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Doppler effects in resonant x-ray Raman scattering
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Theory for Doppler effects in resonant x-ray Raman scattefiRgS) 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.
[S1050-29408)07304-1

PACS numbss): 33.20.Rm, 33.50.Dq

I. INTRODUCTION cording to theory[7] the atomiclike contribution caused by
. decay transitions in one of the dissociation fragments has a

bl band diation h de | ibl Yuidth equal to the lifetime broadening, something confirmed
tunable narrow-band-pass radiation has made it possible the experimental investigations of the resonant Auger

connect Auger elgctron and x-ray emission.spectroscopies Ebectra of HCI[8,9]. We generalize this result here, and
a number of physical processes or effects in the x-ray waveshoyy that for large release energies following dissociation
length region[1-6]. The high spectral quality has not only ang accompanying large electron Doppler effects, the atomic
rendered the possibility to analyze observed features by eb‘kuger resonance can be strongly non-Lorentzian. The Dop-
tronic structure theory, molecular-orbital theory for free sys-pler shift can thus exceed the lifetime broadening for a
tems and band theory for solids, but also to resolve effectginetic-energy release in the regian-1—10 eV, which is
that require an account of the nuclear motion. These includaot uncommon for dissociating moleculd®,11], but which
vibrational and phonon coupling for bound states, and thés substantially larger than the thermal enerdgyT
nuclear dynamics in dissociative potentials that makes both=0.03 eV. In the case of heteroatomic molecules, the elec-
atomiclike and molecularlike contributions to the x-ray scat-tron Doppler shift will be smaller for RXS of the heavy atom
tering cross section. With ongoing investments in new instrubecause the released kinetic energy is transferred mainly to
mentation, there is reason to anticipate further progress itight atom. A typical example is the HCI molecule investi-
spectral quality and that concepts like “thermal energy,” gated in Refs][8,9], where the chlorine Auger resonance thus
“rotational motion,” and “Doppler shifts” will become rel- shows Lorentzian profiles despite comparatively large re-
evant in the analysis of coming experiments. lease energy. In molecules with comparable atomic masses
The purpose of this work is to attempt to forestall some ofthe electron Doppler shift for the dissociative resonance is
the anticipated development by presenting a theory of x-ragufficiently large to exceed the lifetime broadening several
Raman scatteringRXS) taking account of Doppler effects, times(for examplek-v,~0.2—0.5 eV for molecules like O
and to demonstrate a variety of physical phenomena causewith I'=0.09 eV, where is a momentum of the Auger elec-
by this effect. The theory is general, covering both radiativetron).
and nonradiative x-ray scattering and any character of the We investigate the anisotropy of ion yields in the Auger
states involved, but most emphasis is placed on the situatioRaman experiment, and predict that strong anisotropy of the
where the Doppler effects are most conspicuous, namely, fdon propagation can be measured in an electron-ion coinci-
nonradiative (Augen scattering of molecules core excited dence spectroscopy. The electron Doppler shifts for atoms
above the dissociation threshold. As is well known, the RXSpropagating in opposite directions have opposite signs, and
spectrum then consists of two qualitatively different partsthis leads to the possibility of distinguishing atoms in the
the so-called “molecularlike” and “atomiclike” parts. Ac- electron-ion coincidence spectra of homonuclear diatomic
molecules. It is found that averaging over molecular orienta-
tions leads to Doppler broadening of the atomiclike profile,
*Permanent address: Institute of Automation and Electrometrysince the electronic Doppler shift depends on the angle be-
630090 Novosibirsk, Russia. tween the Auger electron propagation and the molecular
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axis. It is furthermore shown that the interference effect iscenter of gravity of a molecule with mabs; u andk are the
important for the atomiclike profile of symmetrical mol- photoelectron velocity and momentum of the target molecule
ecules, adding yet another example in x-ray Raman Spectrogy the |aboratory frame of referencéyy, is the incoming
copy where channel interference plays a crucial role in sysphoton momentum; anél, and&; are total internal molecular
tems with identical atomfsl2—19. The reason for this effect energies for the ground and final states. In this paper we will
can be found in the interference contribution to the x-ray,;se the system of atomic units. According to the energy con-

scattering cross section. It leads to spectral features anghation law the photoelectron enerfy:= u2/2 has a shift
structural information for both electron-ion coincidence and

x-ray Raman spectroscopies. It is shown that under certain E=w—wip—€ —(Kpn—K)-V (1)
circumstances the interference leads to a supernarrow peak
or hole in the atomiclike profile, narrower than the function caused by molecular motion, wheeé is the kinetic energy
of the exciting photons. We also focus on the role of thereleased under dissociation of the molecule. The term
interference for selection rules of the resonant Auger prok .-V is the well-known Doppler shift caused by the photon
cess. momentump,y,. This shift is negligibly small in the soft-x-
The paper is organized as follows. Section Il gives somgay region due to the small value of the photon momentum
brief facts about Doppler effects in x-ray spectra. It is fol- kph=w/c=w/137 (for example k,=~0.14 a.u. for Q). This
lowed by Sec. lll, which gives a phase analysis of the scatmeans that ordinary Doppler broadening often can be ne-
tering amplitude, and which shows that the origin of theglected in x-ray spectroscopy. One can also anticipate that
Doppler shift can be found in the site-dependent phase of theoppler effects are difficult to identify in the hard-x-ray re-
scattering amplitude. The approximation of the frozen moion due to large lifetime broadening and poor spectral reso-
lecular orientation used in the present paper is substantiatggtion.
in Sec. I A. In Sec. Ill B the generalized bound-continuum  The shiftk- V in Eq. (1) is analogous to the Doppler shift,
and continuum-continuum Franck-Condon factors leading tgut is larger and arises from the combination with the elec-
the electron Doppler shift are derived. The electron Dopplefron momentunk [20] (for example k=6 a.u. for Q). This

shift and the recoil effect are discussed in Sec. Il C, whilegjactron Doppler broadenin@T=kV\/m depends on the
Sec. IV is devoted to an analysis of anisotropical and Othefemperaturér and on the excitation energy through the ther-

spectral features caused by the electron Doppler effect iﬂwal velocities v = y2kgT/M and k=2E, respectively
heteronuclear molecules, and which can be measured ﬂerekB is the Boltzma?m constant ' '

electron-ion coincidence spectroscopy. The averaging proce- 1, get an idea about the Doppler broadening, one can

dure for the RXS cross section over molecular orientations, - <iqer the x-ray resonant photoemission spe@RE of

anq Doppler broadening of the atomiclikg profile is de'.carbon monoxide. The comparison of different broadenings
scribed in Sec. V. In the subsequent sections the theory B¢ the C 5 7* RPE spectra of the CO molecul®;

extended to molecules with identical atoms: The beginning_ 4 oy T~42.5 meVj [21] shows that the broadening

of Sec. Vi .proy|des EXpressions for the direct gnd mterfer—DT caused by thermal motion of molecules must be taken
ence contributions to the scattering cross section. In Sec

VI A and VI C, we discuss the parity selection rules and th fhto account in the analysis of highly resolved RPE spectra.

role of the interference in the formation of the molecularlike his example demonstrates the typical case when the elec-

and atomiclike resonances for the broad class of systerr%omc Doppler broadenin@y caused by thermal motion at

: . 2oL room temperaturekgT=0.03 eV) is smaller than the life-
with small electron Doppler effects. The principal possibility .. broadeni Recalli he | Kineti 10
to use electron-ion coincidence measurements and to disti fime broadening. Recalling the large kinetic eneigy-

Lish oppositelv propacating. identical atoms is shown ir?e\/) released under dissociation one can understand that the
9 bp y propagating . electron Doppler effect in dissociative states is the largest
Sec. VI B. In Sec. VI C, the cross section for Ap molecule mond the cases mentioned
is averaged over molecular orientations. In Secs. VID and’" 9 '

VI D 2 we show that the atomiclike profile of molecules with
identical atoms consists of the supernarrow peak or hole with !l PHASE ANALYSIS OF SCATTERING AMPLITUDE

the spectral width below both the lifetime broadening and the AND THE DOPPLER EFFECT

width of the incident radiation. A strict proof of the exact  pq; the sake of transparency we consider resonant x-ray

cancellation of the lifetime broadening in these peaks Ok attering by a simple three-level diatomic moleci@ with
holes is given in Appendix B. The qualitative explanation ofithe reduced masg=mmg/(ma+mg) (Fig. 1), and with

the m.ach'mery. foSr thevfo[r)rriauoon ?f éhese sup;rnarrovx:j feay ore excitation of atonA (x-ray scattering by homonuclear
tures is given In Sec. - Qurhindings are diSCUssed antyiatomic molecules is considered in Sec)Ms shown be-

concluded in Sec. VIII. low, the Doppler effect in radiative RXS is usually small in

comparison with the lifetime broadenidg while it is more

important in the nonradiative cag®aman Auger. Due to

this fact and for the sake of convenience we focus the pre-

sentation on resonant Auger scattering, but keep in mind that
In the soft-x-ray region the thermal motion of the mol- the material covered in this paper easily can be extended to

ecules can give additional broadening. Indeed, the total inithe radiative RXS case.

tial and final energies of the photon plus molecule system for The energyw of x-ray photons with wave vectdx,, and

the Auger process araw+E&+MV?2 and MV+ Kpn  polarization vectore is passed during the scattering to the

—k)?/2M +E+&;, respectively. Her& is the velocity of a  Auger electron of energg=k?/2 and momentunk, and to

Il. BRIEF ACCOUNT OF DOPPLER EFFECTS
IN X-RAY SPECTRA
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do(E,w)/dE dO. The lifetime broadening of the final state
I'; is often small in comparison with the lifetime broadening
AU, I' of the core excited states, and in comparison with the
! spectral width of incident radiation. ThereforE; is ne-
"""""""" |ﬂ f glected in Eq(2).
To start, we investigate the properties of the RXS cross
section for the fixed-in-space molecular orientati@n The
® ‘ physical meaning and applicability of this “sudden” ap-
& proximation will be described in Sec. 1l &he procedure of
the averaging of this cross section over molecular orienta-
tions is also deferred, to Secs. V and V). @Ve start from
the phase analysis of the resonant part of the scattering am-
@ plitude[22,2,14

Potential energy (arb. units)

Focj dRVE,(R)Vp(R)

Internuclear distance (arb. units) o
(f.€'|Qyil €,i)(i, €|e- Djge' e Ra|0)
FIG. 1. Scheme of spectral transitions. X | de O—e 1T . (3

the molecule excited from the groun@) to the final elec-
tronic state|f). We take special interest in core excitation
above the dissociation threshold of the potential surfac
U;(x), thus when specific “atomiclike” narrow resonances
appeaf 7,9]. A qualitative picture of the formation of narrow

atomiclike resonances with broad short- and long-wav adiabatic photoabsorption transition. The wave function

wings [7.9] is given in F|_g. 2. (_Zontrary to the wings th_at P o(R)=(27)%%exp(P- R) describes the free motion of the
follow a Raman-Stokes dispersion law, the energy positions : :
I ... center of gravity of the molecule with the momentuen
of the atomiclike resonances do not depend on the excitatiort . "
A =MV. In Eq. (3), we have taken into account the condition
energy[7-9]. As one can see in Fig. 1, the nuclear statesof completeness for the continuum wave functigingR) in
le,i) and|€’,f) for the core excited and final electronic ompreten .
N . . s the intermediate core excited state.
states are lying in the continuum having nuclear kinetic en- . o : .

. L Y ) The atomiclike decay transition—f in the radiative x-
ergies at infinite separation=p‘/2u and e’ =p’*/2u, re- ray Raman scattering is dictated by the dipole selection rules
spectively. The continuum nuclear wave functions are here y 9 y P
normalized to aé function: (j,e|e;,j)=05(e—€;). The . R
double differential RXS cross section for a fixed molecular Qri=¢€"-Dyie T TA 4)

orientation and monochromatic excitation re@@d 4|

HereR, andR are the radius vectors of the atofnand the
center of gravity of the molecule, respectively,, is the
%ipole matrix element between core excited and ground elec-
tronic states, anfll = w— w,q is the detuning of the incident
é)hoton frequency from the resonant frequeney, of the

with ¢ andkg, as the polarization vector and momentum of
o(E,w)=|F]?, € =w—E—wqp— (kon—K)-V, (2 final photon.

In the dissociative region the spectral transition is essen-
where wjo=U;()—Uy(Ro) —wo/2(j=i,f ), Ry is the f[ially_atomiclike, and all electronic wave functions involved
ground-state equilibrium interatomic distand#,(x) is the  in this decay are very close to those of the atbmWe
interatomic potential of th¢th electronic state, and, is the ~ consider here the case of high-energy Auger electrons, which
frequency of the vibrational stai@) of the ground electronic  allows us to express the wave function of this electeair)
state. For brevity the notatian(E, ») is used here instead of relative to the nucleus,

! (1) = th(r—Rp)e' R, 5)
IT\Yi This means that the Coulomb matrix element has a phase
factor
"red" wing Qfi= ineilk'RA, (6)
atomic-like since the Auger transition in the considered case can be as-
sumed to take place in the isolated atém The Coulomb
matrix elemenQf, is calculated withy, (r—R,).

"blue' wing

E A. Molecular rotation and RXS duration

L

Both the RXS cross section and amplitude were written
FIG. 2. Formation of the atomiclike resonance with “blue” and for the fixed molecular orientation; see E¢2) and(3). The
“red” wings. approximation of fixed-in-space or frozen molecular orienta-
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tion under scatterin23,3,14 means that the molecule has ~ The momentum conservation law'(=P+k,,—k) de-

no time to rotate during the RXS evei#i4—26, scribing the photon and electron recoil effects yields imme-
2 o1 diately the Doppler shift in Eqg€1l) and(2). One recalls here
=(Qg+I7) "% (7)  that for the final description of the Doppler effect caused by

s ] the thermal motion, the cross secti@) must be convoluted

Here ()s=w— wj, denotes the detuning from the resonant,yith the Maxwellian distributior<exp(—- MVZ2kgT). The &
f_requency of the sudden or vertical photoabsorption transifynction in Eq.(10) and the small photon and electron Dop-
tion wjo=U;(Ro) —Uo(Ro) — wo/2. pler shifts &p,—k) -V will not further be taken into account

The molecular orientation can be considered as frozen iflue to the smallness of the Doppler effect caused by the
the RXS duration timer is shorter than the period of mo- thermal motion of moleculesee the discussion in Sec).ll
lecular rotationr, , The factora,=e-D;oQf depends on the unit vector
along the molecular axis<E xn) through the dipole moment
Dig. The dependence df,, on the internuclear distance
enters mainly via the decay amplituqﬁi . This dependence
is not so important for the here discussed dissociative or
nitude of the thermal energgsT in accordance with the qtomiplike resonance which is formed by the spectral transi-
Boltzmann distribution:kgT=0.03 eV for room tempera- tﬂns In one of the isolated atomgt\x. So the ‘?'ecay factor
tures. So the approximation of frozen orientati@his valid in(/)f) is approximated here by its asymptotical vaiQé
for molecules and detunings withQ€+T2)12>0.03ev. =Qri(*)-
One can see that even light molecules like @ith T Let us evaluate the Franck-ConddRC) factors con-
=0.09 eV lack the time to rotate during the RXS process.neCt_ed with th_e ph_otoabsorpﬂon transition assuming the har-
This analysis may be done also in a stationary representatidi®"¢ apprOX|mat2|o[1Jfr the ground—statezwbratlonal wave
for the scattering amplitude with strict rotational wave func-function |O>:(77a0), exp(—[(x—Ro)/ag]/2). The ef-
tions |jm) and corresponding vibrational statksi) using fectl_ve Ie_ngth scale in th_lf/zlntegral is the effectlv_e ar_nplltude
the condition of completeness=]2,-m|jm><jm| and the Of vibrationsay=(uwg) ™ ™% and.allows an es_t|mat|on of
method applied earlier for the vibrational probl§m24,26.  Ken(X—Ro) askprag. As a rule this parameter is smafbr

Due to the emission of a fast Auger electron, the moleculéXample kyao~10 ?<1 for O,), and one can replace the
receives a recoil which can accelerate the molecular rotatioBXPonent expakp,: (x—Ro)] in the considered FC factor by
and hence shorten the rotation rateup to 16E,.,. Even for 1. giving the final resulf7]
light molecules like Q@ the change of the rotational energy

7. (8

One can easily show that this condition is fulfilled for RXS:
The effective rotational frequenay, has the order of mag-

SE,.: due to the recoil does not exceed 0.06 @¢e Appen- (i 'E|e'kph'xa|o>:G(p)e'akph'RO’
dix A). However, this recoil energy can be comparable with (11)
the width of the supernarrow peaks and holes discussed in
Sec. VID. G(p)=(i,e€|o)
: 2ub®\ 12 1(Ae\?]
B. Generalized Franck-Condon factors =2u| —— exg — = | — if b<ay,
T Qg 2\

Due to the nuclear motion, the coordin&g of atomA is
shifted relative to the equilibrium sitRR by the distance
SR, . To calculate the nuclear matrix elements in B), we WherEAf_:lg_AUi' AU;=Ui(Ro) —Ui(*), 7i=Fao, b
need the expression fd®, through the normal coordinate =(2xFi) ", andFj=—(dU;/dx), is the slope of the in-
x=R,—Rg of relative motion and through the center of teratomic potentiall;(x) for the core excited state at the

gravity of the moleculeR= (MR, + MgRg)/ (M + Mg) equilibrium pointR,. This asymptote differs slightly from
Eqg. (19) in Ref.[7], whereAe contains— Fb. The term is
Ra=ax+R, Rg=—-pBx+R, neglected here in the expression five, which also gives
better agreement of the asymptdtel) obtained by direct
o o numerical calculations of the bound-continuum FC factor.
a= my’ B= me’ ©  The phase factor exptk,n- Ro) is very important for hard

RXS by symmetrical molecules with identical atorjist],
The Born-Oppenheimer approximation allows one to rewriteSince then the phase multiplier destroys the coherence be-

the RXS amplitude3) as follows tween the scattering channels through the identical atoms. In
the case of radiative RXS this destructive interference leads
Foea,8(P"—P—kpntk) to the violation of the selection rules for the x-ray scattering

£ orlem kR Vi elekan 0 tensor[14]. Here we will consider only the case of soft x
Xf de< €'le €, )i, e[e" o] >_ (10 "ays kpRo<1) for which the phase factor expkn Ro)
Q—e—1I can be replaced by unity.

To understand the main spectral and anisotropic features
The amplitude of the resonant x-ray scattering by aBm of the RXS amplitude we need to know the generalized
is also given by this expression if expK-Xa) continuum-continuum FC factors. Focusing on the
and expkyn-xa) are replaced by exp-xB) and continuum-continuum transitions in the dissociative region,
exp(—1kpn-XB), respectively. we thus need to know the continuum nuclear wave functions
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mainly in this region. The dissociating atoms are here mov- C. Electron Doppler effect and the recoil energy
ing in a constant potentidl; (=) with the plane-wave func-  thg continuum wave functiofl2) consists of two waves,
tion

exp(*1px). The momentum exchange of the emitted Auger
0| 12 electron with these two oppositely propagated waves leads to
P j>:(_/‘) ST p(x—x;)+ o] two spectral peculiarities of the FC factp=p’=q [Eq.
' P ! 1= (13)] caused by a recoil under emission by the atomf the
Auger electron with the momentukn According to the mo-
© - mentum conservation law, the Auger electron transfers mo-
®] =f (pj—p)dx+ . (12 mentumq along the molecular axis to the quasifree atam
X This leads to the change of the relative momenfunirhe
change of the momentum of atoif ak sin 6) in the perpen-
dicular direction is not so important for the discussed effect
(see Appendix A
From the physical point of view it is important to consider
e energy conservation law

Herej=i, f, pj={2u(e—[U;(x) — U (=) D}*? andx; is the
classical turning point wherp;=0. We will assume below
that |€,j)=0 in the classically inaccessible regior<x; .
The exact value of the scattering phase can be found directl
from the Schrdinger equation or from the semiclassical for-
mula (12). The classical turning points , x; as well as the q?

scattering phaseg; and ¢; for the core excited and final- e=€'*vy-K+ 20 (15
state potentials depend on the energiesde’, respectively

(the energy labels for these quantities are dropped here sin% last t in thi ion is the elect i
we will need the values ok, and ¢; only for e=0). Ac- e last term in this expression is the electron recoil energy,

cording to the Condon principle, the value xfis close to while the second term is analogous to the photon Doppler
Ro ' effect for the moving atomA with the velocity v,
From the continuum wave functiori$2), the second gen- = N@P’/u. However, contrary to the photon Doppler effect,
eralized FC factor can be evaluated analytically as the vectork is the momentum of the Auger electron. So this
effect can be coined the “electron Doppler effec¢gee Sec.
).

— 19X

el ©
(f,e'|e kX |e,|>=2(pp,)l e
IV. ANOMALOUS ANISOTROPY OF AUGER ELECTRON

AND ION YIELDS

X|e's(p—p'+q)

To succeed in the evaluation of the scattering amplitude
+e '¢S(p—p’—q) (10), we take into account only resonance contributions in
Eqg. (13). In this resonant approximation one thus neglects

il PN sir('é)go( 1 the nonresonant term[1/(p+p’)], and continue the inte-
T p'+p gration overp up to —o. We also assume that the energy
and momentum released under dissociation are sufficiently
+| el%( : 1 ) large: p=p'=po>7n, where py=+2u) and 75
P —p—q =I"Ju/2Q2. This condition is equivalent t.>T.
An estimation for @ shows that the following three pa-
—e"‘%(,—) } rameters are small:y/po=T/2Q0~T/2AU;~10"2 (with
P —p+tq AU;~2eV), g/po~10"%, and qp/uy;~10"1. Since we
aim to investigate the spectral shape of the atomiclike reso-
X=X, (13)  nance, the parametgp’ — pg|/po~|E— wi|/AU; is also as-
sumed to be small. Finally, expressi@0) for the scattering
where through the core excited state in at@xrbecomes
= =oi—o:.+D’ =|x. — —1aX; =0;i— ©; i =
q=ak cost, e=gi—@i+p'A, A=|x—x, " Fotfx| S @7 e @it Pod I X2X g
e, p=gi—@itpod if Xxi>X;,
o=@+ @i+ p’'A, 6is the angle between the momentkm ith
of the Auger electron and the molecular axjsand?P is the Wi
principal value. This axis coincides here with the propaga-
tion direction of the dissociation fragments. The continuumf *an
FC factor forx;<x; is again given by Eq(14) after permu- | - N
tations:i=f, p=p’. Here we used the natural assumption e‘,PG(po) + e AG(p') ~G(Po)i if Xi=X;
of infinitesimal damping of continuum wave functiofs2) vtkvp cosf—1I'  v—kvp cosé—1I
at infinity (x—o0). This assumption relates to the fact that X e'e
atoms at the core excited potential surface have no time to G(po)e "4/vo it X¢>Xx;,

propagate tox=c owing to the finite duratiofEqg. (7)] of vikvp cos =1l

the RXS event. (17
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a)

b)

Energy (arb. units)

X, X,

Internuclear distance (arb. units)

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

and v=E—wj;. The electron Doppler shifkv, cosé de-
pends on the velocity o= ap’/w of the atomA after emis-
sion of the Auger electron. Herep’'=Qu[Q—(E
—wi)DY2 vo=(20/u)*? is the relative atomic velocity
corresponding to the kinetic energy=(). In the latter ex-
pression forf, only the main contribution is retained.

One can see that the scattering amplitude is suppressed
exp(—TIt) times if the final state turning point; is further
away tharx; . The reason of this quenching is the following.

GEL’'MUKHANOQV, AiGREN, AND SAtEK

Resonant cone of dissociation

FIG. 4. Resonant cone of dissociation.

troscopies with the experimental fixation of the molecular
axis (via a direction of dissociatiorand the direction of the
Auger electron propagation.

Experimental investigation®27—-29 have clearly shown
the anisotropy of dissociation in the angle-resolved
photoelectron-photoion spectroscopy. This anisotropy, hid-
den in the anisotropy facta,,, is smoother in comparison
with the strongly resonant ion yield8) caused by the Dop-
pler effect. The latter equation shows that the electron-ion
coincidence signal changes drastically if the Auger electron
energyE lies in the Doppler band-kvp<E—wj;<kuv,.
When the lifetime broadening is smaller than the electron
Doppler shiftkv,, the photoions or the fragment of disso-
ciation propagate in the narrow angular interval

k ! ( )

wif—E wif—E

Due to the photoabsorption, the nuclear wave packet is cre-
ated in the core excited potential surface close to the turning
point x; . The Auger decay channel responsible for the for-

cos 6, = if 1. (20

’
A

kv kv a

The appearance of the narroesonant cone of dissociation

mation of the atomiclike resonance’&(}) is strongly sup-
pressed during the propagation tirtee A/vg of this wave
packet, since the decay transitions to the final states with t
same energy’ = 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 d

creases by expftl). The site-dependent electronic phase

factori1gx; [Eq. (16)] is defined by the turning poin; (the
Auger transitions responsible for the formation of the atom
iclike resonance becomes allowed from this ppiwhen
X¢<X; the Auger decay withe' =) starts right away after
photoabsorption without delay. In this case the site
dependent phase is equalitp; . We will see in Sec. VI that

both these untrivial facts, that is, the lifetime damping of the

RXS amplitude and the phase shift, play crucial roles in th
formation of the atomiclike profile of diatomic homonuclear
molecules.

Resonant cone of dissociation

with “resonant” angled, is one of the important results of

hie studied problem. Equatidd9) clearly demonstrates the

strong correlation between propagation directions of the Au-
ger electron and the ioA™.
e_
V. AVERAGING OF THE CROSS SECTION
OVER MOLECULAR ORIENTATIONS

We consider now the spectral shape of atomic-like reso-
nances in the Auger spectrum of atofnin molecule AB
with different atomgthe principally different case of identi-
“cal atoms is treated in Sec. V)CIn this case the cross
section emanates entirely from the scattering amplitude for
atomA (to be specific, only the case>x; will be consid-

&red in this section For ordinary resonant Auger measure-

ments of gas-phase molecules, the cross section must be av-
eraged over molecular orientations. We know that two
qualitatively different physical reasons are responsible for
the dependence of the scattering amplit¢#® on the mo-

At this stage we explore the main contribution to the RXSlecular orientation. As shown in Sec. IV, the first reason is

cross sectiorn2),

1
(E— wj+kvp cos6)2+T2"

(18

the Doppler effect which leads to a sharper resonant depen-
dence of the cross section on the molecular orientati@n

The second reason is the orientation of the molecular raxis
relative to the polarization vectar and the Auger electron
momenturk. This smooth polynomial dependence is hidden

This expression concerns electron-ion coincident spedn the factora,. This allows to extract the factda,o|? from
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the integral over the molecular orientation at the resonant 60
angle(20), leading to the following additional averaging of
this factor over alln® of the cone. Using this averaging to-
gether with Eqs(2) and(16), one obtains

40

a(E,w)=00| p{G?(py) +[G(p")—G(po) 1%

20 [

Cross section (arb. units)

+ X cos{2<p)G(po)[G(p’)—G(po)]}.

(21)

E—wif

Y10 -05 0.0 0.5 Lo
. . . Relative kinetic energy (eV)
All  unessential quantities are collected inog

oc<|ano|2>277/r_ The spectral shape of the cross section is FIG. 5. Doppler broadening caused by random orientation of
defined by the two functions molecules. The function (22) is shown as a solid line, while the
Doppler-shifted LorentziandEg. (18)] are depicted as dotted lines.

1 E— wijt+kuvp Specific valuesmy=mg for O, are used.I'=0.0leV, E
p=o 7 |arctan ———— =500eV,Q)=2eV, andA=0.47 a.u.
27kv 5 r
E—wi—kvp atomiclike resonance is the sum of the partial atomiclike
—arctan ——————| |, . i .
r 29 resonanceq18) over all molecular orientationgFig. 5).
(22) Moreover, now the resulting spectral profile is given by a
1 n (E— i tkvp)?+T? rectangular functiof®[ (E— w;;)/kv ] instead of a Lorentz-
X~ 2mkoy | (E—wy—kop)2+T2) ian (18) (see also Fig. b
The Doppler shift
1 A. Role of the E dependency of the Doppler shift
Ky’ . 2 on the RXS spectral shape
vp COSO=Ka ; [Q—(E—wis)]| cos® (23

As one can see from Figs. 5 and 6, the real RXS profile

depends on the Auger electron eneiigysee Fig. 6 The  differs from the rectangular functio® (E— w;;) [Eq. (24)]
energy dependence of the electron wave nuniben/2E  due to theE dependency of the Doppler shif3) (Fig. ©).
can be neglected wheh is large. This profile, shown in Fig. 6, reminds one of a trapezoid

To understand the main spectral features of the RXS crosgither than a rectangle. The main reason for this distortion of
section, let us for a while neglect tiiedependence dfv,.  the ® function is the multiplier v » in the expressions for
The p function is in this case a symmetrical function relative the p function [Egs. (22) and (24)]. According to Eq.(24),
to the resonanc& —wj;=0 normalized to unity:f/dE p  the RXS cross section tends to zero WH&ER- w;;|>kuv s .
=1. The integral ofy is equal to zero (dE x=0) sincexis  This means that outside of the Doppler band Ehelepen-

an antisymmetrical function relative to the resonant energ\jency of the Doppler shift is not so importalfig. 6).
E= w;; . The asymptotes of the function

L o[EZ9M i reko. A
| <
2kv 5 kva oA 03 f
p= . (24
if I'>kv,
A (E=wi)7+T7] oA = -
@

show directly the crucial role of the electron Doppler effect g 02} \
and of the chaotical molecular orientation on the formation § 0
of the atomiclike spectral profile. Hef®(x) is the rectangu- =
lar function:®(x) =1 if |x|<1 and®(x)=0 if |x|>1. The g‘

shape of this dissociative resonance is close to a Lorentzian 01 f
only if the Doppler shift is small7], kv ,<T.

Whenkuv , exceedd’, the position of the atomiclike reso-
nance(18)

0.0

— ’ -1.0 -0.5 0.0 0.5 1.0
E=wi kvA cos g (29 Relative kinetic energy (eV)

strongly depends on the molecular orientation via the Dop- FiG. 6. The dependence of the Doppler skiff, on the relative
pler shiftkv, cosé. This leads to a broadening of the RXS kinetic energy of the Auger electrda— w;; for 6=0°. Input data
spectral profile in the dissociative region since the totalare the same as for Fig. 5.
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4t AU=Q=2 eV

| [y=0.66 eV

(a)

. r=0.09 eV
>
% 20
=]
z o)
=) : 0
g £ :
=}
£ g0 | |aUm2eV (b)
8 Q=25eV
@ 7;=0.66 eV
=
Detuning (eV) S p L[=009 eV
FIG. 7. The dependence of the Doppler skift, on the detun-
ing ) =w— w;q of the incident photon frequenay relative to the 0r
resonant frequency of the “adiabatic transitiow|, (6=0°). This X . .
dependence is important only when the photoabsorption probability -2 -1 0 1 2
(dashed ling P, Q) (i, €l0)O2ccexy —(Q—AU;)/ %) is large Relative kinetic energy (eV)

[see Eq.(11)]. AU;=2¢eV. y;=0.66 eV. Other input data are the o
same as for Fig. 5. The photoabsorption probability calculated for FIG- 8. The dependence of the total RXS spectral profisid
two model values oAU, (=2 and 6 eV shows that the magnitude "€ o(E,») [EQ. (21)] on the relative kinetic energy=E

of the Doppler shiftkv depends strongly on the released energy ~ @io- E=500€V, A=0.47 a.u.,E=500 eV, andm,=mg=16.
AU;. The long-dashed line shows the Lorentzian with a half-width at

half-maximum(HWHM) I'. The small second terrtecy) (dashed

. line) in Eq. (21) shows interference oscillatiofisos(2’'A)] [7].
B. Role of the w dependency of the Doppler shift

on the RXS spectral shape q= %k cosf, Ry=maxx; x,

Equation(23) also shows that the Doppler shift depends
strongly on the excitation frequenay. This dependency is Wheref; is given by Eq.(17). The phases-1qR; andigR;
important since it gives a possibility to actively manipulate for different scattering channels differ only by the sign ac-
the magnitude of the Doppler shifsee Fig. 7. It is then  cording to the expression for the radius vectors of sites for
necessary to recall that the RXS cross section decreaségst and second atonj&q.(9)] in the center of gravity of the
strongly when the frequenay is tuned far from the crossing molecule. To avoid unnecessary complications, let us ana-
point w=U;(Ry) — Uo(Ry) — we/2 (see Fig. 7. This suppres- lyze the RXS cross section, taking into account only the
sion is described by the photoabsorption bound-continuurnain term in the scattering amplitudés6) and (17). Con-
FC factorsG(p,) [Eq. (11)] with e=Q). trary to intuition, the scattering amplitudds and f, for

atoms 1 and 2 are different:

C. Spectral shape of the RXS atomiclike profile

Y1 2x1anG(po)e'? _ ko’
Figure 8 shows results of numerical simulations of the f10~ v+D cosO—iT ' =5
RXS atomiclike profile]Eq. (21)], using the parameters of
the potentials for @[30]. The first term §:p) in Eq. (21) 1 if x>x;
gives the main contribution to the cross section. The second Xi=1]g-TAlg jf XX (27)

smaller term at the right-hand side of this equation demon-

strates oscillationE?] [cos(2p)], which are caused mginly by HereD is the Doppler shiftp o= (2Q/ 1) 2, the signs(—)
the phase difference’A [see Eq.(14) of the continuum  anq (+) correspond to the atoms 1 and 2, respectively,
wave functiong12) for the core excited and final stated  —p_ wjo is the detuning of the enerdy of the Auger elec-
comparison of the total RXS profile with the Lorentzian o from the resonant frequency, and the phase defined
function shows clearly the Doppler broadening of the RXS;, Eq. (16). The atomic(one-center parametera, is given
profile and its distortion due to interference of the interme-hgre for atom 1. The important distinction bf andf, has a
diate and final continuum states. simple physical meaning. The different signs of the Doppler
shifts for atoms 1 and 2 are caused by the motion of these
VI. RAMAN SCATTERING BY HOMONUCLEAR atoms in opposite directionsv{=—wv,) in the center of
DIATOMICS. ROLE OF CHANNEL INTERFERENCE gravity frame. Clearly, the absolute values of the atomic ve-

" S .
RXS by homonuclear diatomic molecules qualitatively locities are the same(/2) (v’ =p'/u is the relative veloc-

differs from the scattering by heteronuclear onh&d]. To |ty2f thﬁ atpm$ distinction b h .
take into account the indistinguishability of the two atoms, . nother |mport§nt |s.t|nct|or.1 etvyeen t e'scattermg am-
one needs to sum their partial scattering amplitudes plitudes f, and f, is their relative signl14] given by the
symmetry parameteY, ,=*=1. The sign ofY, , is defined
by the symmetry of the electronic wave functions involved in
F=F,+F,=f,e 'R+ f 'R, (26)  the scattering process. Without loss of generality, let us
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chooseY ;=1. One can easily understand that the sigh of o(E,0)=01+0p+ ot
depends only on the parity of the producd P of parities 0
andf of ground and final electronic states
g - :f%u [[f4]2+]f]%+2 Re(f] foe'Rr o)
1 if 0®f=u,
Y2=|_1 if oef=g (28) (29

The atomiclike resonance is formed in the dissociative reWhich can be measured électron-ion coincidence spectros-
gion (Fig. 1) by the decay transitions to the set of final statesCOPY. The first two termso; ,=3/f; J* correspond to the

of the same energy. Due to this degeneracy, one cannot difldependent scattering channels through the core excited
tinguish these states in the experiment and, hence, the Rx3$ate in atoms 1 and 2, respectively. The interference term
cross section must be summed over the full degenerate marffint at the right-hand side describes the diffractional scatter-
fold. However, as is well known, the x-ray scattering by ing of the Auger electron at thé, molecule. When this
identical atoms has specific spectral and anisotropic pecudterference term is large, the two scattering channels are
liarities caused by the interchannel interferefd. Accord-  strongly coherent and vice versa.

ing to Eqs.(27) and(29), the gerade and ungerade final states  Let us analyze the RXS cross secti@) for the common
give interference contributions~(f7 f,) of opposite signs. Case of the gerade ground state

The interference terms of gerade and ungerade states can

therefore suppress each other in the total cross secton. P c

brevity we restrict ourselves to a couple of gerade and un- L2 (v¥D cos 0)*+T?’

gerade states below—the summation over other final state

guantum numbers can be done very eajkily. oini=2CAc(cos ), Ao(cosb)=(w,o"—wyo9),
The quantity of interest is the cross section (30

_ [cogkRy cos 0){v*+T?—(D cos #)*}+2I'D cos 0 sin(kR; cos )]

f
7 [(v—D cos 0)2+ T 2[(v+D cos 0)2+12] '

whereC f><|anG(p0)|2(X§+Xﬁ). Contrary to the x-ray scat- consider the atomiclike resonance when the electron Doppler
tering by heteronuclear moleculg¢gqg. (20)], now two dis-  shift D is small in comparison with the lifetime broadening

sociative cones and two resonant angles exist: §cos I'. The RXS cross section being the sum of gerade and un-
==+2v/kv’ (in accordance with the oppositely propagated at-gerade contributions then collapses in this case to the single

oms. Lorentzian
These equations show that gerade and ungerade final
states take part in the scattering process with the different o(E,w)=0y4(E,w)+0y(E,),
weights:
2 J—
Xt 1= cogkRy , cos6)
Wf:—)(s‘f')(ﬁ' f=g,u. (31 Ug,u(an)ZZCWg,u 2412 , D<I.
(32)

The physical reason for this effect was given in Sec[d¥e
also Eq.(27)]. A quite unusual result is here obtained: Since o
wg#W,, the interference term does not cancel after summatieére — and -+ correspond to gerade and ungerade ionic final
tion over gerade and ungerade final states, which in the digtates, respectively. The angular dependences of the partial
sociative region have the same energies. cross sectionsy(E,w) andoy(E,») (Fig. 10 demonstrate
Figure 9 shows the anomalously strong dependence of tH8€ strong oscillations with the total suppression of gerade
RXS cross section on the anglebetween directions of the and ungerade contributions for anglés 6, and 6=0_,
Auger electron and the ion propagation. The interference
term leads to sharp oscillations of the cross section. A com-
parison of Figs. @) and 9b) demonstrates the strong depen-
dence of the scattering anisotropy on the potential of gerade

and ungerade final states through the weighfgndw, . As  respectively. This remarkable decrease of the partial cross
one can see from these figures, the scattering anisotropy igctions down to zero constitutes nothing else than a parity
very sensitive also to the ener@yof the Auger electron. selection rule for Auger decay transitions.

To understand this parity selection rule let us recall that in
the general case one cannot distinguish gerade and ungerade
A negligibly small electron Doppler effect is the common continuum wave functions of high-energy Auger electrons
case for x-ray spectroscopy. Therefore, it is interesting talue to the degeneracy of these states, and the parity selection

cogkRy cosf,)=1, cogkR,cosf_)=—1, (33

A. Parity selection rules
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2

Cross section (arb. units)
-

180

Cross section (arb. units)

6(deg)

FIG. 10. The interference oscillations of the partial RXS cross
sectionsoy(E, ») ando(E,w) [Eq.(32)] for small Doppler broad-
ening. 4 is the angle between the Auger electron momenkuand
the molecular axis. The parity selection rules take place for arfgles
for which o4(E,0) =0 or o (E,w)=0. Input data are the same as
for Fig. 11.

o(deg)

__FIG. 9. The angular dependence of the total RXS profileanglet?]gi [E?t' (33)] tdo not C?ItI%CIdf? V\ftht ej[aCh. otI:er. }_:OW_
o(E,w) (solid line), interference contributioridashed ling [Egs. ever the scattering 1o oné of the Tinal stales 1S strongly sup-

(29), (30), and(21)], and direct termy, + o, (dotted ling for dif- pressed. The reason for this is the following. Very often the
ferent relative kinetic energies=E— w;q. Input data are the same final-state potential curves for gerade and ungerade states

as for Fig. 11. The Doppler shift is equal ®=0.4ev. =g differ qualitatively from each othdrl0] if the classical turn-

—wif. W,=1 andwy=0 everywhere, except plab), wherew, ing point x; for the gerade final sf[ate lies Fq the left Qf the

=1 andw,=0. These values for the weights, andw, correspond ~ Point of the vertical photoabsorption transitiar=R, [Fig.

to Fig. 12. 3(a)], then the turning point for the ungerade state is lying to
the right ofx; [Fig. 3(b)] and vice versa. Equatior{27) and

rules are in general absent. To see this let us rewrite the31) show the strong suppression of one of the final states

Auger electron wave function,(r) [Eq. (5)] in the form  with x;>x; [Fig. 3(b)] due to largeA =|x;—x;| ~2 a.u.[10].

convenient for the symmetry analysis For example,wy=0.1 andw,=0.9 whenxy>x; and X,
<X, and vice versa iky,<x;,Xq>X; (other input data are
(1) =€"(Yy+ KR sy, o). (34)  the same as for Fig. 11The angular dependence of the RXS

cross section32) for these two cases depicted in Fig. 10

Here Ri=R,—R;, e=k-R;, and 4= (r—R;), ;=0  shows practically total quenching of the cross section for
when|r—R;|>R;/2. We used the last assumption only here,coskR, cos6)=1 [Fig. 10@)].
and only to emphasize the locality of the Auger transition in It is easy to understand that this pure interference effect
the dissociative region. It is easy to check that the wavdog  (E,0)*[1% coskR,,cosé)]) [Eq. (32)], generating
function (34) and this assumption yield exactly the sameparity selection rules, is a general phenomenon and thus that
result[Eq. (32)]. it also takes place for ordinary “molecular” RXS transitions

Representation(34) shows immediately that the Auger near the equilibrium molecular geometry, which of course
electron wave function is od/y(r)~ 1 — ¥«2] and even poses a simpler possibility for observation. The molecular
[ (1)~ 1+ o] under inversion through the molecular axis can also be fixed by weak adsorption on a crystalline
center for the angle®=6_ and =6, respectively[Eq.  surfaceg[4] (see Sec. VIIl. To keep the identity of atoms, the
(33)]. The parity selection rules for the anglés is a direct ~molecular axis must then lie in the surface plane. The partial
consequence of this symmetry. Indeed, the decay transitiogross sections,(E,») ando(E,w) [Eq.(32)] can be mea-
from an ungerade core excited state to a gerade final state $¢ired separately, since final gerade and ungerade states have
forbidden if the Auger electron wave function is evea ( different energies.
=46,) and, vice versa, the ungerade-ungerade decay is not
allowed when the the Auger electron wave function is odd B. Distinction of “left” and “right” atoms in A, molecule.
(6=0_). Large Doppler shift

We would like to stress that interference contributions The RXS profile measured in the electron-ion coincidence

W,y COSKR,, COS6) are maximal in point¢33). Just as for  ghaciroscopy has the following doublet structure in the Dop-
radiative RXS[14], the symmetry selection rules can thus be%ler limit D>T if 6=0° (or 1809

considered to be a consequence of channel interference.
very similar phenomenon takes place for dissociative reso- 1 )
nances in radiative RXE31]. _ _ o(E,w)=C (v—D)2F T2 + (v 1 D)2+ T2 if D>T.
The first impression is that these parity selection rules are (35)
not observable since the total cross secti®®) is the sum of
gerade and ungerade contributions, and since the criticdlhese two narrow Lorentzians correspond to two opposite
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“left" atom  "right" atom @ C. Orientational averaging of cross sections
for identical atoms

10 |
~kv'/2 +kv'i2 We now turn back to the ordinary RXS measurements in
which the flux of Auger electrons is collected from all mol-
ecules. The cross sectig@9) must be averaged in this case
over all molecular orientations. This is the procedure used in
Sec. V(see also the end of Appendix.BAveraging the cross

section(30) over 6, we obtain

>

o(E,0)=200G*(Po) (X 5+ X ) (p+A), 39

r r:
A=5 [ deaote,

[\
<

Cross section (arb. units)

where thep function is given by Eq(22) with v,=v'/2 and
&=cosé. Contrary to Eq(30), the averaging procedure leads
to the same partial cross sections,=o,=20,G?(Po)p.
The coherence or interference teem,=20,G2(po)A can
be much simplifiedsee Appendix B since very often the

FIG. 11. The dependence of the total RXS spectral prégipéid diffractional parametekR; is large:
line) o(E,w) [Egs.(29) and(30)] on the relative kinetic energy KR.>1 37)
=E—wjq. E=500eV,R,=2.28 a.u.,Q=5¢eV, and'=0.09 eV. ==

The interference contribution;,, is depicted with the dashed line. 4, examplekR;=14 for O,. As follows directly from Eq.

When 6=0°, the “left” atom has a red Doppler shift, while the (B3) in Appendix B, the interference contributidB6)
“right” atom has a blue Doppler shift. The equivalent atoms can be

distinguished by the the Doppler labetskwv /2. One cannot distin-
guish these atoms wheh=0°, since in this case the Doppler shift A= 572 (WyPy—WgPy), (38
is absent.

Relative kinetic energy (eV)

can be approximated outside of the Doppler band as

, (VP +T2=D?)jo(kRy)+2I Dno(kR)
[(v—D)°+T?][(v+D)?+T?]

'sz'PfO: 2D
directions of the dissociating atoms. The large Doppler shift
D destroys the coherence of the scattering channels
oint! 0(E,w)~T/kv'<1 (Fig. 11). This means that the two
scattering channels now are totally independent. Moreovelere jo(X) =sinx/x and ng(x) = —cosx/x are the spherical
one can distinguish these channels since one now can seld®ssel functions of zero order. According to EB6), the
either of them through the “left-propagating” and ‘“right- interference term consists of two qualitatively different sub-
propagating” atoms. It is possible to do so since the “left” terms
and “right” atoms moving in opposite directionsv’/2 and

|v|>D, KRy>1. (39)

v'/2 have different “Doppler labels” (Doppler shifts: pf:ZWkajo( KRy 1) exp( — KRy r +Po,
—k-v'/2 andk-Vv'/2. We can say that the photon is scattered D D
by the “left” (or “right” ) atom when the energy of Auger IW|<D, KR>1 (40)

electron is equal tE= w;; —k-Vv'/2 (or E= wj; +k-Vv'/2). In
this case only the “left”(or “right” ) atom is in resonance when the Auger energy is inside the Doppler band. The di-
with the Auger electron, while the partial cross section forrect numerical evaluation of the integré36) shows very
the other atom is close to zefeee Eq(35) and Fig. 11. good agreement with the approximate formul@9®) and
When the Auger electron is emitted perpendicular to thg40), except for small deviations near the Doppler shifts:
molecular axis, the RXS profile collapses to a single Lorent+D.
zian[Eq. (32)] because co8=0 and the Doppler shift then is The first term at the right-hand side of E40) is caused
exactly equal to zerdFig. 11). Since the Doppler shift is by the pole singularities of the integrarid6) lying in the
absent wherd=90°, one cannot distinguish equivalent at- dissociation cone: coé==* /D (see Appendix B Close to
oms in anA, molecule. In this case both scattering channelsesonance ¥=E — w;; =0) this term, being the main contri-
are strongly coherent and the interference term takes a  butions tooy,, exceeds the second contribution®;,) by
maximal valug/see Eq(32) and Fig. 11. m(kRs)? times. We stress that the terr(89) and (40) show
The angular dependence of the total cross section and thke typical oscillations caused by the interference of the
interference contributiofFig. 9) shows interference oscilla- ejected Auger electron. However, the character of these
tions according to sik@; cos#) and cosfR: cosé) in Eq.  damping oscillations is differentj (kRs), ngo(kR;), and
(30) (Fig. 9). These oscillatory features provide structure in-jy(kR;v/D).
formation, and can be observed when the interference param- The narrow line contribution to the interference tei0)
eterkR; exceedsr. demonstrates, for large|, a weak damping~ 1/v) in com-
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parison withP;y and the direct ternp, whereas a quenching
of this contribution for large I' is much faster
[~exp(—kRI'/D)] thanP;y andp.

a)

[\
(=

Atomiclike profiles for small Doppler broadening i
X ]

When the Doppler broadening is small the atomic line
profile collapses to a single Lorentzifg. (36)],

]
|
|
\

A

7(E,0)=04(E, )+ 0,(E,0),

1% jo(kRy,u)
2412

Cross section (arb. units)

[
=

ogu(E,@)=0oWg (41)

with o= 203G*(po) (X5 + AT /7. The second equation

strongly reminds us of the structure of the radiative RXS 0

cross sectiofil4] if k is replaced by the change of the x-ray

photon momentum under scattering aRd— *. Like for Relative kinetic energy (eV)

radiative RXS[14], the cross sectiofd1) demonstrates the

parity selection rules in the IImIkRg,u<l (See also Sec. FIG. 12. The narrowing below the lifetime broadening and be-

VI A). However, contrary to radiative RXS, the transitions 0w the spectral width of the incident radiatiod=2 a.u. The de-
between the ground and final states of the same parity afeendence of the total RXS profite(E, ») (solid line), the interfer-

forbidden in resonant Auger fdtR, ,<1 due to the quali- ence contributior{dashed Iin¢[Eqs.(29),_(30),_ano_|(21)], and the
tatively different decay operatofd) 'and (6). direct term(«p) [EqQ. (22)] on the relative kinetic energy=E
— wjs . The interference term is scaled by a factor of 2. The com-

) o parison with the Lorentzian with a HWHM equal Io(dot-dashed
D. Supernarrowing of the atomiclike resonances line) shows the narrowing below. (8) X,>X;, Xg<X;(W,— W,
At this stage we point to the striking role of the interchan- <0). (b) Xu(Xi ,Xg)Xi(wy—Wwg>0). Input data are the same as for
nel interference in the narrowing of the RXS spectral profileFi9: 11.

up to a half-width at half maximurtHWHM) of ) )
being the product of the parameteR; and the ratio of the

D ) lifetime broadenind™ and Doppler shiftD.
Av=17, R=min{Ry,Ry}, (42 The role of the diffractional parametérom the point of
view of observation of the narrowing effeds twofold. The
width [Eq. (43)] of this resonance decreases wHeR in-

which thus does not depend on the lifetime broaderding | X
creases. However, its strengtbg. (43)] increases only when

This lifetime free narrowing effect origins entirely from the _
single oscillating factorjo(kR»/D) in Eq. (40) (see also i changes from zero up te;=1. The strength of the nar-
Appendix B. For example, we have for Owith Q row resonance is quenched fer>1 (Fig. 13. So a value of
—0.5eV: Av=0.03 eV (D=kv'/2=0.4 eV, kR=14). Fig- KT close to 1 gives optimal conditions for observation of this

ure 12 shows that the RXS profile consists of a narrow peaR&rowing effect.
or hole with the HWHM A »=0.03 eV [Eq. (42)] smaller
than the lifetime broadenin§f=0.09 eV [30] and a broad
Doppler pedestale=p) [Eq. (22)]. Let us note that we have
here reached the thermal energy since~kgT~0.03 eV.
This means that rotational broadening must now be taken
into account together with the recoil effdsee Appendix A

Let us compare the ratio of the maximal values of the
narrow-band and the directrE& o+ 0,) contributions to
the cross section

05 1

;—lar=2(w Ky € “u—Wyk,e 1) (43
o uftu gKg )

Relative intensity of narrow resonance

which was estimated asA/p for v=0. HereAA is the first
term on the right-hand side of E40). This equation shows 0.0 . : . .
that the relative intensity,,,/o of the supernarrow contri- 0 1 2 3 4 5
bution caused by the channel interference depends on the K

dimensionless parameter

FIG. 13. The relative intensityr ,/Aoc=2«k exp(—«) [Eq.
(43)] of the narrow resonance as a function of the dimensionless
_E kR parameterx=TkR/D [Eq. (44)] for the casesw,=1 andw,=0.
K= fs (44) . g
D Input data are the same as for Fig. 11.
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1. Qualitative picture of the narrowing effect following relative change of the widtiv [Eq. (42)]:

Most of our attention in Sec. V was directed toward a®A¥/Av~7i/2Q1~1%. This means that with good accuracy
formal description of the narrowing effect. As one can sedhe RXS cross section convoluted with the spectral function

from Egs.(38) and(40), the reason for this narrowing effect ¢an be factorized as

is the interference or coherence tewm,=20,G?(Po)A. o o

Let us now try another way to see qualitatively the physical (a(E,wc)>=J P(w—we,v.)0(E,0)dw

reason of the supernarrowing of the atomiclike resonance.

The left and right atoms eject Auger electrons at different =1(E,v0){Tapd ®c))- (46)

angles(cos6==*=v/D, D=kv'/2). This leads to the suppres- ) i
sion of the interference contributiom,, or coherence be- Here we obtained one of the important features of the

tween scattering channels 1 and 2 if the energy of the Augeftomiclike resonance: The narrowing up 4o’ [Eq. (42)]
electron does not coincide with the resonant frequency: practically does not depend on the spectral width of the in-
—E— w;; #0. However, both scattering channels are strongI)Fidem radiation. The main reason for this is that the position

coherent, and so the interference term takes a maximal vaILFJ the supernarrow atomiclike resonance=E— wi;=0)
for the exact resonance=0. In this case the Auger electron LEd: (40)] does not depend on the frequency of incident ra-

is emitted perpendicular to the molecular axis; /2. But  diation[8,7,9. Equation(46) also allows us to conclude that
the uncertainty relation implies that this angté2 is known the shape of the atomlcll_ke resonance in practice does not
only to within A 9=<\/R or depend on the spectral widtp. .

VIl. POSSIBILITY FOR EXPERIMENTAL OBSERVATION

1
A= kR’ (45 A few words about the possibility for experimental obser-
vation of the Doppler effects are in order. We can foresee
where\ is the electron wavelength. The uncertainty in anglethree important points concerning the choice of the molecu-
leads to an uncertaintyv of the Auger electron energy, lar system. The main requirement is to excite above the dis-

since cosf/2— A #)=Av/D=A6H. Combining these two re- sociation threshold so as to obtain a release energylpf

sults, one obtaind v<D/KR, which agrees with Eq42). >1eV (see Fig. 1 For example, the first core excited state
311, of O, with AU;< — 1 eV [30] does not satisfy this con-
2. Role of the spectral width of incident x-ray radiation dition. Of course, one can tuneabove the vertical resonant

s _ i1 N - o )
Up to now we have investigated the Raman scattering O;requencywio—UI(RO) Uo(Ro) — wo/2. But this is possible

) s .
monochromatic x-ray radiation. To describe a realistic ex2N!Y if @ does not exceedj, by the width of the photoab-

perimental situation using incident radiation with a finite SOTPtion FC factofEq. (11)] »~1 eV. The core excitation
spectral widthy,, we need to convolute the RXS cross sec-10 higher energies leads to an exponential quenching of the

tion with the spectral function of incoming photods(w RXS cross sectipn. . .
— wg,7,) centered at frequenay, . The x-ray Raman scat- The effects discussed for the homonuclear diatomics can
cr»/C c-

tering through the continuum intermediate states qualitad'SO be observed for other symmetrical molecules. The re-

tively differs from the case of discrete intermediate statesCeNt Photoelectron-energy-selected photoion coincidence ex-

Contrary to the latter case, the cross sectigndoes not Periment with Bf [32] showed a release energy of more
contain thes function when the final state for the atomiclike than 4 eV for the F* ions. The corresponding electron Dop-
resonance is a continuum state. This means that the Rx®@€r shift is approximately equal to 0.55 eV, Whj‘ih is larger
cross section can be factorized(E,w) = o pd ) (E,v"). than the lifetime broadenind (0.1 eV) _of the|1s¢ >sta_te.
Here we select the atomic photoabsorption cross sectioR© One can expect that the Bifolecule is a good candidate
oand @)~ 5oG2(py) and the rest part(E,v’) of the cross for observation of both Doppler broadening and supernar-
section which depends on the energy of the Auger eledon rowing. However, in the Bi-case the manifestation of the

and on the incident photon frequency via the relative nucleafliffractional scattering and narrowing effect can be compli-
velocity in final continuum state’ =[2(w— wiy— v)/u]*? cated due to the Jahn-Teller effect caused by vibronic cou-

Let us remind the reader that the positidE= w;;) of the  Pling of degenerate core excited states.

atomiclike resonance does not depend on the excitation en- The fact that the electron Doppler shift must be larger
ergy [8,7,9] One can expect 0n|y some small Changes of théhan the lifetime broadenlng makes it prefera_ble tO- measure
width and spectral shape of this resonance due’toCon- light atoms or homonucleqr molecules. The intensity of the
sider here the typical experimental situation when the specuPernarrow peak or hol@ig. 12 strongly depends on the
tral width y, does not exceed a few elor example,y, distance between the classical turning p0||m§—xu| [Eq.
<5eV). The photoabsorption FC fact@®(p,) [Eq. (11)] (4.3)]. for th.e gerade and ungerade final states. For example
drops out fast whenw is tuned from the vertical photoab- this intensity is equal to zero whery=x, . Howe\{e‘r, the
sorption frequency$, [Eq. (7)] at a distance larger than the 2nalysis of the potential curves for the different fifap-
width y; of G(p). This means that the photoabsorption Fcfically excited”) states show$10] that in many casefg
factor “cuts off” the width y,<1 eV from the spectral band ~ Xul 1S 1arge, and has the order of magnitude 1 A.

of the incident photon flux. One can show that the changes of
the atomiclike profile can be neglected wheiis changed in
this narrow region close to the vertical photoabsorption tran- We have presented a theory for Doppler effects in reso-
sition. For example, a changkv~ y;~1 of eV leads to the nant radiative and nonradiative x-ray scattering. The treat-

VIIl. SUMMARY
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ment of the excitation and the subsequent decay of the disssignments in Auger and electron coincidence spec-
sociative core excited state as a single quantum-mechanictibscopies.
process, also accounting for the site-dependent phase factors, Another prediction presented in this work is a supernar-
reveals moderately large electron Doppler effects for theéow peak or hole on top of a Doppler pedestal, having a
nonradiative RXS resonances. There are two main reasorigeasurable width which goes below not only the lifetime
behind this: the |arge momentukn of the Auger e|ectron, broadenlng but also the Spectral width of the incident radia-
and the |arge kinetic-energy and hence atomic Ve|ocity reIlon. The existence of these_pecullarltles is based on the
lease following dissociation. A strong resonance correlatiof@ther unexpected result that final gerade and ungerade states
between the directions of the ion and electron yields existsdV€ contributions to the RXS cross section with different
since the Doppler shift depends on the angle between thweights, which implies that thellnterference term does_, not
molecular axis and the Auger electron momentum Thiscancel. The formal reason for this can be found in the differ-
strong anisotropy should be measurable in electron-ion coing"c€ of t_he pote_nt|al s_urfaces, and hence the d|st|nct|on_ of
cidence spectroscopy. The RXS atomiclike profile for mo|_the classical turning points for the gerade and ungerade final
ecules with chaotical orientations is broadened due to thEtates' These features, ca_used.by the channel mterference,
angular dependence of the Doppler effect ave unusual spectral profiles given by the spherical Bessel
It is difficult to expect an importance of the Doppler effect fL?”Ct"’” of zero order. The (_)scnlatory spect_ral shape sr_\ows
for radiative RXS due to the small value of the photon mo_dlrectly _the |_nterference origin of_the narrowing mechanism.
mentumky,. For exampleko;~0.14 a.u., while the electron The estimations show that the width of the supernarrow fea-

momentum isk=6 a.u. for Q. Of course, the Doppler tures is comparable with the thermal eneigyr =0.03 eV.

broadening increases with the atomic number, but the Iife:rhIS means t_hat the rotational _broadenl_ng an_d recoil effect
an also be important for setting the final width of these

time broadening increases as well, and only if these deper?—
dences “cross” each other can one expect a photon Dopp|er|esonant features.
effect for atomiclike resonances.

As is well known, systems with symmetry-related atoms ACKNOWLEDGMENTS
are very specific for x-ray Raman scattering owing to the . ) .
interference of the scattering channels through core excited This work was supported by the Swedish National Re-
states localized at the different identical atofh8—19. The ~ search counci(NFR). We wish to thank Dr. V. Carravetta
present investigation gives yet another example of this fac@nd Dr. T. Privalov for a critical reading of the manuscript
showing that the dissociative resonances in RXS by homoand for fruitful discussions.
nuclear molecules are associated with interesting spectral
and anisotropical features. o L APPENDIX A: ROLE OF ROTATIONAL DEGREES
_ Wg have stress_ed the pr!nC|paI p035|_b|I|ty_ to (_1|st|ngu!sh OF FREEDOM
identical atoms with opposite propagation in dissociative
states. This is because they have opposite Doppler shifts and Due to thermal motion, the ground-state rotational levels
hence different resonant frequencies. The correspondingre populated according to Boltzmann statistics,
measurements can be realized via the electron-ion coinci-
dence technique. Even without a Doppler effect, interference
plays a very important role in the angular-resolved electron- (2J+1)exr< -
ion coincidence measurements. We found strong interference
oscillations of the cross section versus the angle between
propagation directions of the Auger electron and the fragwherekg is the Boltzmann constanB=1/2l andJ are the
ment of dissociation. rotational constant and the rotational quantum number with

Among other results predicted in this work, we would like | = 1/,uR§ as the moment of inertia. This distribution is at a
to stress the parity selection rules in the resonant Auger efnaximum near
fect, and that this is a general phenomenon also valid for the
RXS transitions, like bound-bound transitions close to the ksT
equilibrium molecular geometry. The physical reason for this Jmaxzﬁ-
is found in the interference of the Auger electrons and the
exact parity of the wave function of Auger electrons for criti-
cal angles between the molecular axis and the Auger electrdret us estimatel ,, for O, with B=1.6X10"* eV. Jax
momentum. It is easy to understand that this purely interfer=28>1 at room temperaturesk¢T=0.03 eV). Thus the
ence effect is not caused by the Doppler effect and moleculatlassical description of the rotational degrees of freedom is
dissociation, and thus that this phenomenon should be olapplicable due to large values of and small spacing
servable both for atomiclike resonances by means of2B(J+1)=2BJ,~=0.009 e\ between adjacent rotational
electron-ion coincidence measurements and for the ordinafgvels in comparison with the lifetime broadeninb
bound-to-bound RXS transitions close to the equilibrium ge==0.09 eV.
ometry of the molecule. In the latter case the molecular axis The rotational structure in RXS can be broadened due to
can be fixed with the help dfveak) adsorption on a crystal- the excitation and deexcitation spectral transitions. The pho-
line surface. The qualitatively different angular dependenciesoabsorption cannot essentially broaden the rotational band
(oscillations with opposite phasesf cross sections for ger- since onlyJ— = 1,0 rotational transitions are allowed in pho-
ade and ungerade states thus constitutes a tool for symmetigabsorption.

BJ(J+1)) D

kgT

(A2)
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According to Eq.(13), the strength of the rotational tran- . or
sitions under Auger decay is governed by the following ma- Tin= 50G*(Po) ) (X5+X0) (WyPy—WgPy),
trix element between the rotational statg®) of a diatomic
molecule: 1
P;=—Re| dge*Ritald) (B1)
(jmle *kxcosfj my). (A3) o

with £=cosé. This integral has three singularities. The first
Due to such an exponential dependence of the integrand asne refers to the strong oscillations due the large parameter
the rotational angl®, one cannot say in advance how strongkR; [Eqg. (37)], while the next two refer to the poles of the
the change of will be under the decay transition. It is also integrand,
difficult to say something certain about selection rules when
akx>1. However, for large values o, the classical treat-

ment of the molecular rotation is applicable, and one can $(&)= T D) (et (B2)
then estimate the broadening of the rotational bAfkg, of v v
the Auger decay. lying in the upper half-plane. Here we introduced the dimen-

For the ground state the rotational energy of a m%lec'“"esionless Auger detuning=»/D and lifetime broadenind’

W'thz the angular Omomentunh.ozzlow?ot is equal 0E  _1/p 19 see directly the asymptotical calculation of this
=Lo/2lo, wherew,, andlo=puR; are the angular velocity jnegral,

and moment of inertia, respectively. The angular momentum \yhen the energy of the Auger electron is outside the Dop-
is not changed if the incident radiation is Iingarly polarized.p|er band|7|>1, the integrandB2) has no singularities on
This means that the angular momentum is the same, the real axisé. The existence of the large parametén)
=lw=Lo, if the molecule dissociates on the core excitedyesyiting from the strong oscillation of the integrand consid-

potential surface up to internuclear distanceNow the ro-  eraply simplifies the evaluation of integrd1). Integrating
tational energyE,=L?/2I, moment of inertid = ux* and  py parts, we obtain

angular velocity are different. Let us assume that afoin

the pointx emits the Auger electron with the speedt the

angle 6 with respect to the molecular axis. The angular mo- Pr=P1o+0
mentum conservation law allows us to find the angular mo-

mentum of the moleculk; after emission of the Auger elec- 1

tron: Ly=L—xu,, u,=u sin¢. After the ejection of the ~ Pjo=—Re = [e*Rip(1)—e KRigp(—1)], |v|>D.
Auger electron the rotational energy of the molecliﬂgt f B3)
=L2/2l =+ 6E, is changed by the value

(ka)z)’

With the energy of the Auger electron inside the Doppler

Ry meuf band [v|<1, integrand(B2) has two resonant features
OE o= —MgUgu 7+ 5 (A4) =+7 on the real axist. It is convenient to partition the
K integral (B1) into three regions:
whereuy=\/2E%/ u=2kgT/u. One can say also that this _ > I ReE
change is caused by the recoil effect. We write this equation Pi=—R B P d¢ e™™e(¢). (B4

in ordinary units(not a.u) to see explicitly the role of the

ratio me/u. The estimation for @with the Auger electron The first integral is obtained exactly by the residue theorem,
energy m.?/2=500eV shows that |mgugu, Ry/X] while the last two integrals can be evaluated the same way as
<0.06R,/x eV (Ry/x<1) andmZu?/2u=0.03 eV. So the integral (B3), since the integrand has no features in the re-
emission of the Auger electron leads to an additional broadgion|£|=1 outside the dissociative cone: ofs +v/D. This
ening of the RXS spectral profile. However, we neglect thisintegral thus leads to the supernarrow resonance: If the ex-
broadening, sincésE,,|<0.06 eV is smaller than the life- pression for thep function[Eq. (B2)] is rewritten as

time broadeningl’=0.09 eV. Moreover,|SE,,| is essen-

tially smaller than the Doppler broadening of the RXS profile 1 1 1

discussed in Sec. V. The rotational mechanism of the broad- d(&)= T\ e T ) (BS)
ening of the RXS spectral lines can though be important in v v v

RXS spectroscopy with superhigh resolution at higher teMgyne can see that the lifetime broadening is canceled in the
peratures. resonant denominatdr. This results in

. 21 - ~
APPENDIX B: ASYMPTOTIC FORM Pi= 2 sinkRF)e RT + P [v]<D, KR>1.
OF THE INTERFERENCE TERM v
(B6)

As shown in Sec. VI C, the diffractional paramekd®; is
very often largdEqg. (37)]. To evaluate the integréB6), itis  One then obtains the remarkable result that the interference
useful to start directly from the definition of the interference contribution (B1) to the cross section contains a term with
term (29) and the partial amplitude of scatterifqg. (27)] the lifetime free resonant factor
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1 1 directly from Eq.(B3), the shortwave asymptot87) corre-
P E—wy (B7)  sponds to a molecular orientation alokg(£=cosf==*1).

' Thus |a,|? may be extracted from the integral withilk.
which is exactly the first multiplier on the right-hand side of Close to the resonance with the dominating supernarrow
the expression for the function, Eq.(B5). term (B6), k is orthogonal to the molecular axis since @s

The molecular orientation is hidden in the atomic photo-==1/D=0. In that case, the factda,|? can be extracted
absorption and decay operatdfactor|a,|?). As one can see from the integral withnL k.
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