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We investigate the polarization anisotropy of resonant x-ray emission using one-step, two-step, and classical
formulations. It is shown, analytically and numerically, that these models in general give different polarization
anisotropies. We compare also the results of the one- and two-step models for the integrated unpolarized cross
sections over the same set of test molecules. These include two of the chlorofluoromethanes used originally to
experimentally verify the polarization anisotropy in resonant x-ray emission. The test molecules also represent
species with core-level chemical shifts and species with symmetry-adapted and quasidegenerate core levels. It
is shown that only in the case of energy-isolated and localized symmetry-non-adapted core levels do the
two-step model and the — in that case identical—classical model apply, while in all other cases, the one-step
model is required either for the polarization anisotropy or for the total cross section, or for both these quan-
tities.

PACS number~s!: 33.70.2w, 33.20.Rm

I. INTRODUCTION

Improvements in construction principles of high bright-
ness synchrotron radiation sources, x-ray monochromators,
and x-ray spectrometers have resurged the interest in reso-
nant x-ray scattering measurements. The ability to generate
x-ray emission spectra by selective excitation involving dis-
crete core-excited states has made it possible to record fluo-
rescence spectra covering a large interval in the x-ray wave-
length region@1–5#. A distinct step forward in this field was
obtained in the works of Lindle and co-workers@2–4#, in
which it was shown that the polarization ofKb fluorescence
x-ray spectra of chlorofluoromethanes is strongly aniso-
tropic. It was found that the degree and the direction of the
x-ray polarization is dependent on both the energy of excita-
tion and the symmetry of the involved molecular valence
orbitals.

The experimental development has to some extent been
matched by new theoretical modeling of the x-ray scattering
process. The concept of directional preparation of resonant
x-ray emission@6# was, however, introduced already 20
years ago, long before the modern experiments, and stood
then in some contrast to the attempts to explain polarization
anisotropy by stochastic methods. Using this concept, the
polarization of the exciting beam ‘‘lines up’’ the target mol-
ecules with an anisotropy that is determined by the orienta-
tion of the polarization vector with respect to the transition
dipole moment. This anisotropy in turn determines the polar-
ization direction of the emission. Thus, even if the target
molecules are randomly oriented, the directional preparation
leads to strong polarization anisotropy when the resonant and
final-state levels contain elements of symmetry.

A general theory of symmetry and polarization resonant
x-ray scattering~RXS! ~inelastic and elastic! has now been
derived with cross-section formulas uncovering the polariza-
tion, orientation, and symmetry dependencies that apply to

any molecule using arbitrary types of polarized radiation
@7,8#. By performing orientational averaging, pertinent to
RXS spectra of gas phase molecules, this formulation can in
principle be used to derive symmetries of occupied and un-
occupied molecular orbitals from various measured polariza-
tion ratios~ratios of cross sections for different combinations
of polarization directions of incoming and outgoing x-ray
photons!. However, except for the works of Lindle and co-
workers@2–4# using the classical formula and for the work
on polarization distributions for resonant x-ray spectra of H
2S in theelasticmode @9#, no quantitative analysis of the
polarization anisotropy in resonant x-ray emission experi-
ments of randomly oriented systems have, to our knowledge,
been undertaken. In particular, there is need to systematically
explore the limitations of either the classical formula as
originally used in Refs.@3,4# or the two-step formulas in
light of the general one-step formulation of the symmetry
and polarization selective RXS process@7,8#, because these
models provide a simpler interpretation of the experiments.
The present work intends to use a set of representative cases
to do just that. Except for the chlorofluoromethanes, we in-
clude aniline as representing the common case of chemically
shifted core levels and C60 representing symmetry-adapted
and quasidegenerate core levels.

II. THEORY FOR POLARIZED RESONANT X-RAY
EMISSION FROM MOLECULES

It is generally agreed that resonant x-ray emission spectra
of molecules are adequately represented by a one-step model
describing resonant x-ray inelastic scattering as one process.
Several different features of resonant x-ray emission spectra
have been obtained from this model@8,10–12#. The popular-
ity of the two-step model stems from its simplicity and from
its applicability to nonresonant x-ray emission. For resonant
emission it is, however, necessary for each given case to
inspect the applicability of the this model and to explore its
overlap with the one-step model. A problem for such an in-
vestigation is that, in contrast to the one-step model, there is
no consistent definition of a two-step model. As an alterna-
tive to the customary two-step model we investigate here
also a more general two-step model.
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A. The one-step model

The cross section of resonant x-ray inelastic scattering
~RIXS! for a realistic experimental situation can be ex-
pressed as@7,10,11#

s~v8,v0!5(
n,n

v8

v
uFnn~v!u2F~v81vnn2v0!, ~1!

whereF(v2v0) in the incoming photon distribution func-
tion centered at frequencyv0 . The frequencyv8 of the
emitted x-ray photons has a Raman related shift~Stokes
shift! into the long-wavelength region relative to the fre-
quencyv of the absorbed photon

v5v81vnn , ~2!

in accordance with the energy conservation law reflected by
the d(v2v82vnn) function. uFnn(v)u is the Kramers-
Heisenberg formula for the resonant x-ray scattering ampli-
tude @13,14#

Fnn~v!5(
k

f nn
k ~v!, ~3!

f nn
k ~v!5avnkvnk~n!

~e1* •dnk!@e2•dkn~n!#

v2vnk1 iGnk
, ~4!

wheref nn
k (v) denotes the partial or channel amplitude of the

RIXS process. Thekth channel amplitudef nn
k (v) describes

the two-photon process of absorption of incoming and emis-
sion of final x-ray photons, the frequencies and polarization
vectors of which arevv8 ande1 ,e2 , respectively. The po-
larization vectors are in laboratory coordinatesX,Y, andZ.
The indexk enumerates localized or delocalized core orbitals
ck . We use atomic units~h5m5e51, a5 1

137! and the fol-
lowing notations: vnk5E(k21n)2E0 ,vnk(n)5E(k21n)
2E(n21n),dnk5^0uduk21n& and dkn(n)5^k21nudun21n&
are resonant frequencies and dipole matrix elements of x-ray
absorption (k→n) and emission (n→k) transitions, respec-
tively, where dipole matrix elements are expressed in mo-
lecular coordinatesjh, andz. vnn5E(n21n)2E0 is a fre-
quency for the optical excitationn→n and is equal to the
difference between energiesE(n21n) and E0 of excited
un21n& and groundu0& molecular states;Gnk is the half-
width at half maximum of the x-ray absorption linek→n.
The electron excited to the vacant molecular orbital~MO!
cn screens differently the subsequent decay of electrons
from various occupied levelsn to the inner shellk. This
specific screening effect leads to a dependence onn of the
frequenciesvnk(n) and the dipole matrix elementsdkn(n).
The range of validity of the Kramers-Heisenberg formula~3!
has recently been discussed in Ref.@7#.

For the randomly oriented gas or solvent molecules, ori-
entational averaging should be conducted. A detailed de-
scription of this referring to the case of randomly oriented
molecules can be found in our previous study@8# ~see also
work of McClain @15# for general two-photon transitions!. It
gives
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b
Fnn

bb(
g

Fnn
gg*5U(

k
znn
k coswnn

kkU2, ~6!

lnn
G 5(

bg
Fnn

b,gFnn
b,g*5(

k,k1
znn
k* znn

k1coswnn
kk1coswnn

kk1 , ~7!

lnn
H 5(

b,g
Fnn

b,gFnn
b,g*5(

k,k1
znn
k* znn

k1coswnn
kk1coswnn
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The l functions are expressed through the anglew i j
kk1 be-

tween transition dipole momentsdik anddjk1

cosw i j
kk15

dik•djk1
dikdjk1

~9!

for the case of real dipole moments. Here

znn
k 5

avnkvnk~n!

v82vnk1 iGnk
dnkdkn . ~10!

The cross termsznn
k* znn

k in Eqs.~6!–~8! describe the interfer-
ence of scattering channels through the different core levels
kÞk1 . This interference is a characteristic feature of the
one-step description, but is neglected in the two-step model.
Further discussions on the difference between one- and two-
step models are given in Sec. II C. TheF, G, andH factors
are

F52ue1•e2u214ue1* •e2u
221, ~11!

G52ue1•e2u22ue1* •e2u
214, ~12!

H54ue1•e2u22ue1* •e2u
221. ~13!

The averaged cross section is given in terms of these factors
as

^s~v8,v0!&5(
n,n

v8

v
lnnF~v81vnn2v0!

5(
n,n

v8

v
~Flnn

F 1Glnn
G 1Hlnn

H !

3F~v81vnn2v0!. ~14!

These expressions show that the RIXS cross section in gen-
eral depends strongly on the polarization vectors of absorbed
and emitted photons and on the symmetries of the unoccu-
pied and occupied MOs. Equation~14! is perfectly general
for photons of any polarization: linear, circular, or elliptical.

It has been shown in our previous studies@8,16# how this
formulation can be used for assigning the molecular orbitals
from the polarization and symmetry dependencies of RIXS.
For a detailed analysis on this aspect we refer to Ref.@8#.

B. Two-step models

The traditional two-step formulation, which assumes the
x-ray emission to be decoupled from the x-ray absorption
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process, is known to be applicable in the nonresonant case
far from threshold. Its limits, however, have not been inves-
tigated for the polarization anisotropy for near-threshold ex-
citation in the region where resonant processes operate. The
customary two-step model seems to be the one in which only
emission transitionsWnk

E (v8) are taken into account:

sTS1~v8,v!}WA~v!(
k,n

Wnk
E ~v8!}(

k,n
Wnk

E ~v8!.

~15!

This simple two-step model TS1 does not consider symmetry
or polarization of excitation and can therefore evidently not
be generally valid in the resonant case. In the following, we
will only discuss the differences between the one-step model
and a more general two-step model TS2. In this two-step
model the resonant x-ray scattering cross section is propor-
tional to the product of the absorption and emission prob-
abilitiesWkn

A (v) andWn,k
E (v8). This two-step model is then

defined as

sTS2~v8,v!}(
k,n

Wkn
A ~v!(

n
Wn,k

E ~v8!, ~16!

where

Wkn
A ~v!5ue•dnku2D~v2vnk ,Gnk! ,

Wnk
E ~v8!5ue8•dnku2D~v82vnk ,Gnk!. ~17!

The TS1 and TS2 models will be the same when the absorp-
tion probabilityWA(v)5Wkn

A (v) is constant, for example,
whenv exceeds the core ionization potential. Equation~15!
is thus used for the calculation of the nonresonant x-ray
emission spectra.

For the TS2 model a general formula for the randomly
oriented molecules is obtained by orientational averaging. It
gives

^sTS2~v8,v0!&}(
n,n

@~F1H !lnn
TS21Gl̃nn

TS2#

3D~v2vnk ,Gnk!, ~18!

where

lnn
TS5(

k
uznn

k coswn,n
kk u2,

~19!

l̃nn
TS5(

k
uznn

k u2.

The parametersF, H, andG are the same as in Eq.~13! and
znn
k is defined by Eq.~10!. The parameterslnn

TS andlnn
G can

be obtained from Eqs.~6!–~8! of the one-step model by only
considering the direct terms (k5k1). In the following we list
the main distinctions between the two-step@Eq. ~18!# and the
one-step@Eqs.~1! and ~14!# models.

C. Comparison between one- and two-step models

The polarization and angular dependencies of resonant
x-ray fluorescence are also model sensitive. The one-step
description yields qualitatively different polarization features
in comparison with the two-step model. In the framework of
this model @10# it was shown by one of us@6# that x-ray
fluorescence from gas-phase molecules is strongly aniso-
tropic, polarized, and state dependent if the incoming photon
frequencyv is below or somewhat above the absorption
threshold. This threshold effect was later observed in Cl and
S K x-ray fluorescence of the gas-phase CH3Cl @17#,
CF3Cl @3#, and H2S @2# molecules. The effect can be ex-
plained qualitatively by the fact that a photoexcitation pro-
cess near the threshold of anisotropic molecules is aniso-
tropic and determined by the mutual orientation of the
polarization vectore1 and the transition dipole moment
dnk . Indeed, the absorption probability isWkn

A (v)
}ue•dnku2. So only molecules withdnk parallel to e1 are
excited. The excited molecules have certain space orienta-
tions because the orientation ofdnk is defined one to one by
the molecular axis orientation and the symmetry of the un-
occupied MOcn . Thus, like crystals, the space-oriented
core-excited molecules emit polarized x-ray photons aniso-
tropically.

For the case that the linear polarization vectors of ab-
sorbed and emitted photons have an angleu, the polarization
dependence of the intensity of the emitted photonsI (u)
}^s(v8,v0)& can be expressed with help of Eq.~14! as

I ~u!5I 0@11R~3 cos2u21!#, ~20!

where I 0 is proportional to the total intensity emitted in all
directions and summed over all polarization vectors andR is
the polarization anisotropy. For experimental reasons the po-
larization of both incoming and outgoing photons are seldom
determined~see, however, experiments by Lindleet al. @17#
and Southworthet al. @3#!, and the cross section is obtained
either as angular dependent for unpolarized incoming pho-
tons or as dependent on the polarization of the incoming
photons for a fixed exit angle. It is necessary to replace
cos2u with 1

2sin
2x for the two latter situations, i.e., when the

initial x-ray beam is unpolarized or when a summation over
the final photon polarization vectorse8 is made. In the first
casex is the angle betweene8 and the directionn of incom-
ing photon propagation; in the second casex is the angle
betweene and n8, the direction of the outgoing photon
propagation. In this case, the Eq.~20! can be written as

I ~x!5I'~x!1I i~x!,

I'~x!5 1
2 I 0@12R#, ~21!

I i~x!5 1
2 I 0@11R~3 sin2x21!#.

Using a special spectrometer, it is then possible to measure
the two different componentsI' and I i as done by Lindle
et al. @17# and Southworthet al. @3#. It thus provides the
same information as Eq.~20!.

From the one-step model~OSM!, Eq. ~14!, the polariza-
tion anisotropy parameterR can be determined as
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ROSM5
1

5F 3(n,n ~lnn
F 1lnn

H !F~v81vnn2v0!

2(
n,n

lnnF~v81vnn2v0!

21G
~22!

and the intensityI 0 expressed as

I 0
OSM5 10

3 (
n,n

v8

v
lnn
G F~v81vnn2v0!. ~23!

To see the difference between the two-step and one-step
models we give the expression forR and I 0 for the two-step
model neglecting interference. We then take into account the
two-step model expressions Eqs.~19! and ~20!:

RTS25 1
5 ~3cos2w21!. ~24!

The polarization anisotropy parameterR in the two-step
model is determined by averaging the anglew between ab-
sorption and emission dipole moments

cos2w5

(
n,n,k

hnn
k cos2wnn

kk

(
n,n,k

hnn
k

. ~25!

The parameterhnn
k reflects the contribution of the scattering

channel (k→n, n→k) to the x-ray fluorescence intensity

hnn
k 5znn

k D~v2vnk ,Gnk!. ~26!

The intensityI 0 is given by

I 0
TS25 10

3 (
n,n,k

hnn
k . ~27!

The classical formula for the polarization anisotropy param-
eter is valid only when one scattering channel
(k→n, n→k) predominates

Rclass5 1
5 ~3cos2w21!, ~28!

wherew[wnn
kk is the angle between the dipole moments of

absorption and emission transitionsdnk and dkn . The two-
step model for the average angle between absorption and
emission dipole moments@Eq. ~25!# is an obvious generali-
zation of the classical anglew[wnn

kk . A comparison of the
two-step result Eq.~24! with the explicit one-step formula
Eq. ~22! @see also Eqs.~6!–~8! and ~14!# shows the strong
influence of interference of scattering channels on the polar-
ization of x-ray fluorescence. The channel interference is re-
flected in Eqs.~6!–~8! by the cross terms (kÞk1) under
summation over core levelsk. In many cases, as for the
C60 molecule used as an example below, the core orbitals are
strongly degenerate. Therefore, the contribution to the cross
section and to the polarization anisotropy parameter of the
interference terms (kÞk1) are comparable with the direct or
two-step model terms (k5k1). Also, the total unpolarized
cross section@see Eq.~20!# is subject to interference effects
that distinguish the one-step from the two-step model in

which the x-ray scattering cross section for a given channel
@Eq. ~16!# is assumed to be proportional to both the absorp-
tion and emission probabilities.

The significance of the interference effects can be illus-
trated even for a system with only two possible channels,
i.e., for the case where there are only two core orbitals
(k1 ,k2), involved in the process. Considering the case with
only one valence orbitaln and one unoccupied orbitaln, the
one-step model gives

I 0
OSM}lnn

G 5I 11I 21I cross ~29!

and

I 15uznn
k1 u2, I 25uznn

k2 u2,

I cross52 Re~z
nn

k1* znn
k2 !coswnn

k1k2coswnn
k1k2 . ~30!

According to the general two-step model TS2, the emission
intensity is

I 0
TS2}I 11I 2 . ~31!

To rewrite Eq.~30! one has

I 0
OSM}I 0

TS2~11I int! ~32!

and

I int5I cross/I 0
TS25

2 Re~z
nn

k1* znn
k2 !coswnn

k1k2coswnn
k1k2

uznn
k1 u21uznn

k2 u2
. ~33!

The difference between the one-step and the two-step models
is thus dependent on the interference strength
I int , 0<uI intu<1. If the interference strength is equal to zero,
both models will give the same result; when the interference
strength is equal to21 the spectral line is depleted.

The difference betweensTS2 andsOSM is obvious, and it
is quite evident that the two-step model cannot give a quan-
titative description for a process that contains more than one
core-excited state, as will be further shown below. Other dis-
tinctions between the one-and two-step models emerge be-
cause absorptionWkn

A (v) and emissionWnk
E (v8) probabili-

ties are strongly coupled in the latter description by the
energy conservation law Eq.~2!, as reflected by the Dirac
D function d(v2v82vnn) whenGnn!Gnk @7#. This leads
to experimentally observable effects@12,18# such as reso-
nance narrowing, Raman related shifts, and Stokes doubling.
Energy conservation can of coursead hocbe imposed also
on the two-step formula, but does not enter in the description
of RXS as naturally as in the one-step case.

III. MODEL CALCULATIONS

We carry out model calculations for a set of molecules in
order to explore the differences between one- and two-step
models for polarized resonant x-ray emission spectra. Apart
from the polarization anisotropy (R), we investigate the non-
polarized intensity (I 0), and both these quantities will be the
subject for the discussion presented in the following subsec-
tions. All calculations are performed at the frozen Hartree-
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Fock level with double-zeta basis sets~based on test calcu-
lations on RIXS spectra given in Refs.@16,19#; the
computational details are insignificant for the present find-
ings!. Only the case when the excitation energy is resonant
with the first core-excited state is considered. The lifetimes
of the core excited states of C and Cl are set to 0.15 and 0.6
eV, respectively. The linewidths of incoming photons are as-
sumed to be 0.2 eV for CKa emission and 0.9 eV for Cl
Kb emission, respectively. Since the linewidths of incoming
photons are larger than the lifetime widths the effects of
resonant narrowing on the polarization anisotropy is not dis-
cussed.

A. CF3Cl

A comprehensive experimental analysis on the resonant
Cl Kb emission spectra of CF3Cl has been provided by
Southworthet al. @3#. These authors found that the classical
formula for the polarization anisotropy works quite well for
this molecule. As shown in Sec. II C, the one-step, two-step,
and classical models give the same predictions when there is
only one core hole involved in the scattering. Figure 1 shows
the calculated unpolarized intensityI 0 and polarization an-
isotropy parameterR for the case when the core orbital
1a1 , Cl~1s), is resonantly excited to the lowest unoccupied
molecular orbital~LUMO! 11a1 . Applying the classical for-
mula Eq.~28!, one obtainsR(a1)5

2
5 andR(e)52 1

5, which
are the same as the experimental measurements.

We find I 0(10a1):I 0(7e)50.24, where the experimental
measurement givesI 0(10a1):I 0(7e)50.14 @3#. This differ-
ence is purely due to the limitation of the computation, but
not the choice of models. Without considering screening, one
obtains from either the one- or the two-step models that

I non~10a1!:I non~7e!5I 0~10a1!:I 0~7e!50.24, ~34!

which is in good agreement with the nonresonant experimen-
tal value of 0.27@20#. Screening leads to a dependence on
n of the emission energyvnk(n) and the dipole matrix ele-
mentsdkn(n) and Eq.~34! will no longer hold. Experimen-
tally it is found that screening causes an energy shift up to
1.0 eV @21#. The difference between calculated and experi-
mental values forI 0(10a1):I 0(7e) might indicate screening
effects on the dipole matrix elements.

B. CF2Cl 2

The polarization dependence of resonant x-ray emission
spectra for the CF2Cl 2 molecule has been observed experi-
mentally, but without further interpretation@4#. Having only
two symmetry-related atoms involved in the x-ray emission,
this molecule poses a good test case for the investigation of
the difference between one- and two-step models.

The relevant LUMO level is assigned as 13a1 @20#. The
two Cl 1s core orbitals have the symmetriesa1 and b2 ,
which are both dipole allowed in transitions to the LUMO.
There are therefore two close-lying core-excited states in-
volved in the resonant x-ray emission and one thus expects
to observe some differences between the one- and two-step
models. Figure 2 shows the unpolarized intensityI 0 and po-
larization anisotropyR calculated by the one- and two-step
models. A quite large difference for the polarization anisot-

ropyR between the two models is observed, while they give
the same results for the intensity distribution for the unpolar-
ized intensityI 0 . This can be understood by inspection of the
formula for I 0 andR. As shown in Eq.~23!, the unpolarized
intensity I 0 is in the one-step model determined by the pa-
rameterlnn

G . According to Eq.~7!, one can see that for a
molecule belonging to theC2v point group

coswaa
kk15H 1 if k and k1 have the same symmetry

0 if k and k1 have different symmetry,

~35!

wherea refers either to the valence orbitaln or to the unoc-
cupied orbitaln. In the case of the CF2Cl 2 molecule, the
two Cl 1s core orbitals have different symmetries and the

FIG. 1. ~a! Unpolarized intensityI 0 and~b! polarization anisot-
ropy parameterR for the CF3Cl molecule.
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contribution from the interference terms for the unpolarized
intensity I 0 is zero. The one- and two-step models should
thus give the same result for the intensity distribution of
I 0 . However, for the polarization anisotropy parameterR,
there is another type of interference term coswnn

kk1 associated
with the parameterlnn

H see Eqs.~8! and ~22!. No simple
relation like Eq.~35! can be obtained for this term. For the
case studied here, where the symmetries of the core orbitals
and the unoccupied orbital are known, the interference effect
can be directly related to the symmetries of the valence or-
bitals n. Such an interference effect is responsible for the
differences shown in Fig. 2~b!.

C. C6H 5„NH2…

Like other monosubstituted benzenes, the aniline~amino-
benzene! molecule provides a good test case for the role of

chemical shifts in x-ray spectra@22#. It has been found that
for the spectrum referring to the first strongp* resonance of
this molecule, three different channels, namely, the transi-
tions from the C2,3,4(a1) core orbitals to the firstp*( b1)
molecular orbital, should be taken into account@22#, while
the second absorption feature can be assigned as one separate
transition to thep* level from the distinctly shifted core
level associated with the carbon atom closest to the amino
group @see Fig. 3~a!#. The latter represents the same case
with isolated core levels as does CF3Cl treated in Sec. III A
above, thus with the two-step model description being appro-
priate for both the polarization anisotropy and the integrated
cross section. The three intermediate core-excited states, es-
pecially C3(a1)p*( b1) and C2(a1)p*( b1), pose a more in-
teresting case because of their small energy separations, and
one can anticipate large interference effects as discussed in
Sec. II C. The calculated unpolarized intensityI 0 and the
polarization anisotropyR are shown in Fig. 3. In contrast to
the case of CF2Cl 2 , the unpolarized intensitiesI 0 from the
two models now show different intensity distributions. The
spectrum calculated from the one-step model gives good
agreement with the experimental observation. On the other
hand, the polarization anisotropyR shows the same behavior
for both models. This is easy to understand following the
same discussion as in Sec. III B. We know from Eq.~35! that
when the core orbitals have the same symmetry, the interfer-
ence terms will contribute to the unpolarized intensityI 0 . It
is this interference effect that makes the difference between
the one- and two-step models shown in Fig. 3~b!. In the
two-step model the polarization anisotropyR has a simple
form for low symmetry point groups, i.e., for C2v

RTS25H 2/5 if n andn have the same symmetry

21/5 if n andn have different symmetry.
~36!

This could be directly obtained from Eqs.~24! and ~25!. By
inspecting Eqs.~6!–~8!, one finds that the one-step model
gives

lnn
F 5lnn

H 5H lnn
G if n andn have the same symmetry

0 if n andn have different symmetry,
~37!

where one should keep in mind that the core orbitals have the
same symmetry. Putting Eq.~37! into Eq. ~22!, the same
relation as shown in Eq.~36! for the two-step model is ob-
tained for the one-step model as well.

D. C60

Being of high, isocahedral, symmetry C60 served as an
illustration for the symmetry selective character of RXS for
randomly oriented molecules@16#. Here we compare differ-
ences between the one- and two-step models with respect to
intensities and polarization of the RIXS spectra of this high-
symmetry molecule. We explore the case when the energy of
incoming photons is resonant with the first isolated LUMO

FIG. 2. ~a! Unpolarized intensityI 0 and~b! polarization anisot-
ropy parameterR for the CF2Cl2 molecule, calculated by one-step
~solid line! and two-step~dashed line! models.
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level (t1u) of C60. Since there are a large number of sym-
metry adapted core orbitals involved in this process, the in-
terference effect produces results from the one- and two-step
models that are different for bothI 0 andR; see Figs. 4~a! and
4~b!. There are large differences especially for the polariza-
tion anisotropy. This implies that the polarizations ratios@8#,
which define much of the utility of RIXS in terms of sym-
metry assignment and orientational probing, also are com-
pletely different in the one- and the two-step models. If tail
excitation and vibronic coupling are taken into account, we

nevertheless believe that the actual differences will be dimin-
ished for the higher resonant states with more nonresonant
appearance in the spectra.

The C60 species brings up the linking of the localized and
delocalized descriptions of RIXS with the one- and two-step
descriptions. As we have shown recently@7#, the scattering
channel interference depends strongly on the representation
of the core excited statesuk21n&. For example, the interfer-
ence vanishes strictly in the case of homonuclear diatomic
molecules going from the localized to the delocalized repre-

FIG. 3. Unpolarized intensityI 0 and polarization anisotropy parameterR for the aniline molecule.~a! X-ray absorption spectrum of
aniline @22#. The corresponding assignments in the spectrum are~1! C2(a1)p*( b1); ~2! C3(a1)p*( b1); ~3! C4(a1)p*( b1), and ~4!
C1(a1)p*( b1). ~b! I 0 calculated by one-step~solid line! and two-step~dashed line! models.~c! R.
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sentations of core orbitals. However, the selection rules and
the particular symmetry of the final state reduce the number
of interfering channels in the symmetry-adapted representa-
tion for core states. The present simulations of C60,
CF2Cl2 , and C6H5~NH2) seem to indicate that it is not pos-
sible to remove the interference in the general case by ap-
propriate transformations of the intermediate states~as also
indicated by the model example forC2v symmetry given
above!. In the case of C60 the interference terms thus do not
disappear under the transition from localized to symmetry-
adapted representations of the core states, but this term in-
fluences strongly the shape, the total cross section, and the
polarization anisotropy of the RIXS spectra. Thus we find the
two-step model to be inadequate for the localized represen-
tation of the core states.

IV. SUMMARY

We have explored the consequences of the one-step for-
malism and the simplifying two-step and classical formulas
for the polarization anisotropy in resonant x-ray scattering of
randomly oriented molecules. The most important distinction
between the one-step and two-step models is that the effect
of x-ray channel interferenceis fully included in the former.
This effect takes place when the intermediate core-excited
states are coherently excited. The x-ray scattering channels
defined by these different core-excited states will interfere
when the energy gaps are of the same order of magnitude as
the lifetime broadening. Investigations of the role of channel
interference have previously been carried out for various
other quantities, such as total cross sections for x-ray scatter-
ing in solids @23#, vibronic fine structure in nonresonant
x-ray spectra of molecules@10,24–26#, multiple structures of
x-ray excited states@27#, and near-degenerate or chemically
shifted core levels in resonant x-ray spectra@22#.

It has previously been predicted that channel interference
may lead to a strong dependence of the shape of the x-ray
fluorescence spectrum on the frequencyv and on the polar-
ization vectors of initial and final photons@7#. In the present
work we quantified these predictions in terms of the one- and
two-step formulations for the polarization anisotropy. The set
of investigated molecules CF3Cl, CF2Cl 2 , C6H5NH2, and
C60 covers the following four different situations:~i! when
the two-step formula is applicable for both the unpolarized
cross sectionI 0 and the polarization anisotropyR, ~ii ! when
it is applicable forI 0 but not forR, ~iii ! when it is applicable
for R but not for I 0 , and ~iv! when the two-step formula
cannot be applied for eitherI 0 or R. The first case, for which
also the classical formula for the polarization anisotropy is
applicable~then identical to the two-step formula!, covers
the important class of molecules with energy isolated and
symmetry nonadapted core hole states, for which the spectral
analysis thus becomes much simpler than for cases~ii !, ~iii !,
or ~iv!. In case~i! @as well as in case~iii !# the symmetry
assignments can be made using information of linearly po-
larized light only, while the other cases in principle require
circularly polarized light to achieve that goal@8#. Calcula-
tions in case~i! lead to simple rational numbers for the po-
larization anisotropy depending only on symmetry and do
not require energies and lifetimes as input, as when interfer-
ence effects are important. The two cases~ii ! and ~iii ! both
represent large sets of common molecules, for which the
two-step model is thus found inadequate. The reason that the
two-step model is valid forI 0 but not forR in case~ii !, and
vice versa for case~iii !, could be derived from the equiva-
lence or inequivalence of the two-step model with the gen-
eral one-step formulas~23! and~22! for the cross section and
polarization anisotropy, respectively. The final case of high-
symmetry molecules, case~iv!, here illustrated by the C60
molecule, represents a smaller class of molecules, but is nev-
ertheless interesting from the point of view of the symmetry
and parity selective character of the x-ray scattering process.
It can be noted that just those molecules for which the sym-
metry and parity selective character of the x-ray scattering is
most relevant is at the same time the ones that are the most
complex with respect to the interference effects and require-
ment of a full one-step implementation for both the polariza-

FIG. 4. ~a! Unpolarized intensityI 0 and~b! polarization anisot-
ropy parameterR for the C60 molecule, calculated by one-step
~solid line! and two-step~dashed line! models.
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tion anisotropy and the integrated unpolarized cross sections.
The present findings can be of relevance for the use of the

polarization anisotropy also for orientational probing of fixed
oriented molecules. Surface adsorbates are systems with
fixed or partially fixed orientations but, when physisorbed,
have the simplicity in the organization of the unoccupied
levels as that of free molecules and should be relevant
samples for measurements of polarization anisotropies. More
complex molecules and solids have a larger density of unoc-
cupied states, which leads to stronger overlap of the core-
excited resonances. This implies that interference will be
more important also in case~i! despite that the bare core

holes are isolated in energy. It might therefore be more dif-
ficult to extract symmetry information and to find simple
relations between polarization ratios and symmetry or geo-
metric properties for such samples and each case would
probably require a full simulation. This should, in any case,
be investigated further.
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