ f 1* f 2eıkRf cosu!#

~29!

which can be measured inelectron-ion coincidence spectros
copy. The first two termss1,25S f u f 1,2u2 correspond to the
independent scattering channels through the core exc
state in atoms 1 and 2, respectively. The interference t
s int at the right-hand side describes the diffractional scat
ing of the Auger electron at theA2 molecule. When this
interference term is large, the two scattering channels
strongly coherent and vice versa.

Let us analyze the RXS cross section~29! for the common
case of the gerade ground state

s1,25
C

~n7D cosu!21G2 ,

s int52CDs~cosu!, Ds~cosu!5~wusu2wgsg!,
~30!
s f5
@cos~kRf cosu!$n21G22~D cosu!2%12GD cosu sin~kRf cosu!#

@~n2D cosu!21G2#@~n1D cosu!21G2#
,

pler
g
un-

ngle

nal
rtial

de

oss
rity

t in
rade
ns
ction
whereC }uanG(p0)u2(xg
21xu

2). Contrary to the x-ray scat
tering by heteronuclear molecules@Eq. ~20!#, now two dis-
sociative cones and two resonant angles exist: cour
562n/kv8 ~in accordance with the oppositely propagated
oms!.

These equations show that gerade and ungerade
states take part in the scattering process with the diffe
weights:

wf5
x f

2

xg
21xu

2 , f 5g,u. ~31!

The physical reason for this effect was given in Sec. IV@see
also Eq.~27!#. A quite unusual result is here obtained: Sin
wgÞwu , the interference term does not cancel after summ
tion over gerade and ungerade final states, which in the
sociative region have the same energies.

Figure 9 shows the anomalously strong dependence o
RXS cross section on the angleu between directions of the
Auger electron and the ion propagation. The interfere
term leads to sharp oscillations of the cross section. A co
parison of Figs. 9~a! and 9~b! demonstrates the strong depe
dence of the scattering anisotropy on the potential of ger
and ungerade final states through the weightswg andwu . As
one can see from these figures, the scattering anisotrop
very sensitive also to the energyE of the Auger electron.

A. Parity selection rules

A negligibly small electron Doppler effect is the commo
case for x-ray spectroscopy. Therefore, it is interesting
-

al
nt

a-
is-

he

e
-

e

is

o

consider the atomiclike resonance when the electron Dop
shift D is small in comparison with the lifetime broadenin
G. The RXS cross section being the sum of gerade and
gerade contributions then collapses in this case to the si
Lorentzian

s~E,v!5sg~E,v!1su~E,v!,

sg,u~E,v!52Cwg,u

17 cos~kRg,u cosu!

n21G2 , D!G.

~32!

Here2 and1 correspond to gerade and ungerade ionic fi
states, respectively. The angular dependences of the pa
cross sectionssg(E,v) andsu(E,v) ~Fig. 10! demonstrate
the strong oscillations with the total suppression of gera
and ungerade contributions for anglesu5u1 andu5u2 ,

cos~kRg cosu1!51, cos~kRu cosu2!521, ~33!

respectively. This remarkable decrease of the partial cr
sections down to zero constitutes nothing else than a pa
selection rule for Auger decay transitions.

To understand this parity selection rule let us recall tha
the general case one cannot distinguish gerade and unge
continuum wave functions of high-energy Auger electro
due to the degeneracy of these states, and the parity sele
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rules are in general absent. To see this let us rewrite
Auger electron wave functionck(r ) @Eq. ~5!# in the form
convenient for the symmetry analysis

ck~r !5eıe~ck11eıkRf cosuck2!. ~34!

Here Rf5R22R1 , e5k•R1 , and cki5ck(r2Ri), cki50
whenur2Ri u.Rf /2. We used the last assumption only he
and only to emphasize the locality of the Auger transition
the dissociative region. It is easy to check that the wa
function ~34! and this assumption yield exactly the sam
result @Eq. ~32!#.

Representation~34! shows immediately that the Auge
electron wave function is odd@ck(r );ck12ck2# and even
@ck(r );ck11ck2# under inversion through the molecula
center for the anglesu5u2 and u5u1 respectively@Eq.
~33!#. The parity selection rules for the anglesu6 is a direct
consequence of this symmetry. Indeed, the decay trans
from an ungerade core excited state to a gerade final sta
forbidden if the Auger electron wave function is evenu
5u1) and, vice versa, the ungerade-ungerade decay is
allowed when the the Auger electron wave function is o
(u5u2).

We would like to stress that interference contributio
wg,u cos(kRg,u cosu) are maximal in points~33!. Just as for
radiative RXS@14#, the symmetry selection rules can thus
considered to be a consequence of channel interferenc
very similar phenomenon takes place for dissociative re
nances in radiative RXS@31#.

The first impression is that these parity selection rules
not observable since the total cross section~32! is the sum of
gerade and ungerade contributions, and since the cri

FIG. 9. The angular dependence of the total RXS pro
s̄(E,v) ~solid line!, interference contribution~dashed line! @Eqs.
~29!, ~30!, and ~21!#, and direct terms11s2 ~dotted line! for dif-
ferent relative kinetic energiesn5E2v i0 . Input data are the sam
as for Fig. 11. The Doppler shift is equal toD50.4 eV. n5E
2v i f . wu51 and wg50 everywhere, except plot~b!, wherewg

51 andwu50. These values for the weightswu andwg correspond
to Fig. 12.
e

,

e

on
is

ot
d

A
o-

re

al

anglesu6 @Eq. ~33!# do not coincide with each other. How
ever the scattering to one of the final states is strongly s
pressed. The reason for this is the following. Very often
final-state potential curves for gerade and ungerade st
differ qualitatively from each other@10# if the classical turn-
ing point xf for the gerade final state lies to the left of th
point of the vertical photoabsorption transitionxi.R0 @Fig.
3~a!#, then the turning point for the ungerade state is lying
the right ofxi @Fig. 3~b!# and vice versa. Equations~27! and
~31! show the strong suppression of one of the final sta
with xf.xi @Fig. 3~b!# due to largeD5uxf2xi u ;2 a.u.@10#.
For example,wg.0.1 and wu.0.9 when xg.xi and xu
,xi , and vice versa ifxg,xi ,xg.xi ~other input data are
the same as for Fig. 11!. The angular dependence of the RX
cross section~32! for these two cases depicted in Fig. 1
shows practically total quenching of the cross section
cos(kRg cosu)51 @Fig. 10~a!#.

It is easy to understand that this pure interference ef
„sg,u(E,v)}@17 cos(kRg,u cosu)#… @Eq. ~32!#, generating
parity selection rules, is a general phenomenon and thus
it also takes place for ordinary ‘‘molecular’’ RXS transition
near the equilibrium molecular geometry, which of cour
poses a simpler possibility for observation. The molecu
axis can also be fixed by weak adsorption on a crystal
surface@4# ~see Sec. VIII!. To keep the identity of atoms, th
molecular axis must then lie in the surface plane. The par
cross sectionssg(E,v) andsu(E,v) @Eq. ~32!# can be mea-
sured separately, since final gerade and ungerade states
different energies.

B. Distinction of ‘‘left’’ and ‘‘right’’ atoms in A2 molecule.
Large Doppler shift

The RXS profile measured in the electron-ion coinciden
spectroscopy has the following doublet structure in the D
pler limit D@G if u50° ~or 180°!

s~E,v!.CS 1

~n2D!21G2 1
1

~n1D!21G2D if D@G.

~35!

These two narrow Lorentzians correspond to two oppo

FIG. 10. The interference oscillations of the partial RXS cro
sectionssg(E,v) andsu(E,v) @Eq. ~32!# for small Doppler broad-
ening.u is the angle between the Auger electron momentumk and
the molecular axis. The parity selection rules take place for anglu
for which sg(E,v)50 or su(E,v)50. Input data are the same a
for Fig. 11.
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directions of the dissociating atoms. The large Doppler s
D destroys the coherence of the scattering chan
s int /s(E,v);G/kv8!1 ~Fig. 11!. This means that the two
scattering channels now are totally independent. Moreo
one can distinguish these channels since one now can s
either of them through the ‘‘left-propagating’’ and ‘‘right
propagating’’ atoms. It is possible to do so since the ‘‘lef
and ‘‘right’’ atoms moving in opposite directions2v8/2 and
v8/2 have different ‘‘Doppler labels’’ ~Doppler shifts!:
2k•v8/2 andk•v8/2. We can say that the photon is scatter
by the ‘‘left’’ ~or ‘‘right’’ ! atom when the energy of Auge
electron is equal toE5v i f 2k•v8/2 ~or E5v i f 1k•v8/2!. In
this case only the ‘‘left’’~or ‘‘right’’ ! atom is in resonance
with the Auger electron, while the partial cross section
the other atom is close to zero@see Eq.~35! and Fig. 11#.

When the Auger electron is emitted perpendicular to
molecular axis, the RXS profile collapses to a single Lore
zian@Eq. ~32!# because cosu50 and the Doppler shift then i
exactly equal to zero~Fig. 11!. Since the Doppler shift is
absent whenu590°, one cannot distinguish equivalent a
oms in anA2 molecule. In this case both scattering chann
are strongly coherent and the interference terms int takes a
maximal value@see Eq.~32! and Fig. 11#.

The angular dependence of the total cross section and
interference contribution~Fig. 9! shows interference oscilla
tions according to sin(kRf cosu) and cos(kRf cosu) in Eq.
~30! ~Fig. 9!. These oscillatory features provide structure
formation, and can be observed when the interference pa
eterkRf exceedsp.

FIG. 11. The dependence of the total RXS spectral profile~solid
line! s̄(E,v) @Eqs.~29! and ~30!# on the relative kinetic energyn
5E2v i0 . E5500 eV, Rc52.28 a.u.,V55 eV, andG50.09 eV.
The interference contributions int is depicted with the dashed line
When u50°, the ‘‘left’’ atom has a red Doppler shift, while th
‘‘right’’ atom has a blue Doppler shift. The equivalent atoms can
distinguished by the the Doppler labels6kv8/2. One cannot distin-
guish these atoms whenu50°, since in this case the Doppler shi
is absent.
ft
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C. Orientational averaging of cross sections
for identical atoms

We now turn back to the ordinary RXS measurements
which the flux of Auger electrons is collected from all mo
ecules. The cross section~29! must be averaged in this cas
over all molecular orientations. This is the procedure used
Sec. V~see also the end of Appendix B!. Averaging the cross
section~30! over u, we obtain

s̄~E,v!52s0G2~p0!~X g
21X u

2!~r1L!,
~36!

L5
G

2p E
21

1

dj Ds~j!,

where ther function is given by Eq.~22! with vA85v8/2 and
j5cosu. Contrary to Eq.~30!, the averaging procedure lead
to the same partial cross sections,s̄15s̄252s0G2(p0)r.
The coherence or interference terms̄ int52s0G2(p0)L can
be much simplified~see Appendix B!, since very often the
diffractional parameterkRf is large:

kRf@1. ~37!

For example,kRf.14 for O2. As follows directly from Eq.
~B3! in Appendix B, the interference contribution~36!

L5
G

2pD2 ~wuPu2wgPg!, ~38!

can be approximated outside of the Doppler band as

Pf.Pf 052D2
~n21G22D2! j 0~kRf !12GDn0~kRf !

@~n2D!21G2#@~n1D!21G2#
,

unu.D, kRf@1. ~39!

Here j 0(x)5sinx/x and n0(x)52cosx/x are the spherica
Bessel functions of zero order. According to Eq.~B6!, the
interference term consists of two qualitatively different su
terms

Pf.2pkRf j 0S kRf

n

DDexpS 2kRf

G

DD1Pf 0 ,

unu,D, kRf@1, ~40!

when the Auger energy is inside the Doppler band. The
rect numerical evaluation of the integral~36! shows very
good agreement with the approximate formulas~39! and
~40!, except for small deviations near the Doppler shif
6D.

The first term at the right-hand side of Eq.~40! is caused
by the pole singularities of the integrand~36! lying in the
dissociation cone: cosu56n/D ~see Appendix B!. Close to
resonance (n5E2v i f 50) this term, being the main contri
butions tos̄ int , exceeds the second contribution (}Pf 0) by
p(kRf)

2 times. We stress that the terms~39! and~40! show
the typical oscillations caused by the interference of
ejected Auger electron. However, the character of th
damping oscillations is different:j 0(kRf), n0(kRf), and
j 0(kRfn/D).

The narrow line contribution to the interference term~40!
demonstrates, for largeunu, a weak damping (;1/n) in com-
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parison withPf 0 and the direct termr, whereas a quenchin
of this contribution for large G is much faster
@;exp(2kRfG/D)# thanPf 0 andr.

Atomiclike profiles for small Doppler broadening

When the Doppler broadening is small the atomic li
profile collapses to a single Lorentzian@Eq. ~36!#,

s̄~E,v!5s̄g~E,v!1s̄u~E,v!,

s̄g,u~E,v!5s̄0wg,u

17 j 0~kRg,u!

n21G2 , ~41!

with s̄052s0G2(p0)(Xg
21Xu

2)G/p. The second equation
strongly reminds us of the structure of the radiative R
cross section@14# if k is replaced by the change of the x-ra
photon momentum under scattering and7→6. Like for
radiative RXS@14#, the cross section~41! demonstrates the
parity selection rules in the limitkRg,u!1 ~see also Sec
VI A !. However, contrary to radiative RXS, the transitio
between the ground and final states of the same parity
forbidden in resonant Auger forkRg,u!1 due to the quali-
tatively different decay operators~4! and ~6!.

D. Supernarrowing of the atomiclike resonances

At this stage we point to the striking role of the intercha
nel interference in the narrowing of the RXS spectral pro
up to a half-width at half maximum~HWHM! of

Dn.
D
kR

, R5min$Rg ,Ru%, ~42!

which thus does not depend on the lifetime broadeningG.
This lifetime free narrowing effect origins entirely from th
single oscillating factorj 0(kRfn/D) in Eq. ~40! ~see also
Appendix B!. For example, we have for O2 with V
50.5 eV: Dn.0.03 eV ~D5kv8/2.0.4 eV, kR.14!. Fig-
ure 12 shows that the RXS profile consists of a narrow p
or hole with the HWHMDn.0.03 eV @Eq. ~42!# smaller
than the lifetime broadeningG50.09 eV @30# and a broad
Doppler pedestal~}r! @Eq. ~22!#. Let us note that we have
here reached the thermal energy sinceDn;kBT;0.03 eV.
This means that rotational broadening must now be ta
into account together with the recoil effect~see Appendix A!.

Let us compare the ratio of the maximal values of t
narrow-band and the direct (s̄5s̄11s̄2) contributions to
the cross section

s̄nar

s̄
52~wukue2ku2wgkge2kg!, ~43!

which was estimated asDL/r for n50. HereDL is the first
term on the right-hand side of Eq.~40!. This equation shows
that the relative intensitys̄nar/s̄ of the supernarrow contri
bution caused by the channel interference depends on
dimensionless parameter

k f5
G

D kRf , ~44!
re

-

k

n

he

being the product of the parameterkRf and the ratio of the
lifetime broadeningG and Doppler shiftD.

The role of the diffractional parameter~from the point of
view of observation of the narrowing effect! is twofold. The
width @Eq. ~43!# of this resonance decreases whenkR in-
creases. However, its strength@Eq. ~43!# increases only when
k f changes from zero up tok f51. The strength of the nar
row resonance is quenched fork f.1 ~Fig. 13!. So a value of
k f close to 1 gives optimal conditions for observation of th
narrowing effect.

FIG. 12. The narrowing below the lifetime broadening and b
low the spectral width of the incident radiation.D52 a.u. The de-
pendence of the total RXS profiles̄(E,v) ~solid line!, the interfer-
ence contribution~dashed line! @Eqs.~29!, ~30!, and~21!#, and the
direct term ~}r! @Eq. ~22!# on the relative kinetic energyn5E
2v i f . The interference term is scaled by a factor of 2. The co
parison with the Lorentzian with a HWHM equal toG ~dot-dashed
line! shows the narrowing belowG. ~a! xu.xi , xg,xi(wu2wg

,0). ~b! xu^xi ,xg&xi(wu2wg.0). Input data are the same as fo
Fig. 11.

FIG. 13. The relative intensitys̄nar/Ds̄52k exp(2k) @Eq.
~43!# of the narrow resonance as a function of the dimension
parameterk5GkR/D @Eq. ~44!# for the caseswu51 andwg50.
Input data are the same as for Fig. 11.
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1. Qualitative picture of the narrowing effect

Most of our attention in Sec. V was directed toward
formal description of the narrowing effect. As one can s
from Eqs.~38! and~40!, the reason for this narrowing effec
is the interference or coherence terms̄ int52s0G2(p0)L.
Let us now try another way to see qualitatively the physi
reason of the supernarrowing of the atomiclike resonan
The left and right atoms eject Auger electrons at differ
angles~cosu56n/D, D5kv8/2!. This leads to the suppres
sion of the interference contributions int or coherence be
tween scattering channels 1 and 2 if the energy of the Au
electron does not coincide with the resonant frequencyn
5E2v i f Þ0. However, both scattering channels are stron
coherent, and so the interference term takes a maximal v
for the exact resonance:n50. In this case the Auger electro
is emitted perpendicular to the molecular axis,u5p/2. But
the uncertainty relation implies that this anglep/2 is known
only to within Du&l/R or

Du&
1

kR
, ~45!

wherel is the electron wavelength. The uncertainty in an
leads to an uncertaintyDn of the Auger electron energyn,
since cos(p/22Du)5Dn/D.Du. Combining these two re
sults, one obtainsDn&D/kR, which agrees with Eq.~42!.

2. Role of the spectral width of incident x-ray radiation

Up to now we have investigated the Raman scattering
monochromatic x-ray radiation. To describe a realistic
perimental situation using incident radiation with a fin
spectral widthgc , we need to convolute the RXS cross se
tion with the spectral function of incoming photonsF(v
2vc ,gc) centered at frequencyvc . The x-ray Raman scat
tering through the continuum intermediate states qua
tively differs from the case of discrete intermediate stat
Contrary to the latter case, the cross section~2! does not
contain thed function when the final state for the atomiclik
resonance is a continuum state. This means that the R
cross section can be factorized:s(E,v)5sabs(v)I (E,v8).
Here we select the atomic photoabsorption cross sec
sabs(v);s0G2(p0) and the rest partI (E,v8) of the cross
section which depends on the energy of the Auger electroE
and on the incident photon frequency via the relative nuc
velocity in final continuum statev85@2(v2v i02n)/m#1/2.
Let us remind the reader that the position (E5v i f ) of the
atomiclike resonance does not depend on the excitation
ergy @8,7,9#. One can expect only some small changes of
width and spectral shape of this resonance due tov8. Con-
sider here the typical experimental situation when the sp
tral width gc does not exceed a few eV~for example,gc
&5 eV!. The photoabsorption FC factorG(p0) @Eq. ~11!#
drops out fast whenv is tuned from the vertical photoab
sorption frequencyv i0

s @Eq. ~7!# at a distance larger than th
width g i of G(p0). This means that the photoabsorption F
factor ‘‘cuts off’’ the width g i&1 eV from the spectral band
of the incident photon flux. One can show that the change
the atomiclike profile can be neglected whenv is changed in
this narrow region close to the vertical photoabsorption tr
sition. For example, a changedv;g i;1 of eV leads to the
e
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following relative change of the widthDn @Eq. ~42!#:
dDn/Dn;g i /2V;1%. This means that with good accurac
the RXS cross section convoluted with the spectral funct
can be factorized as

^s̄~E,vc!&5E F~v2vc ,gc!s̄~E,v!dv

.I ~E,v0!^sabs~vc!&. ~46!

Here we obtained one of the important features of
atomiclike resonance: The narrowing up toDn @Eq. ~42!#
practically does not depend on the spectral width of the
cident radiation. The main reason for this is that the posit
of the supernarrow atomiclike resonance (n5E2v i f 50)
@Eq. ~40!# does not depend on the frequency of incident
diation @8,7,9#. Equation~46! also allows us to conclude tha
the shape of the atomiclike resonance in practice does
depend on the spectral widthgc .

VII. POSSIBILITY FOR EXPERIMENTAL OBSERVATION

A few words about the possibility for experimental obse
vation of the Doppler effects are in order. We can fores
three important points concerning the choice of the mole
lar system. The main requirement is to excite above the
sociation threshold so as to obtain a release energy ofDUi
.1 eV ~see Fig. 1!. For example, the first core excited sta
3Pu of O2 with DUi&21 eV @30# does not satisfy this con
dition. Of course, one can tunev above the vertical resonan
frequencyv i0

s 5Ui(R0)2U0(R0)2v0/2. But this is possible
only if v does not exceedv i0

s by the width of the photoab-
sorption FC factor@Eq. ~11!# g i;1 eV. The core excitation
to higher energies leads to an exponential quenching of
RXS cross section.

The effects discussed for the homonuclear diatomics
also be observed for other symmetrical molecules. The
cent photoelectron-energy-selected photoion coincidence
periment with BF3 @32# showed a release energy of mo
than 4 eV for the F1 ions. The corresponding electron Dop
pler shift is approximately equal to 0.55 eV, which is larg
than the lifetime broadening (G;0.1 eV) of theu1sF

21& state.
So one can expect that the BF3 molecule is a good candidat
for observation of both Doppler broadening and supern
rowing. However, in the BF3 case the manifestation of th
diffractional scattering and narrowing effect can be comp
cated due to the Jahn-Teller effect caused by vibronic c
pling of degenerate core excited states.

The fact that the electron Doppler shift must be larg
than the lifetime broadening makes it preferable to meas
light atoms or homonuclear molecules. The intensity of
supernarrow peak or hole~Fig. 12! strongly depends on the
distance between the classical turning pointsuxg2xuu @Eq.
~43!# for the gerade and ungerade final states. For exam
this intensity is equal to zero whenxg5xu . However, the
analysis of the potential curves for the different final~‘‘op-
tically excited’’! states shows@10# that in many casesuxg
2xuu is large, and has the order of magnitude 1 Å.

VIII. SUMMARY

We have presented a theory for Doppler effects in re
nant radiative and nonradiative x-ray scattering. The tre
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ment of the excitation and the subsequent decay of the
sociative core excited state as a single quantum-mecha
process, also accounting for the site-dependent phase fac
reveals moderately large electron Doppler effects for
nonradiative RXS resonances. There are two main rea
behind this: the large momentumk of the Auger electron,
and the large kinetic-energy and hence atomic velocity
lease following dissociation. A strong resonance correlat
between the directions of the ion and electron yields exi
since the Doppler shift depends on the angle between
molecular axis and the Auger electron momentum. T
strong anisotropy should be measurable in electron-ion c
cidence spectroscopy. The RXS atomiclike profile for m
ecules with chaotical orientations is broadened due to
angular dependence of the Doppler effect.

It is difficult to expect an importance of the Doppler effe
for radiative RXS due to the small value of the photon m
mentumkph. For example,kph.0.14 a.u., while the electron
momentum isk.6 a.u. for O2. Of course, the Dopple
broadening increases with the atomic number, but the l
time broadening increases as well, and only if these dep
dences ‘‘cross’’ each other can one expect a photon Dop
effect for atomiclike resonances.

As is well known, systems with symmetry-related atom
are very specific for x-ray Raman scattering owing to
interference of the scattering channels through core exc
states localized at the different identical atoms@12–19#. The
present investigation gives yet another example of this f
showing that the dissociative resonances in RXS by ho
nuclear molecules are associated with interesting spe
and anisotropical features.

We have stressed the principal possibility to distingu
identical atoms with opposite propagation in dissociat
states. This is because they have opposite Doppler shifts
hence different resonant frequencies. The correspon
measurements can be realized via the electron-ion co
dence technique. Even without a Doppler effect, interfere
plays a very important role in the angular-resolved electr
ion coincidence measurements. We found strong interfere
oscillations of the cross section versus the angle betw
propagation directions of the Auger electron and the fr
ment of dissociation.

Among other results predicted in this work, we would lik
to stress the parity selection rules in the resonant Auger
fect, and that this is a general phenomenon also valid for
RXS transitions, like bound-bound transitions close to
equilibrium molecular geometry. The physical reason for t
is found in the interference of the Auger electrons and
exact parity of the wave function of Auger electrons for cri
cal angles between the molecular axis and the Auger elec
momentum. It is easy to understand that this purely inter
ence effect is not caused by the Doppler effect and molec
dissociation, and thus that this phenomenon should be
servable both for atomiclike resonances by means
electron-ion coincidence measurements and for the ordin
bound-to-bound RXS transitions close to the equilibrium
ometry of the molecule. In the latter case the molecular a
can be fixed with the help of~weak! adsorption on a crystal
line surface. The qualitatively different angular dependenc
~oscillations with opposite phases! of cross sections for ger
ade and ungerade states thus constitutes a tool for symm
is-
cal
rs,
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assignments in Auger and electron coincidence sp
troscopies.

Another prediction presented in this work is a supern
row peak or hole on top of a Doppler pedestal, having
measurable width which goes below not only the lifetim
broadening but also the spectral width of the incident rad
tion. The existence of these peculiarities is based on
rather unexpected result that final gerade and ungerade s
give contributions to the RXS cross section with differe
weights, which implies that the interference term does
cancel. The formal reason for this can be found in the diff
ence of the potential surfaces, and hence the distinction
the classical turning points for the gerade and ungerade
states. These features, caused by the channel interfere
have unusual spectral profiles given by the spherical Be
function of zero order. The oscillatory spectral shape sho
directly the interference origin of the narrowing mechanis
The estimations show that the width of the supernarrow f
tures is comparable with the thermal energykBT.0.03 eV.
This means that the rotational broadening and recoil ef
can also be important for setting the final width of the
resonant features.
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APPENDIX A: ROLE OF ROTATIONAL DEGREES
OF FREEDOM

Due to thermal motion, the ground-state rotational lev
are populated according to Boltzmann statistics,

~2J11!expS 2
BJ~J11!

kBT D , ~A1!

wherekB is the Boltzmann constant,B51/2I andJ are the
rotational constant and the rotational quantum number w
I 51/mR0

2 as the moment of inertia. This distribution is at
maximum near

Jmax5
kBT

2B
. ~A2!

Let us estimateJmax for O2 with B.1.631024 eV. Jmax
.28@1 at room temperatures (kBT.0.03 eV). Thus the
classical description of the rotational degrees of freedom
applicable due to large values ofJ and small spacing
@2B(J11).2BJmax.0.009 eV# between adjacent rotationa
levels in comparison with the lifetime broadeningG
.0.09 eV.

The rotational structure in RXS can be broadened due
the excitation and deexcitation spectral transitions. The p
toabsorption cannot essentially broaden the rotational b
since onlyJ→61,0 rotational transitions are allowed in pho
toabsorption.
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According to Eq.~13!, the strength of the rotational tran
sitions under Auger decay is governed by the following m
trix element between the rotational statesu jm& of a diatomic
molecule:

^ jmue2ıakx cosuu j 1m1&. ~A3!

Due to such an exponential dependence of the integran
the rotational angleu, one cannot say in advance how stro
the change ofJ will be under the decay transition. It is als
difficult to say something certain about selection rules wh
akx.1. However, for large values ofJ, the classical treat-
ment of the molecular rotation is applicable, and one c
then estimate the broadening of the rotational bandDEJ of
the Auger decay.

For the ground state the rotational energy of a molec
with the angular momentumL05I 0v rot

0 is equal to Erot
0

5L0
2/2I 0 , wherev rot

0 and I 05mR0
2 are the angular velocity

and moment of inertia, respectively. The angular momen
is not changed if the incident radiation is linearly polarize
This means that the angular momentum is the sameL
5Iv rot5L0 , if the molecule dissociates on the core excit
potential surface up to internuclear distancex. Now the ro-
tational energyErot5L2/2I , moment of inertiaI 5mx2, and
angular velocity are different. Let us assume that atomA in
the pointx emits the Auger electron with the speedu at the
angleu with respect to the molecular axis. The angular m
mentum conservation law allows us to find the angular m
mentum of the moleculeL f after emission of the Auger elec
tron: L f5L2xu' , u'5u sinu. After the ejection of the
Auger electron the rotational energy of the moleculeErot

f

5L f
2/2I 5Erot1dErot is changed by the value

dErot52meu0u'

R0

x
1

meu'
2

2m
, ~A4!

whereu05A2Erot
0 /m.A2kBT/m. One can say also that thi

change is caused by the recoil effect. We write this equa
in ordinary units~not a.u.! to see explicitly the role of the
ratio me /m. The estimation for O2 with the Auger electron
energy meu

2/25500 eV shows that umeu0u'R0 /xu
,0.06R0 /x eV (R0 /x,1) andme

2u'
2 /2m.0.03 eV. So the

emission of the Auger electron leads to an additional bro
ening of the RXS spectral profile. However, we neglect t
broadening, sinceudErotu,0.06 eV is smaller than the life
time broadeningG50.09 eV. Moreover,udErotu is essen-
tially smaller than the Doppler broadening of the RXS profi
discussed in Sec. V. The rotational mechanism of the bro
ening of the RXS spectral lines can though be importan
RXS spectroscopy with superhigh resolution at higher te
peratures.

APPENDIX B: ASYMPTOTIC FORM
OF THE INTERFERENCE TERM

As shown in Sec. VI C, the diffractional parameterkRf is
very often large@Eq. ~37!#. To evaluate the integral~36!, it is
useful to start directly from the definition of the interferen
term ~29! and the partial amplitude of scattering@Eq. ~27!#
-

on

n

n

le

m
.

-
-

n

-
s

d-
n
-

s̄ int5s0G2~p0!
2G

pD2 ~Xg
21Xu

2!~wuPu2wgPg!,

Pf52ReE
21

1

djeıkRfjf~j!, ~B1!

with j5cosu. This integral has three singularities. The fir
one refers to the strong oscillations due the large param
kRf @Eq. ~37!#, while the next two refer to the poles of th
integrand,

f~j!5
1

~j2 ñ2ıG!~j1 ñ2ıG̃!
, ~B2!

lying in the upper half-plane. Here we introduced the dime
sionless Auger detuningñ5n/D and lifetime broadeningG̃
5G/D to see directly the asymptotical calculation of th
integral.

When the energy of the Auger electron is outside the D
pler banduñu.1, the integrand~B2! has no singularities on
the real axisj. The existence of the large parameter~37!
resulting from the strong oscillation of the integrand cons
erably simplifies the evaluation of integral~B1!. Integrating
by parts, we obtain

Pf5Pf 010S 1

~kRf !
2D ,

Pf 052Re
1

ıkRf
@eıkRff~1!2e2ıkRff~21!#, unu.D.

~B3!

With the energy of the Auger electron inside the Dopp
band uñu,1, integrand~B2! has two resonant featuresj
56 ñ on the real axisj. It is convenient to partition the
integral ~B1! into three regions:

Pf52ReH E
2`

`

2E
1

`

2E
2`

21J dj eıkRfjf~j!. ~B4!

The first integral is obtained exactly by the residue theore
while the last two integrals can be evaluated the same wa
integral ~B3!, since the integrand has no features in the
gion uju>1 outside the dissociative cone: cosu56n/D. This
integral thus leads to the supernarrow resonance: If the
pression for thef function @Eq. ~B2!# is rewritten as

f~j![
1

2ñ
S 1

j2 ñ2ıG̃
2

1

j1 ñ2ıG̃
D , ~B5!

one can see that the lifetime broadening is canceled in
resonant denominatorñ. This results in

Pf.
2p

ñ
sin~kRf ñ !e2kRf G̃1Pf 0 , unu,D, kRf@1.

~B6!

One then obtains the remarkable result that the interfere
contribution ~B1! to the cross section contains a term wi
the lifetime free resonant factor
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1

n
5

1

E2v i f
, ~B7!

which is exactly the first multiplier on the right-hand side
the expression for thef function, Eq.~B5!.

The molecular orientation is hidden in the atomic pho
absorption and decay operators~factor uanu2!. As one can see
y

g

Vo

A

o

h.

h.

, J
.

-

directly from Eq.~B3!, the shortwave asymptote~37! corre-
sponds to a molecular orientation alongk (j5cosu561).
Thus uanu2 may be extracted from the integral withnik.
Close to the resonance with the dominating supernar
term ~B6!, k is orthogonal to the molecular axis since cosu
56n/D.0. In that case, the factoruanu2 can be extracted
from the integral withn'k.
, J.
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@4# N. Mårtensson, inApplications of Synchrotron Radiation, ed-
ited by W. Eberhardt, Springer Series in Surface Sciences
35 ~Springer-Verlag, Berlin, 1995!, p. 65.

@5# W. Eberhardt, inApplications of Synchrotron Radiation~Ref.
@4#!, p. 203.

@6# P. P. Kane, Radiat. Phys. Chem.50, 31 ~1997!.
@7# F. Gel’mukhanov and H. A˚ gren, Phys. Rev. A54, 379~1996!.
@8# E. Kukk, H. Aksela, S. Aksela, F. Gel’mukhanov, H. A˚ gren,

and S. Svensson, Phys. Rev. Lett.76, 3100~1996!.
@9# O. Björneholm, S. Sundin, S. Svensson, R. R. T. Marinho,

Naves de Brito, F. Gel’mukhanov, and H. A˚ gren, Phys. Rev.
Lett. 79, 3150~1997!.

@10# J. I. Steinfeld,Molecules and Radiation. An Introduction t
Modern Molecular Spectroscopy~Harper & Row, New York,
1974!.

@11# J. H. Eland and E. Duerr~unpublished!.
@12# F. Gel’mukhanov, L. N. Mazalov, and N. A. Shklyaeva, Z

Eksp. Teor. Fiz.69, 1971 ~1975! @Sov. Phys. JETP42, 1001
~1975!#.

@13# F. Gel’mukhanov, L. N. Mazalov, and N. A. Shklyaeva, Z
Eksp. Teor. Fiz.71 960 ~1976! @Sov. Phys. JETP44, 504
~1977!#.

@14# F. Gel’mukhanov and H. A˚ gren, Phys. Rev. A49, 4378
~1994!.

@15# Y. Ma, K. E. Miyano, P. L. Cowan, Y. Aglizkiy, and B. A.
Karlin, Phys. Rev. Lett.74, 478 ~1995!.

@16# F. Gel’mukhanov and H. A˚ gren, J. Phys. B29, 2751~1996!.
@17# P. Glans, K. Gunnelin, P. Skytt, J.-H. Guo, N. Wassdahl
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