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Polarization anisotropy in resonant x-ray emission from molecules
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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 numbds): 33.70—w, 33.20.Rm

I. INTRODUCTION any molecule using arbitrary types of polarized radiation

[7,8]. By performing orientational averaging, pertinent to
Improvements in construction principles of high bright- RXS spectra of gas phase molecules, this formulation can in
ness synchrotron radiation sources, x-ray monochromatorgrinciple be used to derive symmetries of occupied and un-
and x-ray spectrometers have resurged the interest in rese_ccupled molecular orbitals from various measured polariza-

nant x-ray scattering measurements. The ability to generaf" ratios(ratios of cross sections for different combinations

X-ray emission spectra by selective excitation involving dis-Of polarization directions of incoming and outgoing x-ray

crete core-excited states has made it possible to record flu%g?tk%?ztz'iozﬁvi\é?r:’ Gi)r(m((:eeg[afsosrictglefc\),\;mﬁlsaOgnla”}glretr?g%vg(r)l;
rescence spectra covering a large interval in the x-ray wave Y

; L S on polarization distributions for resonant x-ray spectra of H
length region1-5]. A distinct step forward in this field was : - o ;
obtained in the works of Lindle and co-workef2—4, in ,S in theelastic mode[9], no quantitative analysis of the

hich i h hat th larizati f polarization anisotropy in resonant x-ray emission experi-
which it was shown that the polarization K3 fluorescence ents of randomly oriented systems have, to our knowledge,

x-ray spectra of chlorofluoromethanes is strongly anisopeen undertaken. In particular, there is need to systematically
tropic. It was found that the degree and the direction of thexxpiore the limitations of either the classical formula as
x-ray polarization is dependent on both the energy of excitapriginally used in Refs[3,4] or the two-step formulas in
tion and the symmetry of the involved molecular valencelight of the general one-step formulation of the symmetry
orbitals. and polarization selective RXS procd§s8], because these
The experimental development has to some extent beemodels provide a simpler interpretation of the experiments.
matched by new theoretical modeling of the x-ray scatteringrhe present work intends to use a set of representative cases
process. The concept of directional preparation of resonarib do just that. Except for the chlorofluoromethanes, we in-
x-ray emission[6] was, however, introduced already 20 clude aniline as representing the common case of chemically
years ago, long before the modern experiments, and stogghifted core levels and £ representing symmetry-adapted
then in some contrast to the attempts to explain polarizatioand quasidegenerate core levels.
anisotropy by stochastic methods. Using this concept, the
polarization of the exciting beam “lines up” the target mol- l. THEORY FOR POLARIZED RESONANT X-RAY
ecules with an anisotropy that is determined by the orienta- EMISSION FROM MOLECULES
tion of the polarization vector with respect to the transition |t s generally agreed that resonant x-ray emission spectra
dipole moment. This anisotropy in turn determines the polarof molecules are adequately represented by a one-step model
ization direction of the emission. Thus, even if the targetdescribing resonant x-ray inelastic scattering as one process.
molecules are randomly oriented, the directional preparatioSeveral different features of resonant x-ray emission spectra
leads to strong polarization anisotropy when the resonant anglve been obtained from this mod8|10—13. The popular-
final-state levels contain elements of symmetry. ity of the two-step model stems from its simplicity and from
A general theory of symmetry and polarization resonanits applicability to nonresonant x-ray emission. For resonant
x-ray scatteringRXS) (inelastic and elastjchas now been emission it is, however, necessary for each given case to
derived with cross-section formulas uncovering the polarizainspect the applicability of the this model and to explore its
tion, orientation, and symmetry dependencies that apply teverlap 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-
"Permanent address: Institute of Automation and Electrometrytive to the customary two-step model we investigate here
630090 Novosibirsk, Russia. also a more general two-step model.
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A. The one-step model with
The cross section of resonant x-ray inelastic scattering
(RIXS) for a realistic experimental situation can be ex- Ao = FREY e =|> X cosphk
pressed af7,10,1] B K

2
: (6)

!

, w , i e k kk kk
o(w ,wo)ZZ Zvan(w”zq)(w +w,,n—w0), (1) )\?n:; annyny*_g gtﬁgV%CO&DVVlCO&Dnnl, (7)
v,n Y 1K1

where® (w— wg) in the incoming photon distribution func- H Biye Kk K Kk Kk
tion centered at frequency,. The frequencyw’ of the anﬁzy Fvny':vny*zlg1 {on{,ncosp,,fcosp 1. (8)
emitted x-ray photons has a Raman related st8fiokes ' '
shift) into the long-wavelength region relative to the fre- The )\ functions are expressed through the angﬁgl be-
quencye of the absorbed photon tween transition dipole momentk, and djk1

w=0'tw,,, (2

" Ky dik- djk, o

in accordance with the energy conservation law reflected by CoSpij = didji, ©)
the 8(w— o' —w,,) function. |F, .(»)| is the Kramers-
Heisenberg formula for the resonant x-ray scattering amplifor the case of real dipole moments. Here
tude[13,14

aw,nd )

o= — i uihen- (10
Fun(@)=2 fly(o), ® o'~ onctiT
The cross termg** /X in Egs.(6)—(8) describe the interfer-
(e -d)[e de(v)] ence of scattering channels through the different core levels

, (4) k#k,. This interference is a characteristic feature of the
one-step description, but is neglected in the two-step model.

heref* denotes th ial h | litude of th Further discussions on the difference between one- and two-
wheref,,(w) denotes the partial or channel amplitude o estep models are given in Sec. Il C. TheG, andH factors

RIXS process. Théth channel amplitudéfn(w) describes g
the two-photon process of absorption of incoming and emis-

X (0)=aw o (v -
yn( ) vk nk( w_ka_,’_ll-\yk

sion of final x-ray photons, the frequencies and polarization F= —|91'ez|2+4|e’1’ .ez|2_1, (11)
vectors of which arevw’ ande;,e,, respectively. The po-

larization vectors are in laboratory coordinadg/’, andZ. G=—|e-&))%— et -ey|%+4, (12)
The indexk enumerates localized or delocalized core orbitals

.. We use atomic unitth=m=e=1, a=13) and the fol- H=4|el'ez|2—|e’f g2 —1. (13

lowing notations: w,, =E(k™1v)—Eq,wn(v)=E(k™1v)
—E(n"v),d=(0|d|k 1v) and dy,(v)=(k 1»|din"1v)  The averaged cross section is given in terms of these factors
are resonant frequencies and dipole matrix elements of x-rags
absorption k— v) and emissionf—Kk) transitions, respec-
tively, where dipole matrix elements are expressed in mo-
lecular coordinategz, andZ. w,,=E(n"1v)—E, is a fre-
guency for the optical excitation— v and is equal to the
difference between energigs(n~1v) and E, of excited
In~1v) and ground|0) molecular statesl,, is the half-
width at half maximum of the x-ray absorption lifke— v.

The electron excited to the vacant molecular orbitdO) XP(0'+w,n— o). (14
¢, screens differently the subsequent decay of electron
from various occupied levela to the inner shelk. This
specific screening effect leads to a dependence o the
frequenciesw, (v) and the dipole matrix elementg,(v).
The range of validity of the Kramers-Heisenberg form{@a

' ' ’
(o(",00)=2 N (@' +0,n=wg)

vn

w/
=V§; —(FAD+GAG+HAY)

'?hese 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. Equatidti4) is perfectly general
has recently been discussed in R&f. for photons of any polarization: linear, circular, or elliptical.

For the randomly oriented gas or solvent molecules, ori-, It has been shown in our previous studi@si6| how this

entational averaging should be conducted. A detailed def_ormulatlon can be used for assigning the molecular orbitals

scription of this referring to the case of randomly orientedfFrgTatztztgﬁgg';ﬁg?nsiasngns%'?;n;itrégwsr;g?enrc,:gs'?éffRIXS'
molecules can be found in our previous stydy (see also y P :

work of McClain[15] for general two-photon transitiopdt
gives B. Two-step models

5 . G u The traditional two-step formulation, which assumes the
(IFunl)=Nn=FN T GAG+HHN, (5)  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  C. Comparison between one- and two-step models
ff’il’ from threshold. Ifcs I|_m|ts, however, have not been inves- ¢ polarization and angular dependencies of resonant
tigated for the polarization anisotropy for near-threshold ex'x-ray fluorescence are also model sensitive. The one-step

citation in the region where resonant processes operate. Thg.seription yields qualitatively different polarization features
customary two-step model seems to be the one in which only, comparison with the two-step model. In the framework of

emission transition$V, (w’) are taken into account: this model[10] it was shown by one of ufs] that x-ray
fluorescence from gas-phase molecules is strongly aniso-
gTSl(w’,w)ocWA(w)kZ] Wﬁk(w')m% Wﬁk(w')- tropic, polarized, and state dependent if the incoming photon

frequency w is below or somewhat above the absorption
(19 threshold. This threshold effect was later observed in Cl and

S K x-ray fluorescence of the gas-phase {CH [17],
This simple two-step model TS1 does not consider symmetrngF,Cl [3], and H,S [2] molecules. The effect can be ex-
or polarization of excitation and can therefore evidently Nofplained qualitatively by the fact that a photoexcitation pro-
be generally valid in the resonant case. In the following, Wecess near the threshold of anisotropic molecules is aniso-
will only discuss the differences between the one-step modelopic and determined by the mutual orientation of the
and a more general two-step model TS2. In this two-stepyo|arization vectore, and the transition dipole moment
model the resonant x-ray scattering cross section is Propok . . Indeed, the absorption probability i9N/QV( )
tional to the product of the absorption and emission prOb'oc|e-de|2. So only molecules withd,, parallel toe, are
abil_itiesW{;\V(w) andWp (@"). This two-step model is then excited. The excited molecules have certain space orienta-
defined as tions because the orientation @f, is defined one to one by

the molecular axis orientation and the symmetry of the un-

TS2 A E , occupied MO ¢,. Thus, like crystals, the space-oriented
oo ’w)m%‘; ka(w)in“ Waid '), (16) core-excited molecules emit polarized x-ray photons aniso-
tropically.
where For the case that the linear polarization vectors of ab-

sorbed and emitted photons have an argyléhe polarization

A —le.d |2 _ dependence of the intensity of the emitted photd(g)
Wie(@) =& dud“Alo—wuo T «(a(w’,wg)) can be expressed with help of E44) as

WE (@) =€ - dnd2A(0" — 0ni,Thi) - 17 1(0)=1o[1+R(3cogh—1)], (20

The TS1 and TS2 models will be the same when the absorpvherel, is proportional to the total intensity emitted in all
tion probability WA(w)=WﬁV(w) is constant, for example, directions and summed over all polarization vectors Riisl
whenw exceeds the core ionization potential. Equatipf  the polarization anisotropy. For experimental reasons the po-
is thus used for the calculation of the nonresonant x-rayarization of both incoming and outgoing photons are seldom
emission spectra. determinedsee, however, experiments by Linddeal. [17]

For the TS2 model a general formula for the random'yand Southworttet al. [3]), and the cross section is obtained

oriented molecules is obtained by orientational averaging. I€ither as angular dependent for unpolarized incoming pho-
gives tons or as dependent on the polarization of the incoming

photons for a fixed exit angle. It is necessary to replace
cos 6 with 3sir?y for the two latter situations, i.e., when the

(0T 0, wp)) >, [(F+HH)NTS2+GA S initial x-ray beam is unpolarized or when a summation over
vn the final photon polarization vectoes is made. In the first
XA(0—w,,T ), (18 casey is the angle betweed and the directiom of incom-

ing photon propagation; in the second casés the angle
betweene and n’, the direction of the outgoing photon

where propagation. In this case, the H&0O) can be written as
Nn=2 |¢sacosels?, 100=1.00+11(x),
= ,
19 (0 =4[ 1R, (21)

XIEZE évt()nz'
k| | () =31[1+R(3sirfy—1)].

The parameter§, H, andG are the same as in E(GL3) and  Using a special spectrometer, it is then possible to measure
X is defined by Eq(10). The parameters’S and\S can  the two different components, and I} as done by Lindle

be obtained from Eq$6)—(8) of the one-step model by only et al. [17] and Southworthet al. [3]. It thus provides the
considering the direct term&€k,). In the following we list  same information as Eq20).

the main distinctions between the two-s{&g. (18)] and the From the one-step mod€éDSM), Eq. (14), the polariza-
one-sted Egs. (1) and(14)] models. tion anisotropy parametd® can be determined as
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which the x-ray scattering cross section for a given channel

3; At A0 P (0" + @0~ wo) [Eq. (16)] is assumed to be proportional to both the absorp-
ROSM=_ -1 tion and emission probabilities.
22 M@ (0’ +w,n— wg) The significance of the interference eﬁect; can be illus-
v.n trated even for a system with only two possible channels,
(22 je., for the case where there are only two core orbitals

(kq,k5), involved in the process. Considering the case with
only one valence orbitai and one unoccupied orbital the
one-step model gives

and the intensityf, expressed as

w!
|83M:§§ —)\an)(a)’+w,,n—wo). (23 OSM,.y G
v,n W IO Oc)\Vn:|1+|2+ICTOSS (29)

To see the difference between the two-step and one-stegyq

models we give the expression fBrandl for the two-step

model neglecting interference. We then take into account the |1:|§kﬁ|2, '2:|§ki|2'
two-step model expressions E¢$9) and (20): : :

S KT ok kik kgk
RTS2=1(3cofe—1). (24) loross=2 RE(L1.£,5)COSp,, °COSP 2. (30

The polarization anisotropy paramet® in the two-step According to the general two-step model TS2, the emission
model is determined by averaging the angldetween ab- intensity is
sorption and emission dipole moments

1052l 141 5. (31
Enk 75nCOS Pl To rewrite Eq.(30) one has
cofp= —. (25
S 1§l §5H L+ 1y (32
< Mn
o and
The parameter,¥,, reflects the contribution of the scattering o
channel k— v, n—k) to the x-ray fluorescence intensity 2 Re(gvagtfl)cos;;tlvkzcospﬁkz
lint= 1 crosd/| 0>%= (33
K K 0 k1211722
Non= oA (0=, T ). (26) |§vn| |§yn|
The intensityl  is given by The difference between the one-step and the two-step models

is thus dependent on the interference strength
|TS2_ 10 2 K 27) Lint 0s|lim|§1. If.the interference strength is eqt_JaI to zero,
o =3 & T both models will give the same result; when the interference
strength is equal te- 1 the spectral line is depleted.
The classical formula for the polarization anisotropy param- The difference between™? and ¢°*M is obvious, and it

eter is valid only when one scattering channelis quite evident that the two-step model cannot give a quan-

(k— v, n—Kk) predominates titative description for a process that contains more than one
core-excited state, as will be further shown below. Other dis-
Re2s%=£(3cose—1), (28) tinctions between the one-and two-step models emerge be-

ks ) cause absorptiolVy,(w) and emission\V5 (w’) probabili-
where ¢=g¢,, is the angle between the dipole moments ofties are strongly coupled in the latter description by the
absorption and emission transitiods, and dy,. The two-  energy conservation law Eq2), as reflected by the Dirac
step model for the average angle between absorption and f,nction S(w— o' —w,,) whenT,,<I, [7]. This leads
emission dipole momen{€q. (25)k]kis an obvious generali- 4 experimentally observable effectt2,18 such as reso-
zation of the classical angle=¢,,. A comparison of the nance narrowing, Raman related shifts, and Stokes doubling.
two-step result Eq(24) with the explicit one-step formula Energy conservation can of courad hocbe imposed also

Eq. (22 [see also Eqsi6)—(8) and (14)] shows the strong  on the two-step formula, but does not enter in the description
influence of interference of scattering channels on the polargf RXS as naturally as in the one-step case.

ization of x-ray fluorescence. The channel interference is re-
flected in Egs.(6)—(8) by the cross termsk@k;) under
summation over core levels. In many cases, as for the
Ceo molecule used as an example below, the core orbitals are We carry out model calculations for a set of molecules in
strongly degenerate. Therefore, the contribution to the crossrder to explore the differences between one- and two-step
section and to the polarization anisotropy parameter of thenodels for polarized resonant x-ray emission spectra. Apart
interference termsk k,) are comparable with the direct or from the polarization anisotropyR), we investigate the non-
two-step model termskE=k;). Also, the total unpolarized polarized intensityl(y), and both these quantities will be the
cross sectiofisee Eq.(20)] is subject to interference effects subject for the discussion presented in the following subsec-
that distinguish the one-step from the two-step model intions. All calculations are performed at the frozen Hartree-

IIl. MODEL CALCULATIONS
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Fock level with double-zeta basis sé€bmsed on test calcu- ———————
lations on RIXS spectra given in Refd16,19; the [ (a)
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 ®a emission and 0.9 eV for ClI
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-

Unpolarized intensity I

cussed.
A. CF,Cl I
A comprehensive experimental analysis on the resonant I
Cl KB emission spectra of GJEl has been provided by 1
Southworthet al. [3]. These authors found that the classical L AL J O\
formula for the polarization anisotropy works quite well for 2800 2505 2810 2815 2820 2825

this molecule. As shown in Sec. Il 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  o.5———————— 1

Energy ( eV)

the calculated unpolarized intensity and polarization an- L (b)
isotropy parameteR for the case when the core orbital 0.4k
la,;, Cl(1s), is resonantly excited to the lowest unoccupied :
molecular orbitalLUMO) 11a,. Applying the classical for- 0.3l

mula Eq.(28), one obtain®R(a;) =2 andR(e) = — £, which
are the same as the experimental measurements.

We find 14(10a,):14(7€)=0.24, where the experimental
measurement givek,(10a,):14(7€)=0.14[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

Polarization anisotropy R
=)
-

Inorf 1081): L nor( 7€) =10(1081):16(7€)=0.24, (34

y

which is in good agreement with the nonresonant experimen-

-0.2
tal value of 0.27[20]. Screening leads to a dependence on [
v of the emission energy,(») and the dipole matrix ele- P T D R
mentsd,,(v) and Eq.(34) will no longer hold. Experimen- 2800 2805 2810 2815 2820 2825

tally it is found that screening causes an energy shift up to
1.0 eV[21]. The difference between calculated and experi-
mental values foly(10a,):1,(7€) might indicate screening
effects on the dipole matrix elements.

Energy ( eV)

FIG. 1. (a) Unpolarized intensity, and(b) polarization anisot-
ropy parameteR for the CF,Cl molecule.

B. CF.Cl, ropy R between the two models is observed, while they give

The polarization dependence of resonant X_ray emissiome same reSU|tS for the intensity diStl’ibutiOl’] for the unpolal‘-
Spectra for the CE:|2 mo|ecu|e has been observed experi_ized intensitylo. Th|S can be UnderStOOd by inspection Of the
mentally, but without further interpretatidd]. Having only ~ formula forly andR. As shown in Eq(23), the unpolarized
two symmetry-related atoms involved in the x-ray emission,ntensitylq is in the one-step model determined by the pa-
this molecule poses a good test case for the investigation é@meternS,. According to Eq.(7), one can see that for a
the difference between one- and two-step models. molecule belonging to th€,, point group

The relevant LUMO level is assigned asd;3[20]. The
two CI 1s core orbitals have the symmetri@g and b,, kky
which are both dipole allowed in transitions to the LUMO. €03, =1 0 if k and k; have different symmetry,
There are therefore two close-lying core-excited states in-
volved in the resonant x-ray emission and one thus expects (39
to observe some differences between the one- and two-step
models. Figure 2 shows the unpolarized intenkityand po-  wherea refers either to the valence orbitalor to the unoc-
larization anisotropyR calculated by the one- and two-step cupied orbitalv. In the case of the CJCl, molecule, the
models. A quite large difference for the polarization anisot-two CI 1s core orbitals have different symmetries and the

1if k and k; have the same symmetry
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. — chemical shifts in x-ray spectf@2]. It has been found that
| (a) ] for the spectrum referring to the first stromg resonance of

] this molecule, three different channels, namely, the transi-
/\ tions from the G 3 a;) core orbitals to the firstr*(b,)

molecular orbital, should be taken into acco(i2g], while
the second absorption feature can be assigned as one separate
l I transition to thew* level from the distinctly shifted core

[

level associated with the carbon atom closest to the amino
group [see Fig. 8a)]. The latter represents the same case
/ ] with isolated core levels as does ¢H treated in Sec. Il A

above, thus with the two-step model description being appro-
priate for both the polarization anisotropy and the integrated
ﬁ/ ) cross section. The three intermediate core-excited states, es-

Unpolarized intensity I

pecially C5(a;) 7*(b;) and C,(a,) #*(b,), 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 intensity and the
L A_,/ ‘ L ] polarization anisotropyR are shown in Fig. 3. In contrast to
2800 2805 2810 2815 2820 2825 the case of CKCl,, the unpolarized intensitidg from the
Energy ( eV) 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

AL N N RS2 hand, the polarization anisotrofy/shows the same behavior
0.6 —\\ for both models. This is easy to understand following the

0.8 71— —

] same discussion as in Sec. Il B. We know from E2p) that
~ when the core orbitals have the same symmetry, the interfer-
SN ] ence terms will contribute to the unpolarized intensgy It

i S ‘ \ ] is this interference effect that makes the difference between
0.2 \//—\\/ ) the one- and two-step models shown in Figb)3 In the

0.4

s ] two-step model the polarization anisotropyhas a simple
oy . form for low symmetry point groups, i.e., for £

Polarization anisotropy R

\ ] 52 2/5 if v andn have the same symmetry
\ 1 | =1/5 if » andn have different symmetry.

-0.2

(36)

-0.4

This could be directly obtained from EqR4) and(25). By

Y] EE S R U R inspecting Eqs(6)—(8), one finds that the one-step model
2800 2805 2810 2815 2820 2825 gi\/es

Energy ( eV)

FIG. 2. (a) Unpolarized intensity, and(b) polarization anisot- . u )\S‘n if » andn have the same symmetry
ropy parameteR for the CF,Cl, molecule, calculated by one-step ANon=Nn= 0 if andn have different symmetr
(solid line) and two-stefdashed ling models. v y Y,

(37

contribution from the interference terms for the unpolarized

intensity |, is zero. The one- and two-step models should o ]

thus give the same result for the intensity distribution ofwhere one should keep in mind that the core orbitals have the

lo. However, for the polarization anisotropy paramefer ~Same symmetry. Putting Eq37) into Eq. (22), the same

there is another type of interference term gosassociated elation as shown in Eq36) for the two-step model is ob-

with the parameten” see Eqgs(8) and (22. No simple tained for the one-step model as well.

relation like Eq.(35) can be obtained for this term. For the

case studied here, where the symmetries of the core orbitals D.C

and the unoccupied orbital are known, the interference effect o

can be directly related to the symmetries of the valence or- Being of high, isocahedral, symmetryggserved as an

bitals n. Such an interference effect is responsible for theillustration for the symmetry selective character of RXS for

differences shown in Fig.(B). randomly oriented moleculdd6]. Here we compare differ-

ences between the one- and two-step models with respect to
C. CeHs(NH ) intensities and polarization of the RIXS spectra of this high-
Like other monosubstituted benzenes, the anilamino-  symmetry molecule. We explore the case when the energy of

benzeng molecule provides a good test case for the role ofincoming photons is resonant with the first isolated LUMO
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T T T T —— T

(a) | X-ray absorption of aniline NH, (b)

Unpolarized intensity Io

P
T

o=
,

v

b

--------

3
|
i /\/\ Energy ( eV)

284 286 288 290 292 294
Energy (eV)

0.57,,‘

04 [

0.3 |

0.1 [

Polarization anisotropy R

01 f

0zl |

030 e
272 274 276 278 280 282 284

Energy ( eV)

FIG. 3. Unpolarized intensity, and polarization anisotropy paramefrfor the aniline molecule(a) X-ray absorption spectrum of
aniline [22]. The corresponding assignments in the spectrum(&reC,(a;) 7*(by); (2) Cs(a)7*(by); (3) Cu(as)#*(by), and (4)
Ci(ap)7*(by). (b) I calculated by one-stefsolid line) and two-stedashed ling models.(c) R.

level (t;,) of Cg. Since there are a large number of sym- nevertheless believe that the actual differences will be dimin-
metry adapted core orbitals involved in this process, the inished for the higher resonant states with more nonresonant
terference effect produces results from the one- and two-stegppearance in the spectra.

models that are different for botly andR; see Figs. &) and The Cgo species brings up the linking of the localized and
4(b). There are large differences especially for the polarizadelocalized descriptions of RIXS with the one- and two-step
tion anisotropy. This implies that the polarizations rafi8s  descriptions. As we have shown recenitR}, the scattering
which define much of the utility of RIXS in terms of sym- channel interference depends strongly on the representation
metry assignment and orientational probing, also are comef the core excited staték ™ v). For example, the interfer-
pletely different in the one- and the two-step models. If tailence vanishes strictly in the case of homonuclear diatomic
excitation and vibronic coupling are taken into account, wemolecules going from the localized to the delocalized repre-
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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 interferencés 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
b ] interference have previously been carried out for various
i other quantities, such as total cross sections for x-ray scatter-

3 : : ing in solids [23], vibronic fine structure in nonresonant
}, 2 i k M | x-ray spectra of moleculd40,24—-28, multiple structures of
RV AN G G ‘

. ‘ x-ray excited statef27], and near-degenerate or chemically
272 274 276 278 280 282 284 shifted core levels in resonant x-ray sped2a].

Energy ( eV) 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 frequemcyand on the polar-

- (b) o | ization vectors of initial and final photoi3]. In the present

0.17 s 1 work we quantified these predictions in terms of the one- and
i ( \ : /J ﬂ ( ] two-step formulations for the polarization anisotropy. The set

0

Unpolarized intensity I

02— T

of investigated molecules GEI, CF,Cl,, C¢gHsNH,, and

] Cgo covers the following four different situation§:)) when
r—# ] the two-step formula is applicable for both the unpolarized
\/AU ] cross sectiornly and the polarization anisotrod®, (ii) when
] it is applicable forl ; but not forR, (iii) when it is applicable
oz ] for R but not for |y, and (iv) when the two-step formula
I U cannot be applied for eithép or R. The first case, for which
g \ ] also the classical formula for the polarization anisotropy is
0.3 1 U ] applicable(then identical to the two-step formyjacovers

<011

Polarization anisotropy R

the important class of molecules with energy isolated and

0.4 v symmetry nonadapted core hole states, for which the spectral

[ ] analysis thus becomes much simpler than for césg<iii ),

/ ] or (iv). In case(i) [as well as in caségiii)] 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 gog8]. Calcula-
tions in casd(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 cagiesand (iii) both
represent large sets of common molecules, for which the
sentations of core orbitals. However, the selection rules antivo-step model is thus found inadequate. The reason that the
the particular symmetry of the final state reduce the numbetwo-step model is valid fot, but not forR in case(ii), and
of interfering channels in the symmetry-adapted representavice versa for caséiii), could be derived from the equiva-
tion for core states. The present simulations ofyC lence or inequivalence of the two-step model with the gen-
CRCl,, and GHs(NH,) seem to indicate that it is not pos- eral one-step formula®3) and(22) for the cross section and
sible to remove the interference in the general case by apsolarization anisotropy, respectively. The final case of high-
propriate transformations of the intermediate stdgesalso symmetry molecules, cadév), here illustrated by the £
indicated by the model example f&,, symmetry given molecule, represents a smaller class of molecules, but is nev-
above. In the case of G, the interference terms thus do not ertheless interesting from the point of view of the symmetry
disappear under the transition from localized to symmetry-and parity selective character of the x-ray scattering process.
adapted representations of the core states, but this term ift-can be noted that just those molecules for which the sym-
fluences strongly the shape, the total cross section, and theetry and parity selective character of the x-ray scattering is
polarization anisotropy of the RIXS spectra. Thus we find themost relevant is at the same time the ones that are the most
two-step model to be inadequate for the localized represercomplex with respect to the interference effects and require-
tation of the core states. ment of a full one-step implementation for both the polariza-

s
272 274 276 278 280 282 284

Energy ( eV)

FIG. 4. (a) Unpolarized intensity, and(b) polarization anisot-
ropy parameteR for the Cz, molecule, calculated by one-step
(solid line) and two-stepdashed ling models.
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tion anisotropy and the integrated unpolarized cross sectionfoles are isolated in energy. It might therefore be more dif-
The present findings can be of relevance for the use of thiicult to extract symmetry information and to find simple
polarization anisotropy also for orientational probing of fixedrelations between polarization ratios and symmetry or geo-
oriented molecules. Surface adsorbates are systems withetric properties for such samples and each case would
fixed or partially fixed orientations but, when physisorbed,probably require a full simulation. This should, in any case,
have the simplicity in the organization of the unoccupiedpe investigated further.
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 This work was supported by the Swedish Natural Science
more important also in casg@) despite that the bare core Research CounciNFR).
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