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Channel interference in resonant Auger scattering by surface adsorbed molecules
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We present theory of resonant Auger scattering in gas-phase and surface-adsorbed molecules focusing on the
role of channel interference. The connections between parity selection rules, parity of the Auger electron wave
functions, Bragg conditions, and channel interference are uncovered. The channel interference is found sensi-
tively dependent on the phase factors of the Auger electron and the incident x-ray photons, something that
makes the scattering cross sections strongly anisotropic and oscillatory. Parity selection rules are found that
apply to a fairly broad class of molecules, but which can be violated by different dephasing mechanisms that
destroy the coherence. The parity-selection rules are particularly sensitive to the degree of orientational disor-
der of the molecules, something that actually can be used for investigations of adsorbate orientation. Three
types of coherence destroying, dephasing mechanisms are investigated: orientational disorder, vibrational and
librational motion, and scattering of the emitted electron by the surrounding atoms. It is predicted that the
selection rules can be obstructed by thermal vibrations and librations even at very low temperature due to the
zero-point contributions. The selection rules and the dephasing mechanisms are explored for one-, two-, and
three-dimensional adsorbate systems.@S0163-1829~98!03928-9#
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I. INTRODUCTION

Over the past decade studies of radiative and nonradia
resonant x-ray Raman scattering~RXS! have been carried
out for a wide variety of molecules in the gas phase1–5 and in
physisorbed or chemisorbed states6,4,7,8by using tunable nar-
row band-pass polarized synchrotron radiation. With
creased overall quality and resolution of the spectra it
been possible to utilize the selection rules as an interpr
tional tool for radiative RXS spectra.9,10,1On the other hand
selection rules are uncommon in nonradiative RXS~or reso-
nant Auger Raman!, owing mainly to the fact that the deca
Coulomb operator is more complex than the dipole opera
and that the continuum Auger electron wave-function in g
eral lacks molecular symmetry. The consequence of th
facts is that a great number of the resonances are observ
the resonant Auger spectra. There is a deep connection
tween selection rules and interference of the scattering c
nels through the core hole states localized at different id
tical atoms in the radiative case.9,11 It seems probable tha
channel interference is important also in resonant Auger s
tering of symmetrical systems, and that one can find conn
tions between interference and selection rules also for
spectroscopy.

The purpose of the present paper is to give a gen
analysis of the channel interference in resonant Auger s
tering ~RAS! by symmetrical systems. We investigate t
existence of parity selection rules in RAS in specific con
tions, and show that the manifestation of such rules is v
sensitive to the degree of orientational disorder of the m
ecules. General three-dimensional disorder is considere
PRB 580163-1829/98/58~4!/2216~12!/$15.00
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well as one- and two-dimensional ordering that is possi
for physisorbed or chemisorbed molecules.12 Like for radia-
tive RXS,9 the RAS cross section shows characteristic int
ference oscillations due to the indistinguishability of t
scattering channels through the core excited states loca
at different identical atoms. However, in contrast to radiat
RXS these oscillations are caused by channel interfere
induced by phase factors of both the incident x-ray pho
and the ejected high-energy Auger electron. These inter
ence oscillations provide structural information. The lar
value of the Auger electron momentum leads to interfere
oscillations even in the soft x-ray region. The selection ru
in RAS are a direct consequence of the coherence of
scattering channels through core-excited states localize
different atoms. Any dephasing mechanism destroying
coherence leads, therefore, to violations of the parity se
tion rules. We investigate three types of such dephas
mechanisms: orientational disorder, vibrational and lib
tional motion, and scattering of emitted electrons by s
roundings atoms.

This paper is organized as follows: Following this intr
duction, Sec. II is devoted to the phase analysis of the R
amplitude where both the photon and Auger electron pha
are accounted for. In Sec. III we derive parity selection ru
and show the deep connection between selection rules
Bragg conditions. To give insight into the physics of th
selection rules, we discuss in Sec. III C the parity proper
of the wave functions of both the x-ray photon and the Aug
electron. This section shows the remarkable connection
tween the angular distribution of the Auger electron par
and that of the RAS cross section. The violation of the pa
2216 © 1998 The American Physical Society
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selection rules due to the orientational disorder of the m
ecules is discussed in Sec. IV. The breakdown of the pa
selection rules by vibrational and librational dephasing
considered in Sec. V A. In Sec. VI we discuss the diffra
tional scattering of Auger electrons by surrounding atom
which also can mask the observation of selection rules
short analysis of the experimental possibilities for obser
tion is finally given in Sec. VII. Atomic units are used unle
otherwise stated.

II. PHASE ANALYSIS OF SCATTERING AMPLITUDE

We begin by deriving a theory for the special case
resonant Auger scattering by a homonuclear diatomic m
eculeA2 , which reflects most aspects of the general case
at the same time allows a tractable presentation. The en
v of x-ray photons with wave vectorp and polarization vec-
tor e is passed, during the scattering, to the Auger electro
energy«5k2/2 and momentumk and to the remaining mo
lecular ion excited to the final electronic stateu f &. According
to the Fermi golden rule, the double differential RAS cro
section for a fixed molecular orientation and finite band-p
excitation is given by2,9

s f~e,v!5uFu2F~v1Eo2e2Ef ,g!, ~1!

where Eo and Ef are the energies of the ground and fin
ionic molecular states, respectively. The lifetime broaden
of the final stateG f is often small in comparison with th
lifetime broadeningG of the core excited states and in com
parison with the widthg of the spectral functionF(v8
2v,g) of the incident radiation. Therefore,G f is neglected
in Eq. ~1!.

For the analysis of the phase we consider only the re
nant part of the RAS amplitude2,9,13 that gives, by far, the
most important contribution. Since the atoms~enumerated as
1 and 2! in theA2 molecule cannot be distinguished, we mu
take into account the scattering from both atoms. In ot
words, the RAS amplitudeF can be seen as the sum of tw
partial scattering amplitudes

F5F11F2 , Fi}
Qf i~k!~e•Dio!eip•Ri

e2v i f 2 iG
. ~2!

Here,Ri is the radius vectors of the atomi 51,2, Dio is the
dipole moment of the photoabsorption transitiono→ i , while
Q is the Coulomb operator of the Auger decay transition. W
choose here a localized representation for the core exc
states with the dipole and Coulomb matrix elements eva
ated at the two core-hole sites~in the following a detailed
discussion is given of the dipole approximation he
adopted!. The resonance energyv i f 5Ei2Ef of the Auger
transition from the core excitedu i & to the final ionic stateu f &
does not depend on the core-hole site. The RXS amplitud
invariant relative to the choice of representation for the c
excited states due to the degeneracy of the core shells
homonuclear diatomic molecule.9

We will consider the case of high-energy Auger electro
which allows us to express, in a first approximation, the A
ger electron wave functionsck(r ) relative to the nucleusi as

ck~r !5cki~r2Ri !e
ik•Ri, ~3!
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wherecki(r2Ri) is the solution of the Schro¨dinger equation
close to thei th atom. The applicability of this high-energ
approximation will be discussed in detail in Sec. VI.

A. Phase and symmetry of the Coulomb matrix element

Without loss of generality let us analyze the specta
scheme of resonant Auger scattering~Fig. 1! with photoex-
citation 1si→cn and the subsequent decay transition:c j
→1si , c l→ck ~the corresponding exchange channel isc l
→1si , c j→ck!. The decay matrix elementQf i consists of
two terms that, in the independent-particle approximation
initial and final states, can be expressed as

Qf i~k!5~ckc l uc j1si !1h~ckc j uc l1si !,
~4!

~ckc l uc j1si ![E ck* ~r1!c l~r1!
1

r 12
c j~r2!1si~r2!dr1dr2 .

The dimensionless parameterh depends on the total spi
and electronic configuration of the final state.14 To empha-
size the symmetry of the molecular orbital~MO! c j , we will
write it in terms of the atomic contributionsf j 1 and f j 2
according to

c j5cj 1f j 11cj 2f j 2 , f j i [f j~r2Ri !, cj 256cj 1 .
~5!

In the following~except in Sec. III C! we will assume that
both c j and c l are p MO’s consisting of mainlyp atomic
orbitals. The importance of this assumption will be clarifi
in Sec. III C. With the above expression for the Coulom
matrix element and Eq.~3!, we then obtain

Qf 1~k!.cj 1cl1~11h!gke
2 ik•R1

1~cj 1cl21h̄cj 2cl1!ḡke
2 ik•R2. ~6!

In addition, we assume a small two-center overlapf j 21s1
and that the atomicp orbitalsf l i andf j i are the same. The
expression for the Coulomb matrix elementQf 2(k) is given
by Eq. ~6! after replacement 1
2. The one-centergk and
two-centerḡk Coulomb integrals are defined as

gk5~ck1f l1uf j 11s1!, ḡk5~ck2f l2uf j 11s1!. ~7!

FIG. 1. Scheme of spectral transitions.
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For brevity we redefined in Eq.~6! the parameterh of Eq.
~4! according toh→hgk

exc/gk , h̄→hḡk
exc/ḡk . The exchange

integralsgk
exc and ḡk

exc are given by the expression for dire
Coulomb integralsgk and ḡk ~7! after replacementl
 j .

The photon and electron phase factors exp(6pRi) and
exp(6kR i) in the final expression of the scattering amp
tude,

F}
~e•dn!

e2v i f 2 iG
@cn1Qf 1~k!eip•R11cn2Qf 2~k!eip•R2#,

~8!

reflect the coherence properties of the scattering chan
through the first (i 51) and second (i 52) identical atoms of
the A2 molecule. Heredn5^fn1ur u1s1&5^fn2ur u1s2& is the
atomic dipole-matrix element.

B. Auger decay rate vs symmetry

There is an infinite degeneracy of the unbound wave fu
tions at any energy in the molecular continuum, correspo
ing to the infinite number of possible propagation directio
As a consequence, the continuum orbital of the Auger e
tron ck(r ) in Eq. ~3! has, in contrast to the the bound MO
no definite parity with respect to inversion relative to t
molecular center. The Auger electron wave function close
the i th atom@Eq. ~3!# can, in fact, be decomposed into co
tributions of opposite parity~for inversion at centeri !

cki5cki
even1cki

odd. ~9!

Theeven(cki
even) andoddparts (cki

odd) are the sums of term
proportional to spherical harmonics@YLM( r̂ i)# with even and
odd orbital momentaL, respectively. This fact and the sym
metry analysis of the atomic Coulomb integrals@Eq. ~7!#
lead immediately to the result that, in general, Auger de
to both even and odd continuum statescki

even andcki
odd, and

no parity selection rule applies to the RAS cross section
However, the situation changes qualitatively when b

the MO’s c l and c j involved in the Auger decay can b
expressed in terms of atomic orbitalsf j i , which have the
same definite parity~evenor odd! for inversion at centeri .
This is, for instance, the case ofp orbitals with negligible
contributions fromd orbitals. Now only the even harmonic
of the Auger orbital

cki5cki
even ~10!

contribute to the Coulomb integrals in Eq.~7!. This assump-
tion, which also will be made in the following, applies to
fairly extensive number of molecules.

III. PARITY SELECTION RULES
AND CHANNEL INTERFERENCE

The experimentally measured quantity, the RAS cr
section~1!, can be written in the following way:
els

-
d-
.
c-

o

y

h

s

s f~e,v!5au~e•d!gku2
F~v1Eo2e2Ef ,g!

~e2v i f !
21G2

3„A$12Pf cos@~k2p!•R#%

1B$12Pf cos@~k1p!•R#%

1C@cos~p•R!2Pf cos~k•R!#…, ~11!

where

A5~11h!2, B5Uḡk

gk
U2

~11h̄212PjPl h̄ !,

C52Uḡk

gk
U~11h!~Pl1Pj h̄ !Pfcosw, ~12!

R5R22R1 , a}2(cn1cl1cj 1)2, w is the phase of produc
gkḡk* : gkḡk* 5ugkḡkuexp(iw), and assuming here a gerad
ground state.

We take into account here the parity of the orbitals w
respect to the center of the homonuclear diatomic molec
by the quantityPj52sgn(cj1cj2)561 for the MO c j . The
positive sign ofPj corresponds toc j gerade, while the minus
sign corresponds toc j ungerade. Assuming a gerade grou
state,Pf5PnPjPl will then describe the parity of the many
electron final-state wave function of the ionA2

1 ~Pf511 for
gerade final state and vice versa!.

A. Bragg and soft x-ray limits

The cosines on the right-hand side of Eq.~11! describe
the interchannel interference deriving from the x-ray pho
and Auger electron-phase factors. This interference is v
parity sensitive. To make this statement more clear we c
sider the case when the photon interference factorp•R sat-
isfies the Bragg condition

p•R5np, ~13!

wheren is an integer. Now the RAS cross section~11! takes
the strikingly simple form

s f~e,v!5so~R̂!@12~21!nPfcos~k•R!# ~14!

with

so~R̂!5au~e•dn!gku2
F~v1Eo2e2Ef ,g!

~e2v i f !
21G2

3@A1B1~21!nC#, ~15!

and R̂[R/R as unit vector parallel toR. The case withn
50 corresponds to the case of soft x raysup•Ru!1 or to the
case of propagation of the x rays in a direction perpendicu
to the molecular axis. A similar result is obtained when t
Bragg condition~13! is fulfilled by the Auger electron inter-
ference factor

k•R5n8p ~16!

with integern8. It is sufficient to perform the following re-
placements: cos(k•R)→cos(p•R) in Eq. ~14! andC→PfC in
Eq. ~15!. Figure 2 gives the cross section as a function of
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angle betweenk andR. It shows that the gerade and unge
ade final states correspond to interference patterns of o
site phase.

B. Parity selection rules

Strict parity selection rules are obtained when bothk•R/p
andp•R/p are integers:

s f~e,v!50 if f 5H g,
~k1p!•R

p
5even

u,
~k1p!•R

p
5odd.

~17!

C. Parity of photon and Auger electron wave functions
and the Bragg condition

The origin of the selection rules in Eq.~17! can be under-
stood by an elementary, albeit physically deeper, analysi
the scattering process. It is evident that the parity selec
rules for the scattering amplitude

F}^o,photonu~e•Du i &^ i uQuF,Auger electron& ~18!

must follow from the general selection rule

Po^P~photon! ^P~D! ^P~Auger electron! ^Pf5ungerade
~19!

with the gerade Coulomb operatorQ. This condition ofF
50 is nothing else than the requirement of ungerade pa
of the integrand in the general expression for the scatte
amplitude ~18!. The left-hand side of Eq.~19! is just the
product of the parities of all the factors of the scatteri
amplitude. They are as follows: the parities of the grou
and final molecular states~Po andPf , respectively!; the un-
gerade parityP~D! of the dipole moment; the parity of th
incident x-ray photonP~photon!, and the parity of the Auge
electronP~electron!.

Here one principal point deserves comment. Contrary
molecular-bound ground and final states, the wave functi

FIG. 2. 1D ordering. Partial RAS cross sectionss̄g(e,v),
s̄u(e,v) @Eqs.~28! and~27!# and weightswg , wu @Eq. ~27!# of the
gerade and ungerade final states, respectively. The case of s
rays (n50) and identical molecular orientations@Eq. ~30!#. u is the
angle betweenk and the molecular axis. The arrows mark t
angles where the parity-selection rules take place.kR514 is the
value of the interference parameter for O2.
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of photon cph(r )5e•exp(ip•r ) and Auger electronck(r )
have no certain parities in the general case. However, un
some conditions the notion of parity may still be defined,
for example, at shape resonances where the continuum w
function of the photoelectron can have a well-defin
symmetry.15–17

We consider the photon wave function in a form refle
ing the locality of the x-ray photoabsorption process by
moleculeA2 . Due to the localization of the 1s atomic orbit-
als ~of the sizea1s! the core photoabsorption selects the fo
lowing fraction of the photon wave function:

cph~r !}eia~c1
ph1eip•Rc2

ph!, ~20!

where a5p•R1 . c i
ph differs from zero „c i

ph5cph(r2Ri)
5e•exp@ip(r2Ri)#… only in the region of the 1s wave func-
tion of the i th atom. We can then here use the dipole a
proximation for the inner atomic transition becausepa1s
!1. This implies a ‘‘local’’ even parity of the photon wav
function close to both atoms 1 and 2,

c i
ph5e3 H1,

0,
r i,a1s

r i.a1s , ~21!

wherer i5r2Ri . The parity properties of the photon wav
function with respect to the inversion center of the molec
can be seen if we rewritecph(r ) as

cph~r !}ei ~a1p•R/2!FcosS p•R

2 Dcg
ph2 i sinS p•R

2 Dcu
phG

~22!

in terms of the gerade and ungerade functions,cg,u
ph 5c1

ph

6c2
ph. Thus the x-ray photon wave function has certain p

ity only if the Bragg condition~13! is satisfied. When the
Bragg parameterp•R/p5even or odd the photon wav
function cph(r ) is gerade or ungerade, respectively.

A similar decomposition can be written for the high
energy (kR@1) Auger electron wave function

ck~r !}eib~ck11eik•Rck2!. ~23!

Here b5k•R1 . However, the physical reasons leading,
particular conditions, to a definite parity ofcki are different.
Now the effective radius of localization of the Auger orbit
cki5cki(r2Ri) is the wavelength of the Auger electronl
52p/k. Due to the oscillations of this function in the regio
ur2Ri u.l, the corresponding contribution to the decay a
plitude can be neglected. In other words, we can cons
cki.0 for ur2Ri u.l. It should also be noted that the Auge
orbital enters in the two Coulomb integralsgk andḡk of Eq.
~7!. The first, one-center integral will, in general, give th
largest contribution and contains, as well as the dipo
matrix element, the core orbital, which then acts as a cu
in the regiona1s .

Contrary to the case of the photon, where we could
sumepa1s!1, the Auger electron wave function has no de
nite parity even close to the atom. The expansion ofcki over
spherical harmonicsYlm( r̂ i) shows thatcki is the sum of
contributions of opposite parity@Eq. ~9!#. By the properties
of these even and odd contributions relative to the invers
at the molecular center,Ick1

even5ck2
even, Ick1

odd52ck2
odd, one

can construct gerade and ungerade wave functions

ft x
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ck
g,u~even!5ck1

even6ck2
even, ck

g,u~odd!5ck1
odd7ck2

odd.
~24!

The item of special interest is the representation of the e
tron continuum wave function~23! in terms of these func-
tions of certain parity,

ck~r !}ei ~b1k•R/2!FcosS k•R

2 D $ck
g~even!1ck

u~odd!%

2 i sinS k•R

2 D $ck
u~even!1ck

g~odd!%G . ~25!

One can see directly that because of the mixture of even
odd states, the Auger electron wave function has no defi
parity in the general case. However, if we assume, as we
in the present investigation, that the MO’sc l andc j arep
orbitals with negligibly small contribution ofd orbitals, then
only cki

even @Eq. ~10!# contributes to the Coulomb integra
~7!. This means that one can ignore the odd functio
ck

g(odd) andck
u(odd) in Eq.~25! with the final result

ck~r !}ei ~b1k•R/2!FcosS k•R

2 Dck
g~even!

2 i sinS k•R

2 Dck
u~even!G . ~26!

When the Bragg parameterk•R/p5even or odd the Auge
electron wave-function is gerade or ungerade, respective

Let us now go back to the selection rules. Both repres
tations~22! and ~26! show that the photon and Auger ele
tron wave functions have well-defined parities only under
Bragg conditions~13! and ~16!. One can see immediatel
that Eqs.~19!, ~22!, and ~26! yield the previously derived
selection rules@Eq. ~17!#.

1. Angular distributions of the Auger electron parity
and the RAS cross section

As a final comment in this section we point out that t
angular dependence of the gerade or ungerade contribu
to the Auger electron wave function observed in Eq.~26!
corresponds exactly to the angular dependence of the c
section in Eq.~14!. This can be easily seen in the case of s
x-ray radiation@n50 in Eq. ~14!#

sg,u~e,v!52so~R̂o!wu,g , wf5H sin2S k•R

2 D , f 5u

cos2S k•R

2 D , f 5g.

~27!

This representation demonstrates that the angular de
dence of the RAS cross section for final states withf 5g,u
coincides with the angular distributionwf̄ of the Auger elec-
tron wave function with opposite parityf̄ 5u,g @Eq. ~26!#
~see Fig. 2!.

IV. EFFECTS OF MOLECULAR DISORDER

Free molecules in gas phase are randomly oriented,
upon adsorption they orient themselves in order to minim
c-
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te
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s

.
n-
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the total energy. The most favorable orientation varies w
the coverage and nature of the adsorbate and the subs
The adsorption systems are classified as either physiso
or chemisorbed depending on the adsorption strength
tween molecules and the surface. In physisorption the bo
ing is week, with adsorption energies in the order of 0.1 e
whereas chemisorption energies are in the order of 1 eV

In systems with weak adsorbate-substrate interaction,
adsorbate-adsorbate interaction may be of importance,
pending on the coverage. The richness of the structural ph
diagrams of physisorption systems arises from the subtle
ance between the corrugation of the substrate potential
the adsorbate-adsorbate interaction18 ~Fig. 3!. At low cover-
age only adsorbate-substrate interaction is important. In
case for N2/Cu system the N2 molecules reside preferentiall
inside potential troughs running parallel to the close-pac
Cu rows.19 As the coverage increases, the molecules
form a monolayer with several orientational phases18 ~Fig.
3!.

The degree of disorder evidently depends on the syst
we consider here both two- and three-dimensional~2D and
3D! disordering. To avoid unnecessary complications let
average the RAS cross section~14! over molecular orienta-
tions only at the Bragg limit~13! and~14! where the impor-
tant casen50 corresponds to soft x-ray scattering. The r
sult of this averaging is conveniently presented in t
following form:

s̄ f~e,v!5s̄o@12~21!nPfx#, ~28!

which includes an interference or coherent factorx and the
averaged cross sections̄o defined as

x5
1

s̄o
^so~R̂!cos~k•R!&, s̄o5^so~R̂!&. ~29!

The averaging over molecular orientations~in the substrate
plane or in the volume! is denoted here by angular bracke
The deviation of the coherent factorx from 1 shows the

FIG. 3. Four orientationally ordered phases for moleculesA2

physisorbed on a triangular lattice~Ref. 18!. ~a! Two-sublattice in-
plane herringbone phase.~b! Four-sublattice pinwheel phase whe
the circles with dots indicate the molecules perpendicular to
surface.~c! Two-sublattice out-of-plane herringbone phase.~d! Fer-
rorotational phase where all molecules are free to rotate unifor
by a constant phase anglef. A systematic out-of-plane tilt of the
molecular axes is shown by arrows.
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degree of violation of the parity selection rules~17!. The
physics of the orientational breakdown of the parity select
rules is shown in Fig. 4.

A. 1D system

The discussion in Secs. II and III concerned only 1D s
tems, i.e., systems with the same orientation of all molecu
this can be realized, for example, by adsorption on a surf
The axes of the adsorbed molecules can be oriented per
dicular or parallel to the substrate plane. To keep theD`h
symmetry of homonuclear diatomic molecules the adsorb
substrate interaction must be small having negligible ove
between adsorbate and substrate valence orbitals and h
bonds mediated by weak van der Waals forces. The sym
try relative to the permutation of nuclei can be maintain
also for chemisorbed molecules with axes parallel to the
face.

The RAS cross section for 1D systems is given by E
~14!. To emphasize the qualitative distinction of this strong
ordered case from a disordered system it is worth apply
the representation~28! for this case also. Because of th
perfect molecular order we haves̄o5so(R̂) and the inter-
ference factor~29! now strongly depends on the angleu be-
tween the Auger electron momentumk and the molecular
axis,

x5cos~k•R!5cos~kR cosu!. ~30!

To be more specific, let us consider the case of soft x r
(n50). Figure 2 shows the angular dependences ofs̄ f(e,v)
for gerade and ungerade final states. The cross sec
s̄g(e,v) and s̄u(e,v) oscillate in opposite phase@see Eq.
~27!#. One can clearly see the strict selection rul
s̄g(e,v)50 for the Bragg angles@Eq. ~16!# cosuBragg
52pm/kR, while s̄u(e,v)50 in the points cosuBragg
5p(2m11)/kR, wherem is an integer.

Intuitively, one cannot consider the scattering proces
by strictly ordered molecules as independent events. H
ever, this is true only when the intermolecular distances
comparable with the atomic size, i.e., when well-orde
molecules form united electronic bands. In this case the
tion of a single molecule is invalid and we indeed have
consider the ensemble of molecules~film or solids! and take

FIG. 4. Qualitative illustration of the orientational dephasi
and breakdown of the parity selection rules. According to Eq.~16!
the Bragg angle is defined as cosuBragg5n8p/kR.
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into account the coherence of scattering channels through
core excited states localized at different atoms of this un
system.20,21,11 One can say that the x-ray photon and t
Auger electron must be considered to be coherently abso
and emitted, respectively, by the molecular ensemble a
whole. However, when the intermolecular distances are la
the valence energy band collapses to a finite set of very
row bands with energies practically equal to the MO energ
of the single moleculeA2 . Due to the strong degeneracy o
these bands, both the RAS cross section and the ampli
are invariant relative to orthogonal transformations inside
degenerate band. If one transforms the corresponding B
states to the MO states localized at different moleculesA2 ,
the RAS cross section reduces to the RAS cross section
single molecule@Eq. ~1!# multiplied by the number of mol-
ecules in the system. So we note that our results are v
only for a molecular ensemble with sufficiently large inte
molecular distances, i.e., with a negligibly small splittin
caused by a weak intermolecular interaction.

B. 2D system: Molecules adsorbed on a surface

Adsorbed molecules with random orientations of th
axes in the surface plane are an example of a partially di
dered system. In this case one can expect ‘‘melting’’ of t
interference pattern@Eqs. ~11! and ~14!# since the interfer-
ence fringe is very sensitive to the orientation of the mole
lar axis relative to the momenta of both the x-ray photon a
the Auger electron.

We first consider RAS with a small value of the interfe
ence parameteruk•Ru!1. For high-energy Auger electron
this condition is equivalent to ejection of the Auger electr
in a direction nearly orthogonal to the surface~see Fig. 5!.

FIG. 5. 2D disorder.Partial RAS cross sections̄g(e,v) and
s̄u(e,v) @Eq. ~28!# for gerade and ungerade final states, resp
tively. The case of soft x rays (n50) and chaotical orientation o
molecular axes in the substrate plane@Eqs.~31! and~34!#. q is the
angle betweenk and the surface normal.kR514.
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We then have

x51 if uk•Ru!1 ~q.0o!, ~31!

whereq is the angle between the Auger electron moment
k and the surface normal. The random orientation of
molecular axes in the surface plane does not destroy the
ity selection rules for the Auger electrons emitted perp
dicular to the surface~Fig. 5!. The reason for this is, o
course, the small variation of the integrand in Eq.~29! for
different molecular orientations.

The detection of the Auger electrons at larger anglesq
gives a qualitatively different picture. In this case we need
consider explicitly the averaging in Eq.~29!, which is now
equivalent to the averaging over the anglep/22w between
the molecular axis and the plane passing throughk and the
surface normal~Fig. 6!:

x5
1

2ps̄o
E

0

2p

dw cos~kR sin q sin w!so~R̂!. ~32!

One can easily obtain this integral in the case of strong
cillations of the integrand due to the large magnitude of
interference parameter

uk•Ru@1 if usin qu@
1

kR
, ~33!

a condition that for Auger electron energies around 500
and a bond length of 2 a.u. is satisfied already forq.5°.
The main contribution to this integral is given close to t
pointsw5p/2,3p/2 of stationary phase: sin8 w50. By mak-
ing use of the expansion of the trigonometric factor in E
~32! in a series of Bessel functions, we obtain

x5
so~ k̂i!

s̄o
Jo~kR sin q!, Jo~x!.S 2

puxu D
1/2

cosS x2
p

4 D ,

~34!

FIG. 6. Geometry of the substrate with physisorbed molecu
e
ar-
-

o

s-
e

V

.

wherek̂i is the unit vector along the projection ofk on the
substrate plane. The asymptotic behavior (x!1) of the
Bessel functionJo(x) of zero order shows that in contrast
the 1D system~30! the partial disorder of the 2D system
suppresses the interference factor by

1

AkRusin qu
~35!

times. The dephasing due to the random orientation of
molecules on the surface plane leads to the breakdown o
parity selection rules~17!. However, despite the lowering o
the degree of order passing from the 1D to the 2D syst
the selection rules~Fig. 5! still apply in the particular case o
ejection of the Auger electron perpendicular to the surfac

C. 3D system: Random orientation of surface adsorbates
and gas phase molecules

Another relevant case to consider is given by a total r
dom orientation of the molecular axes in 3D space. Clea
this typical gas phase situation can be realized also for
face adsorbed molecules. One can expect a stronger viola
of the parity selection rules in this case, since the degre
3D disorder is essentially larger than the degree of 2D d
order. Indeed, the averaging of the RAS cross section@Eqs.
~28! and ~29!# over the angle betweenk and molecular axis
R now shows

x5
so~ k̂!

s̄o
j o~kR! if kR@1, ~36!

with a quenching of the coherence responsible for the se
tion rules that is faster than for the 2D system because
now proportional to 1/kR. Here j o(x)5sin(x)/x is the spheri-
cal Bessel function of zero order.

Contrary to the 1D and 2D systems, high-energy Aug
spectra (kR@1) of 3D disordered systems have no par
selection rule~Fig. 7! except for small energies of the Auge

.

FIG. 7. 3D disorder.Partial RAS cross sections̄g(e,v) and
s̄u(e,v) @Eq. ~28!# for gerade and ungerade final states, resp
tively. The case of soft x rays (n50) and chaotical orientation o
molecular axes in 3D space@Eq. ~36!#. kR514. so( k̂)/s̄o53.
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electron&50 eV when the interchannel coherence is la
due to the smallness of the interference parameter,kR,1.

For completeness, we will shortly discuss the anisotro
factor so( k̂)/s̄o in expression~36!. The anisotropy of thex
function originates in this case from the anisotropy of t
photoabsorption and Coulomb factors (e•dn) and gk , ḡk ,
respectively. To clarify the importance of this anisotropy
the interference term let us neglect the anisotropy of
Coulomb decay amplitude. Then it follows that the interfe
ence contribution differs in the case of 1s→s and 1s→p
photoabsorption transitions since

so~ k̂!

s̄o
.33H ~e•k!2 if n5s

1
2 ~e3k!2 if n5p.

~37!

In the general case the anisotropy caused by the depend
from k andR of the Coulomb integralsgk and ḡk must also
be taken into account at the right-hand side of this equat

Figure 7 shows the partial cross sectionss̄g(e,v) and
s̄u(e,v) @Eq. ~28!# vs the kinetic energy of the Auger elec
tron for so( k̂)/s̄o53.

V. VIBRATIONAL AND LIBRATIONAL DEPHASING

A. Vibrational dephasing. The anisotropic Debye-Waller factor

Another source of violation of the selection rules is t
dephasing factor exp(2W) multiplying the interference term

x→xe2Wvib. ~38!

This is the Debye-Waller~DW! factor, which has the effec
of reducing the coherence of all the processes as temper
T increases. Due to the atomic displacementx the equilib-
rium internuclear radius-vectorR must be replaced byR
1x. The smallness of this displacement and Eqs.~30!, ~34!,
and ~36! enable us to see the qualitative difference of
DW factors for 1D, 2D, and 3D systems,

Wvib5
1

2
k2^x2&3H cos2u, 1D

sin2q, 2D
1, 3D.

~39!

The mean-square displacement depends on the vibrat
frequencyvvib , the reduced molecular massm, and the tem-
perature,

^x2&5xo
2 cothS Tvib

2T D5xo
2H1 if T/Tvib!1

2T/Tvib if T/Tvib@1. ~40!

We introduced here the vibrational temperatureTvib and the
amplitude of the zero-point molecular vibrationxo ,

Tvib5
vvib

kB
, xo

25
1

2mvvib
, ~41!

wherekB andm are the Boltzmann constant and the reduc
mass, respectively. Differently from the totally disorder
3D system, the DW factor is strongly anisotropic for 1D a
2D systems. When all the molecules are oriented in the s
direction ~1D! Wvib depends on the angleu betweenk and
the molecular axis.Wvib depends instead on the angleq be-
tweenk and surface normal in the case of a 2D system.
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When the temperatureT essentially exceeds the ‘‘vibra
tional’’ temperatureTvib the coherence is suppressed. T
reason for this violation of the selection rules is the stro
dephasing due to thermal excitation of high vibrational sta
with large amplitude: (̂x2&)1/2→xo(2T/Tvib)

1/2.

B. Librational dephasing

Surface-adsorbed molecules can be considered perfe
aligned only in a classical physics picture at low tempe
tures. In reality, zero-point quantum librations of the mo
ecules in their potential wells considerably broaden the
entational distribution. For example, the calculated ro
mean-square amplitude of these librations is 14° for
herringbone phase@Fig. 3~a!# of N2 adsorbed on graphite.18

The dephasing caused by the thermal librations res
also in a violation of the parity selection rules. Apparent
the effect of librational dephasing is stronger than the vib
tional dephasing, due to the weaker van der Waals inte
tion responsible for the librations. For example, the lar
librational dephasing for 1D ordered N2 molecules dominates
in comparison with the very small vibrational dephasin
Wvib.0 ~Fig. 8!. The molecular librations in 1D and 2D
systems give an additional contributionWlib to the DW fac-
tor

W5Wvib1Wlib . ~42!

FIG. 8. Role of the librational dephasing on the angular dep
dence of the RAS cross sectionss̄g(e,v) and s̄u(e,v) @Eq. ~28!#
for gerade and ungerade final states, respectively.1D system. Input
data for theK spectrum of the N2 molecule: e5380 eV, Tlib

.47.6 K, do514°, kR.11 a.u., w590°. ~a! No librations,do
(')

50. ~b! and ~c! do
(')514°. The angular dependences of the RA

cross sections are close to case~b! up to T.40 K. The Bragg
angles are equalqBragg50°, 16.6°, 34.9°, 59.1°.
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To average thex function ~29! over zero-point and therma
librations we consider the density-operator technique

x5
1

s̄o
Re Tr@%so~R̂!eik•R#, %5

e2bH

Tr~e2bH!
, b5

1

kBT
,

~43!

with H as the libron Hamiltonian and the density opera
normalized to unit Tr(%)51.

We consider first the case of 1D ordering with small
brations relative to the equilibrium molecular direction~Fig.
6!. In the general case the librations in the surface plane~i!
and those ‘‘tilted’’ out of the plane~'! have different ampli-
tudes and frequencies. The scalar productk•R is then simply
written as

k•R.kR sin q sin w1kR~d'cosq1d isin q cosw!.
~44!

Due to the smallness of librations the density operator f
torizes

%5%'% i . ~45!

The harmonic approximation leads to the well-known e
pression for the density operator in configuration space22

% j~d,T!5
1

A2p^d j
2&

expS 2
d2

2^d j
2& D , j 5',i . ~46!

This immediately results in the following expression for t
interference term~43!:

x5H cos~kR sin q sin w!e2W, 1D

s~ k̂i!

s̄o
Jo~kR sin q!e2~Wvib1W'!, 2D.

~47!

Let us be reminded that thex function for 2D disorder is
written here in the limit~33!. This equation can be ver
approximately extrapolated in the region of smallkRusinqu
if we replaces( k̂i)/s̄o by 1. Similar to vibrational dephasin
the libron DW factor is strongly anisotropic

Wlib5W'1Wi ,

Wj5
1

2
k2R2^d j

2&3 H cos2 q, j 5'

sin2 q cos2 w, j 5i . ~48!

The mean square of libron anglesd j depends on the tempera
ture and on an amplitude of the zero-point libronsdo

( j ) ( j
5',i),

^d j
2&5do

~ j !2 cothS Tlib
j

2T D 5do
~ j !2H 1 if T/Tlib

j !1

2T/Tlib
j if T/Tlib

j @1.
~49!

The libron temperatureTlib
j and amplitude of zero-point mo

lecular librationsdo
( j ) depend on the libron frequencyv lib

',i as

Tlib
j 5

v lib
j

kB
, do

~ j !25
1

2mR2v lib
j , j 5',i . ~50!
r

-

-

The zero-point libron temperatureTlib
j /2 is about 25 K for N2

physisorbed on graphite. It is a good estimation of the te
perature of the orientational phase-transition.18

The investigations in Refs. 23, 24, 19, and 18 show t
tilting and in-plane librations have the same order of mag
tudedo

(');do
(i);10° – 20°. This means that one cannot su

press out-of-plane and in-plane librations simultaneously
is therefore appropriate to stress that the librational deph
ing is never completely absent (WlibÞ0), and the librations
will violate the parity selection rules~given by the ideal 1D
system! for all directions of the Auger electron detectio
Fig. 8. Such kinds of librations are the result of the lar
magnitude of the interference parameterkR. For example,
for N2, kR.11 a.u. Let us suppress the in-plane libratio
choosingw590° and consider the typical case of largekR.
From Eq. ~47! it is obvious that the parity selection rule
then are approximately fulfilled@Fig. 8~b!# for the large
Bragg angles~qBragg.59.1° in Fig. 8! and low temperature
since the DW factor then is small. Another important distin
tion between an ideal 1D system@Fig. 8~a!# and 1D ordered
molecules with the librational degrees of freedom is that
position of the minimum ofs̄u(e,v) @Figs. 8~b! and 8~c!#
does not coincide with the Bragg angle@qBragg.59.1°, Fig.
8~a!#. The librational shift of this minimum position is
caused by the DW factor~48!.

1. Determination of the mean-square libron angles

The libron suppression of the parity-selection rules can
used for the experimental measurements of the mean-sq
amplitudes of out-of-plane and in-plane librations. We d
scribe here one method on how to accomplish this. The
brational DW factorWvib is small in a broad temperatur
region and can be neglected. The mean-square tilting
in-plane angleŝd'

2 & and^d i
2& can be found from experimen

tal data as

^d j
2&5

2

~kR!2 ln
1

j
,

s̄u
Bragg~e,v!

s̄u
0~e,v!

5
12jt

11j
, ~51!

wherej is the solution of the latter equation and

t5 H cos2qBragg

cos2wBragg,

p~2m11!

kR
5 H sinqBragg if j 5', w590°

sinwBragg if j 5i , q590°, ~52!

with integerm>0. These equations follow from Eqs.~28!,
~47!, and~48! for 1D ordering. To determinêd'

2 & we need
to choosew590° and to measure the RAS cross sectio
s̄u

0(e,v) ands̄u
Bragg(e,v) for q50° andq5qBragg, respec-

tively ~Fig. 6!. The in-plane detection of Auger electron
(q590°) for two azimuthal anglesw50° and w5wBragg

allows us to measures̄u
0(e,v) ands̄u

Bragg(e,v) and to deter-
mine the mean-square angle^d i

2&. The case of physisorbe
N2 molecules shown in Fig. 8 says that the parameter (kRt)2

is generally large due to the large energy of the Auger e
tron. The procedure of extraction of^d j

2& from experimental
data is simpler in this case,
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^d j
2&5

2

~kRt!2 ln
s̄u

0~e,v!

s̄u
0~e,v!2s̄u

Bragg~e,v!
, ~kRt!2@1.

~53!

Since librations strongly quench the interference frin
@Figs. 8~b! and 8~c!# the Bragg anglesqBragg ~or wBragg! @Eqs.
~52!# must be chosen close to 90° whereWlib is smallest.

C. Role of the zero-point vibrations and librations

In contrast to the classical view the ‘‘thermal’’ quenchin
of coherence~38! does not disappear whenT→0 since
^x2&→xo

2Þ0 @Eq. ~40!# and ^d j
2&→do

( j )2 @Eq. ~49!# @Fig.
8~b!#. The dephasing at zero temperature is caused by
zero-point vibrations and librations with amplitudesxo and
do

( j ) , respectively. As one can see from Eq.~48! and Fig. 8
the librational dephasing is never completely absent. Fig
8 shows that zero-point librations violate the parity select
rules @s̄g,u(e,v)Þ0# even for zero temperature. The vibr
tional dephasing in the case of N2 is negligibly small in the
considered temperature regionWvib.0. Figures 8 and 9
show that the thermal librations lead to the ‘‘melting’’ of th
interference pattern whenT.Tlib .

We analyzed in this section only the DW factor caused
electron momentumk. Apparently, the thermal dephasin
suppresses also the coherence associated with the ph
momentump @see Eq.~11!#. We did not take this effect
important for hard x-ray radiation, into account.

D. The role of electron-phonon interaction

The violation of parity-selection rules can be also due
another effect quite typical for core excited states of sy

FIG. 9. Zero-point and thermal dephasing for the 1D case.
breaking of the parity selection rules@s̄u(e,v)Þ0# near T50 K
are caused mainly by the zero-point molecular librations.q
5qBragg559.1°. The input data for theK spectrum of the N2 mol-
ecule are the same as for Fig. 8.
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metrical molecules, namely, the electron-phonon interac
mixing close-lying electronic states of different parity. Su
quasi-Jahn-Teller effects25,26are not possible in freeA2 mol-
ecules. However, the electron-phonon violation of select
rules may become important when the molecules are che
sorbed. The effect can be suppressed by detuning the x
photon frequency from the photoabsorption resonance.27,26

VI. ROLE OF AUGER ELECTRON DIFFRACTIONAL
SCATTERING

X-ray photoelectron diffraction and Auger electron d
fraction ~AED! effects have been studied for a lon
time.28–30 Both effects constitute surface-structural prob
sensitive to short-range order. The physical reason beh
the diffractional oscillations of the photoelectron and Aug
electron yields is the diffractional scattering of the electr
ejected by adsorbate on the surrounding atoms. The bas
both effects is the same as for extended x-ray-absorption
structure.31 The AED effect can mask the interference effe
discussed here. Therefore, one needs to understand the
sibilities of selecting the signal of interest from the AE
oscillations.

The high-energy wave function~3! neglects the scattering
of Auger electron by surrounding atoms and describes
main effect of interest. We consider the AED effect using t
muffin-tin ~MT! or Korringa-Kohn-Rostoker approximatio
as a starting point.15 We favor this technique because of i
simplicity and accuracy for high-energy electrons. The M
method allows us to obtain the following high-energy a
ymptote for the Auger electron wave function~3! inside the
MT sphere of thei th atom of theA2 molecule:16–32

ck~r !5eik•RiS cki1 (
j ~Þ i !

exp@ i ~kRi j 2k•Ri j !#

Ri j

3 f j~Q i j k!cki j i D , ~54!

where k i j 5kR̂i j , Ri j 5Ri2Rj , cos(Qijk)5(R̂i j •k),
cos(Qijn)5(R̂i j •R̂jn) cki5cki(r2Ri) is the solution of the
Schrödinger equation inside of thei th MT sphere without
account of scattering by surrounding atoms. The renorm
ized scattering amplitudesf j (Q i j k) of the Auger electron by
the j th scatterer at the angleQ i j k between vectorsk andRi j
satisfy the equations

f j~Q i j k!5 f j
0~Q i j k!1 (

m~Þ j !
f j

0~Q i jm!
ei ~kRjm2k•Rjm!

Rjm

3 f m~Q jmk!. ~55!

A perturbative solution of this equation leads to the multip
scattering~MS! expansion. Since this scattering is weak f
high-energy electrons, the MS expansion converges rap
Hence, the renormalized scattering amplitude is very clos
the scattering amplitudef j

0(Q i j k) for single scattererj , ex-
cept in the case of forward scattering. Strictly speaking,
corresponding MS amplitude diverges for forward scatter
due to the large amplitudef j (0). This can result in self-
channeling of the forward-scattered Auger electrons.30

e
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The first term on the right-hand side of Eq.~54! coincides
with the primary wave~3! while the second one takes int
account the multiple scattering of Auger electrons by
surrounding~Fig. 10!. The AED intensity modulations ar
caused by the interference of the primary electron-elec
wavescki exp(ik•Ri), which originate at the emitteri , and
the secondary or scattered electron wave given by the se
term on the right-hand side of Eq.~54! ~Fig. 10!. This oscil-
latory term leads to dephasing, and hence to a suppressio
the interference contributionx @Eq. ~29!#. Thus multiple-
scattering corrections can also lead to violations of the pa
selection rules. One can easily evaluate the RAS cross
tion with the wave function of Auger electron in Eq.~54!.
However, since the final expression is rather complex
restrict ourselves only to a qualitative analysis of AED.

Since AED leads also to oscillatory structure of the RA
cross section we need to understand when AED is large
when this effect can be neglected. As one can see from
~54! the magnitude of the AED modulation mainly depen
on the atomic-scattering amplitudef j (Q), which is strongly
anisotropic for high-energy electrons;16,30 starting from a
large valuef j (0), f j (Q) decreases rapidly asQ increases.
The magnitude off j (Q) is very atomic sensitive; the sca
tering strength is small for light elements and increases w
the atomic number. To be more specific, we consider m
ecules adsorbed parallel to the surface. The AED modula
is then large for forward scattering, i.e., when the Aug
electrons are detected in a direction parallel to substrate.
amplitude of the AED oscillations can be, in this case,
large as 70%.30 These oscillations are rapidly quenched f
detection at a large angle betweenk andR. For example, the
anisotropy or oscillation amplitude decreases from;24% at
Q57° to ;6% atQ545° for the system O/Cu~001! ~Ref.
28! ~hereQ is the angle betweenk and the surface plane!.

We can then conclude that the AED effect can be
glected here for high-energy Auger electrons (e*500 eV) if
the direction of detection is not close to the surface plan

VII. POSSIBILITY OF EXPERIMENTAL OBSERVATIONS

A few words about the possibility of experimental obse
vation of the parity selection rules and the interference os
lation vs order of the system are relevant. An important
pect is the choice of the molecular system; the interaction

FIG. 10. Physical picture of the Auger electron diffraction
scattering by surrounding atoms.
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the molecule with the substrate can reduce the symmetr
the isolated molecule, as, for instance, when anA2 molecule
adsorbs perpendicular to the surface with a relatively str
interaction. It is then desirable to have a physisorbed ph
instead of a chemisorbed one. Physisorbed up or do
phases can be experimentally prepared by dosing molec
at the temperature of liquid helium~25 K! as described in
Ref. 12 for a monolayer of O2 physisorbed on different sub
strates@Pt~111!, Ag~110!, and graphite#. The Auger experi-
ments with O2 ~Ref. 12! and with N2 physisorbed on
graphite33 describe the conditions to check practically t
parity-selection rules for these molecules.

Another experimental requirement is the possibility of d
tecting the Auger electron at different angles; this is a te
nique already available.6 In order to enhance the surface se
sitivity it will be necessary to use exciting radiation incide
on the sample at a small grazing angle~3°–5°!. On the other
hand, the detection of the Auger electrons close to the di
tion of the molecular axis is not desirable due to the stro
AED effect ~see Sec. VI!.

A favorable experimental arrangement would thus
given by grazing irradiation of molecules adsorbed perp
dicular to the surface with the detection direction far fro
the surface normal~1D system! or grazing irradiation of mol-
ecules adsorbed parallel to the surface with the detec
direction perpendicular to the substrate~2D system!.

VIII. SUMMARY

Systems with equivalent atoms are very specific for x-
radiative Raman scattering owing to the interference of
scattering channels through core excited states localize
different atoms.34,20,9,21,35–38,11The present investigation o
resonant Auger scattering of surface-adsorbed and gas-p
molecules gives another example of this effect, predict
that the RAS cross section can show oscillations caused
the interference of both photon and Auger electron wa
functions. We found parity selection rules in the RAS pr
cess involvingp valence MO’s in the Auger decay. Speci
attention was paid to surface-adsorbed molecules and
the selection rules may be used to investigate the degre
orientational disorder of the system. Indeed, the results
Sec. IV indicate that the dependence of the RAS cross
tion on the detection angle of the Auger electron is qual
tively different for one-, two-, and three-dimensional sy
tems. Totally ordered molecules~1D system! obey parity
selection rules in the soft x-ray region for a set of detect
angles corresponding to even or odd values of the Br
parameter (k•R)/p. Contrary to the 1D system the parit
selection rules for the 2D system~disordered molecules lying
flat on a surface! take place only when the Auger electron
detected perpendicular to the substrate. The selection r
are instead practically absent in the case of totally disorde
3D systems like gas-phase molecules. The reason for
different behavior is the orientational dephasing of the coh
ent phase sensitive contribution to the RAS cross section

Different mechanisms leading to the breakdown of t
selection rules have been considered; the dephasing ca
by molecular vibrations and librations was found to be su
a mechanism. We found that the probability of violation
the parity selection rules increased with temperature, but
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even for zero temperature there may be a partial breakdo
due to the zero-point vibrations and librations. The libr
tional dephasing dominates in the case of physisorbed m
ecules. A method for experimental measurement of t
mean-square angles of tilting and in-plane librations w
suggested.
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