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The resonantly excited x-ray emission spectra of the Cg, molecule are presented and analyzed in terms
of symmetry- and polarization-selective resonant inelastic scattering processes (RIXS). The theoretical
analysis implements recently derived formalisms for symmetry-selective x-ray scattering. Isolated prop-
erties of the RIXS spectra are simulated and their cooperative action for the buildup of various features
in RIXS of Cq are analyzed. Apart from symmetry and polarization dependences, the role of Stokes
shifts, tail excitation, vibrational excitation, and interference effects are simulated in detail. Other
relevant aspects are discussed in a more brief manner, such as influence of vibronic coupling and non-
resonant anomalous contributions. Several conclusions about the nature of RIXS from Cg, have been
derived. The symmetry- and parity-selective character of the RIXS spectra is clearly visualized by exci-
tation in the band gap. The symmetry selectivity leads to a strong correlation between the shape of the
RIXS spectrum and the shape of the spectral function describing the incoming excitation photons. It
also implies that the RIXS spectra become sparse in the limits of long core hole state lifetime and
narrow-band excitation. Spectra pertaining to higher resonant energies involving a higher density of
core-excited states are less symmetry selective and turn progressively into their broadband excitation and
nonresonant analogues. Tail excitation and Stokes shifts have strong influence on the appearance of the
RIXS spectra, both depending crucially on frequency and form of the spectral functions of the incoming
photons and on the vibrational progressions of the core-excited states. The band-gap generated spectra
emerge as consequences of Stokes shifts when the absorption energies are detuned from the lowest unoc-
cupied molecular orbital resonance. The polarization and angular dependences of RIXS in Cg, are
found to be comparatively weak, something which is rationalized by the highly degenerate electronic
structure and the spherical shape of the molecule. The computer simulations in this work rest on transi-
tion moments and energies obtained by ab initio Hartree-Fock calculations in the full I, point-group
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symmetry.

I. INTRODUCTION

Perhaps no other single molecular species has been the
subject to such a world-wide intense research effort as the
fullerene molecule Cq,. The proposal of the existence of
the fullerene and the discovery of methods for producing
it in macroscopic quantities initiated a great number of
experimental and theoretical studies of its electronic and
geometric properties. Out of many experimental
methods employed, the family of core electron spectros-
copies have found particularly fruitful applications, as
exemplified by photoelectrons,”? electron-energy-loss,>*
x-ray absorption,»%*7 Auger,? and x-ray emission® spec-
troscopies. The development of tunable narrow-band
synchrotron radiation sources with high brightness has
stimulated studies of the resonant counterparts of these
techniques, i.e., resonant Auger (autoionization) and x-
ray emission spectroscopies, synonymous with resonant
nonradiative and radiative Raman spectroscopy, respec-
tively. The interest in these resonant spectroscopies
derives from the potentially rich, but yet very much
unexplored, information they provide about electronic
structure and scattering dynamics.
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The achievements in resonant x-ray Raman-scattering
spectroscopy originate in the use of monochromatic x-ray
excitation with small spectral widths, sometimes smaller
than the lifetime broadening of the core-excited states,
and from the ability to continuously tune incoming x-ray
frequencies near the ionization threshold. Using these
techniques the sensitive dependence of the x-ray fluores-
cence on the frequency and spectral shape of the exciting
radiation has been established. Resonance narrowing
below the lifetime width leads to superhigh resolution
and to linear dispersions of the resonant inelastic x-ray
scattering (RIXS); the width of an x-ray emission line is
defined only by the small lifetime broadening of the final
optically excited state, and by the spectral width of the
incoming radiation. The possibility to use linearly or cir-
cularly polarized radiation gives the opportunity to une-
quivocally assign all resolved electronic states for mole-
cules of any symmetry, as recently shown in Ref. 10.
Contemporary spectral equipment with high-intensity
and narrow-bandpass x-ray photon sources produces
RIXS spectra very rich of structures.

The analysis of RIXS requires in general a one-step
theoretical formalism. The traditional two-step formula-
tion, which assumes the x-ray emission to be decoupled
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from the x-ray-absorption process, has applicability in
the nonresonant case far from threshold, but only in spe-
cial cases for near-threshold excitation in the region
where resonant processes operate. Interpretation of non-
resonant x-ray emission as a one-step process was pro-
posed in the 1970s, by Gel’mukhanov and co-
workers,'! 7% who introduced the notion of x-ray channel
interference, and applied this to investigations of x-ray
scattering in solids’® and molecules,'? and to vibronic
fine-structure analysis of x-ray spectra. This effect, which
is not encompassed by conventional two-step theory,
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. Such interference is mostly relevant
for resonant x-ray spectra in the elastic mode, the polar-
ization and angular distributions of H,S being a recently
studied example,!> but also takes place among vibronic
channels in RIXS spectra. More recent formulations of
x-ray processes are based on one-step many-channel reso-
nant and off-resonant scattering theory, as introduced by
Aberg and co-workers.!6 71

The one-step formulations of RIXS.lead to a Kramers-
Heisenberg-type dispersion formula for the cross section,
with generally only the resonant part of the scattering
process taken into account. Using this starting point
RIXS has been analyzed in periodic solids as a
momentum-conserving process, giving the indication that
it can be used as an interesting band-mapping tech-
nique.'»?%2! The same starting point was adopted to un-
ravel the symmetry-selective properties of RIXS in recent
theoretical works focusing on molecules.?>!>!0 By means
of model calculations several features of resonant x-ray
scattering was proposed and analyzed and which have no
counterpart in the more well-investigated nonresonant
cases, such as tail excitation, form of the excitation fre-
quency function, Stokes doubling, and state interference
effects.?>!>10 The interference of scattering channels
through the core-hole states localized at different atoms
was studied theoretically in Ref. 22, with the symmetry-
selective character of RIXS displayed both in the local-
ized and delocalized core-hole descriptions. It was also
shown that the dipole nature of RIXS transitions imposes
strong selectivity, in contrast to the nonresonant case
where it “only” acts selective for local electron density,
being selective in terms of a molecular-orbital (MO)
analysis only in rare cases. As shown in all these investi-
gations, the RIXS cross section depends strongly on the
symmetry of the occupied and unoccupied levels, and on
the frequency of the incoming photons.

The strongest frequency dependency occurs for small
widths of the excitation functions; however, when linear
dispersion and resonant sharpening below the lifetime
width prevails, the strong frequency and shape depen-
dence also persist for somewhat broader bandpasses of
the excitation spectral functions. This dependence is
quite different in the different frequency regions below
the ionization threshold, i.e., the band-gap, low-energy-
resonant, and high-energy-resonant regions. The two
former regions show a very strong correlation between
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the shapes of the RIXS spectrum and the photon spectral
function, while RIXS spectra pertaining to higher reso-
nant energies exhibit less frequency dependency, and be-
come nonresonantlike because of the higher density of
core-excited states closer to the ionization threshold.
Stokes doubling or Stokes shifting is one effect that
serves as a source for the strong excitation energy depen-
dency of the RIXS spectral shape, and which now is pos-
sible to observe with current instrumentation. These
effects operate over the full energy range, but are particu-
larly conspicuous for band-gap excitation when the fre-
quency o of a narrow-band x-ray beam is detuned below
the lowest x-ray-absorption resonance, and where a single
RIXS line is shifted or even doubled. The symmetry-
selective character of RIXS is the other important factor
that contributes to the strong correlation between the
shapes of the RIXS spectrum and the photon spectral
function. It also leads to the RIXS spectra becoming
very sparse in the limit of long core-hole state lifetimes
and narrow-band excitation. That RIXS spectra pertain-
ing to higher resonant energies involving a higher density
of core-excited states appear nonresonantlike can be as-
cribed to the effects of tail excitation of (slightly) non-
resonant states and of vibronic coupling between these
states. These processes may even be operating at the
lowest unoccupied molecular-orbital level, as here
verified. On the other hand, tuning the exciting x rays to

- lower energies into the band-gap region, the RIXS spec-

trum is purified in the sense that tail excitation vanishes
and that the spectra become the product of electronic
symmetry-selection rules only. Thus spectra recorded in
the band-gap region can potentially be used as tools for
symmetry assignments of occupied levels when the sym-
metry of the first resonance level is known. The change,
shift, and doubling of the band-gap spectra is also cru-
cially dependent on the lifetime of the resonant core-
excited states, indicating that the informational content
of such spectra can be quite large.

Since the works briefly reviewed above focused on
model calculations, here we use C¢, as a far-reaching
molecular case study for the application of formulations
of symmetry-selective RIXS. The purpose of the present
work is twofold; first, to present the high-resolution
RIXS spectra of Cg, to analyze the spectral features, and
to derive their informational contents as closely as possi-
ble; and, second, to use Cq, with its exceptional symmetry
properties to demonstrate the various consequences of
RIXS theory, in particular its symmetry-related aspects.
After presenting the experiment in Sec. II, and theory for
symmetry-selective RIXS relevant to the present work in
Sec. III, we analyze the nonresonant x-ray emission spec-
trum of Cgy, in Sec. IV A. Apart from a detailed assign-
ment, we use this spectrum to calibrate the employed ab
initio computational method, which subsequently also is
applied to the RIXS spectra. Section IV B presents some
preliminary aspects of the analysis of the RIXS spectrum,
Sec. IV B, the computational procedures, and Sec. IVB2
the molecular-orbital (MO) symmetries as assigned by the
computations. Section IV C treats spectral intensities
and shapes in RIXS spectra of Cg,, where the different
isolated properties are simulated and discussed. Symme-
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try selection in RIXS, polarization and angular depen-
dences for randomly oriented molecules, tail excitation,
and vibronic coupling are analyzed in Secs.
IVC1-IVC3. In Sec. V, the experimental results are
analyzed and compared with calculations where all
effects are accounted for simultaneously. Section VI
summarizes the findings of the present work.

II. EXPERIMENT

The experiments were performed at beamline 7.0 of the
Advanced Light Source (ALS), Lawrence Berkeley Labo-
ratory (LBL).2* This beamline is comprised of a 5-m, 5-
cm-period undulator and a 10.000-resolving-power spher-
ical grating monochromator (SGM) covering the spectral
range from 100 to 1300 eV. The sample was made in situ
by vacuum evaporation of pure Cgq, (99.98%) on a clean
and fine Fe surface in the preparation chamber under
UHYV conditions. The evaporation was done by slowly
increasing the temperature to ~250°C and maintaining
for outgassing, and then the film was obtained at 380°C
by 25-min evaporation. Pressure in the preparation
chamber was 8.0X 107 !° Torr before evaporation and
2X 1078 Torr at evaporation. The Cg film was then
transferred from the preparation chamber into the
analysis chamber at UHYV condition, and the experiments
were carried out at a pressure of 1.5X10™° Torr. The
film was thick enough so that the L, ; emission lines of
Fe cannot be observed with 3-keV electron excitation.
The near-edge x-ray-absorption spectrum showed that
the Cq, film was of good quality. The soft-x-ray fluores-
cence was recorded both parallel and perpendicular to
the polarization of the incoming x-ray photon beam; i.e.,
both horizontally and vertically using a high-resolution
grazing-incidence grating spectrometer with a two-
dimensional detector.?#?> The bandpass of the incoming
photon beam was set to 0.15 and 0.22 eV, respectively,
for x-ray absorption spectroscopy (XAS) and x-ray emis-
sion spectroscopy (XES) measurements, and the spec-
trometer resolution was about 0.5 eV. The energy scale
in the x-ray emission spectra was calibrated by using the
elastic peak and Cu L, ; emission lines recorded in the
third order of diffraction.

III. THEORY FOR RESONANT INELASTIC
X-RAY SCATTERING

The interaction of light with electrons can be described
in terms of the perturbing Hamiltonian

Hy =5;3[—alp;- A+ Ap)+a’A-A], (1)
i

where A is the quantized radiation field in the point r;,
and p; the momentum operator of the ith electron. We
use atomic units (#=m =e =1,a= L), which uncover
some crucial properties of the electron-radiation interac-
tion H;,,. The interaction is small for moderate x-ray in-
tensities due to the smallness of the fine-structure con-
stant: a~1072, thus validating the use perturbation
theory. As shown by the quantum-mechanical (quan-
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tized) theory of the interaction of light and matter (see,
e.g., Ref. 26), the interaction term —a(p;- A+ A-p;) can
only mediate one-photon effects; that is, absorption or
emission of single photons in the first order of perturba-
tion theory. It thus makes no first-order contribution to
a scattering process in which there is no net change in the
number of photons, but it can contribute by considering
second-order perturbation theory over a. The expansion
of H;,, shows that the interaction a? A- A must be taken
into account in the first order of perturbation theory.
The interaction a? A- A can lead to the simultaneous ab-
sorption or emission of two photons. Therefore, it makes
nonvanishing contributions to a scattering process in the
first order already. However, for the soft-x-ray wave-
length region, higher terms in the expansion of
Age’ "= Ay+ Aok'r;+ - - - are small. This is so be-
cause k-r;=r; /A, and A is much larger than the typical
dimension of the electron clouds in atoms or molecules.
In the dipole approximation with constant A across the
electron range no contributions will result from the A- A
term for a scattering that changes the molecular states in-
volved. The quadratic term A- A thus makes contribu-
tions only to the elastic scattering amplitude, and, in the
dipole approximation, the inelastic scattering amplitude
receives contributions only from the interaction term
(p;,-A+ A-p;) through second-order perturbation
theory.

The total x-ray scattering amplitude is described by the
Kramers-Heisenberg formula?®

F,(0,0')=F,,(0)+FY )= f% (0)+F R(o') ,

k
(2)
(d,-e;)ey-dy, (V)]
k — v n
[in(@)=aw, 0,4 (v) 0w, FiT, (3)
and
FYR(»')=ale,-€,)8,,
(ey-d, ;) dy, (v)-e]
a%kawnk(v) a),+ka . (4)
where d,, =(0[3;r; |k " lv) and d;,(v)

=(k~W[3,;r;|n"'v) are dipole matrix elements of x-
ray-absorption (k—v) and emitted (n —k) transitions,
respectively. Indices k, n, and v denote levels defined by
core, occupied, and unoccupied molecular orbitals, re-
spectively. w,0’ and e, e, are the frequencies and polar-
ization vectors of incoming and emission pho-
tons: @, =E(k W)= Eg,0,,(v)=E(k~'w)—E(n~"'w).
@, =E(n~")—E, is a frequency for the optical excita-
tion n —v and is equal to the difference between energies
E(n" ') and E, of excited |n " 'v) and ground |0)
molecular states; I',; is the half width at half-maximum
(HWHM) of the x-ray-absorption line k —v. The polar-
ization vectors will be expressed in lab coordinates X, Y,
and Z, the dipole matrix elements in molecular coordi-
nates x’, y’, and z’; see Fig. 1. The electron excited to the
vacant MO v, screens differently the subsequent decay of
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FIG. 1. Laboratory (X, Y,Z) and molecular (x’,y’,z") axes.

electrons from various occupied levels n to the inner shell
k. This specific screening effect leads to a dependence on
v of the frequencies w,;(v) and the dipole matrix ele-
ments d;,(v). The Kramers-Heisenberg formula de-
scribes both x-ray elastic (v=n) and inelastic (v##n)
scattering.

The term F,,(w) given by Eq. (3) shows a strong reso-
nant effect when the condition 0w =w,, is fulfilled, and is
usually called the resonant anomalous scattering term.
The nonresonant scattering amplitude FNR(w') consists
of two terms. The first one is the elastic scattering ampli-
tude ( < §,,, ) caused by the ( A- A) term, while the second
contribution is caused by the (p;- A+ A-p;) term. The
nonresonant scattering is important only far from reso-
nance (for example, in the cases of Raleigh or Thompson
scattering). The ratio of the nonresonant amplitude
FNR(@') to the resonant one F,,(®) (in exact resonance)
is of the order ry/A<<1.2® Here r,~2.8X10" " cm is
the classical radius of the electron and A~107%-10"7 cm
is the wavelength of the x-ray photon. Only the x-ray
resonant scattering will be investigated in this paper, ex-
perimentally and theoretically. Therefore, we will ignore
the small nonresonant term PNR(y') in the Kramers-
Heisenberg formula [see Egs. (2), (3), and (4)].

The spectral and polarization properties of the reso-
nant x-ray scattering are guided by the double-differential

cross section,26:2%15
do d2oRIXS g2, REXS
p—i Py 5
do'dQ do'dQ) do'dQ) (5)

which is the sum of the double-differential cross sections
of resonant inelastic x-ray scattering (RIXS) (v+#n)

d 2 RIXS

do'da 2 2

v

IFV,,(a))l ANo—o'—w,,,[,,), (6)

and resonant elastic x-ray scattering (REXS) (v=n)
2
Slo—w') . (7)

d 20, REXS @'

do'dQ o

SF(0)
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There are two principal distinctions between REXS (7)
and RIXS (6) cross sections. The first is connected with
the lifetime of the final state. For the elastic case this
state is the ground state with infinite lifetime which leads
to infinite narrow REXS lines described by the Dirac 6
function 8(w—w’). In the case of inelastic scattering the
final state is an optically excited state n —v with finite
lifetime T',,!. Thus the RIXS spectral lines are
broadened by the Lorentzian spectral function

_r
mw?+T2)
The lifetime broadening I',, of the optical transition
n—v is negligibly small in comparison with the width of
x-ray transitions I' ;. This allows us to use I',, =0 and
to replace the A function (8) in Eq. (6) by the Dirac §
function 8(w—w’'—w,, ). This circumstance is the basis
for super-high-resolution x-ray spectroscopy, and allows
the recording of x-ray fluorescence resonances without
lifetime broadening.!">!*1® In this paper we will neglect
the final-state lifetime broadening I',, =0. The qualita-
tively different role of the unoccupied levels v in REXS
and RIXS cross sections is the second important distinc-
tion between these processes. As seen from Eq. (7), the
elastic-scattering cross section is the square of the sum of
partial scattering amplitudes |3 F,, |2, while the inelastic
scattering cross section (6) is the sum of the partial cross
sections 3, |F,,|%. The reason for this is that, contrary
to RIXS, the level v is intermediate in the REXS process,
with the result that the interference between scattering
channels with different v takes place.”” For the close-
lying unoccupied v levels this interference causes a viola-
tion of the two-step model.

From now on we focus on the RIXS process, and drop
for brevity its subscript: o(w’,0)=0c**(w’,0). To de-
scribe a realistic experimental situation, we must use the
convolution

Ao, T)= (8)

oo, 0y)= fda) ’d.Q P(w—wg)

—2 IFW((o)\z(D(w +w,, — ) 9)
of the cross section (6) with the incoming photon distri-
bution function ®(w—w,) centered at frequency w,. The
width of the convolution lines is restricted only by the
width ¥ of the spectral function ® of incoming x rays
and, of course, by the instrumental resolution. The fre-
quency '’ of the emitted x-ray photons has a Raman-
related shift (Stokes shift) into the long-wave region rela-
tive to the frequency w of the absorbed photon

o=0"to,, , (10)

in accordance with the energy conservation law reflected
by the 8(w —o0’ —w®,, ) function.

The dipole moments d,; and d;, will be expressed in
laboratory coordlnate axes through the directional cosine
transformation T,ftgx +TPtx+ Tﬁtgx Tt oxs
where the repeated Greek index a implies a summation
over the values &, 7, and §. t.y is the cosine of the angle
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between the £ axis of the molecular coordinate system
and the X axis of the laboratory coordinate system. The
eight other directional cosines teys tezs toys ... are
named similarly; the general direction cosine z,, has a
Greek letter for the molecular axis and a capital italic
letter for the laboratory axis. Putting this into Eq. (2), we
obtain

dBitg et dl, (V)L e
F = vk B n yB€2B 11
vn a%kaa)nk(v) w,_wnk+irvk (11)
or, rearranging, as

F,,=(tgt,5)et e, F57 (12)
where we denote

dﬂkd{ ('V)
FPr = _ kO V]
or a%kawnk(v) P . (13)

as the RIXS transition element. It can be seen that F2Y is
a tensor of second rank. The quantity |F,, |? is thus writ-
ten as

|F,, lzz(ehewemefs)[tm tthpRtaS](ng:Ff/Z*) . (14)

All polarization information is collected in the first fac-
tor, all molecular information in the last factor, and all
orientational information in the middle factor. Both the
first and last factors are Cartesian tensors of the fourth
rank. For molecules with a fixed orientation, such as sur-
face adsorbates, one can use two of these factors to derive
information about the third; e.g., knowing the polariza-
tion and sample orientation, the RIXS spectrum allows a
symmetry assignment of electronic states, or vice versa,
from the knowledge of the polarization of radiation and
the symmetries of the states involved in RIXS, the orien-
tation of the sample can be derived. In the case of gas-
phase samples, averaging must be employed. Only the
orientational factor needs averaging; the polarization and
symmetry factors are independent of orientation. The
polarization dependence of the RIXS transitions makes it
possible to assign the symmetry of the occupied and
unoccupied molecular orbitals.

A. Randomly oriented molecules

A detailed description of the procedure for orientation-
al averaging referring to the case of randomly oriented
molecules can be found in our previous study!® (see also
the work of McClain?’ for general two-photon transi-
tions). It gives

(|F,,1*)=A,,=FAL +GAS, +HAH | (15)
with
2
k€n=2F‘3€2FZZ*=\2§’5,.cos¢>’5’; , 16
B % k
AS, =S FBYFPrr =3 ckx el cosgpiicospm’ ,  (I7)
B

Kk,

" o ke kk ki k
}"vn - EFEZI/FZIIZ* - z gv: gwi cos@,, ICOS¢W1 (18)
By kk
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. kk
A functions are expressed through the angle ¢;; ! between
transition dipole moments d; and d ,

d.-d.
kk, ik “jk,
cosQ;; | =—7— , (19)
Y dixdj,
for the case of real dipole moments. Here
oW @, (V)
o= gy (20)

a)"a)nk +irvk

The cross terms £8*&X, in Egs. (16), (17), and (18) de-
scribe the interference of scattering channels through the
different core levels k#k;. This interference is a charac-
teristic feature of the one-step description, which has
been neglected in the two-step model. The F, G, and H
factors are

F=—le;-e,|*+4|ef-e,*—1, 21
G =—le,e,*—|et-e,/*+4, (22)
H=4le,-e,|>—|ef-e,/*—1. 23)

The averaged cross section is given in terms of these fac-
tors as

(o', 0p)) =2%)\V”q)(m’+wvn —ap)

vh

=2%(kan +GAS, +HAH )

XP(o't+w,, —og) . (24)

These expressions show that the RIXS cross section in
general depends strongly on the polarization vectors of
absorbed and emitted photons, and on the symmetries of
the unoccupied and occupied MO’s. Equation (24) is per-
fectly general for photons of linear, circular, or elliptical
polarization.

The parity and symmetry selection rules for the RIXS
transitions have been discussed in our previous stud-
ies.’>10 In general, the selection rule is controlled by the
parameter d? d},(v). For instance, if occupied and
unoccupied MO’s have opposite parities, ug or gu, then
dP.d},(v)=0, and the transition is forbidden. Using
group theory it is also possible to give the symmetry-
selection rule for the RIXS process; the product of irre-
ducible representations I', XT', XT'zXT',, where v and n
denote unoccupied and occupied orbitals, and a and 3 di-
pole moment components, must contain the totally sym-
metric representation.

The molecular parameters A%, AS , and A, are depen-
dent on the symmetries of the unoccupied, v, and occu-
pied, n, MO’s. For orbitals with different symmetries, the
polarization dependences will not be the same. Polarized
RIXS thus provides a useful tool for assignments of the
occupied and unoccupied MO’s. The polarization vec-
tors may be real, representing linearly polarized photons,
or complex, representing circularly or elliptically polar-
ized photons. If we denote the angle between the linear
polarization vectors of absorbed and emitted photons by
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angle 6, the square of the scattering amplitudes will be
expressed as

Ayn = (= A5y +4A5, =A%)

+(3AE, —2A8, +3AH )cos?6 . (25)

This formula has the same content as Eq. (13) in the work
of Gel’'mukhanov and Agren.?? Such a formula is an ex-
act prediction of the linear polarization behavior of the
RIXS cross section. This polarization dependence is in
general quite strong. For experimental reasons the polar-
izations of both incoming and outgoing photons are not
often determined (see, however, experiments by Lindle
et al.?® and Southworth et al.?®), and the cross section is
obtained either as angular dependent for unpolarized in-
coming photons, or as dependent on the polarization of
the incoming photons for a fixed exit angle. It is neces-
sary to replace cos?0 with %sinzx for the two latter situa-
tions, i.e., when the initial x-ray beam is unpolarized or
when a summation over the final photon polarization vec-
tors e’ is made. In the first case ) is the angle between e’
and the direction n of incoming photon propagation, and
in the second case Y is the angle between e and n’, the
direction of the outgoing photon propagation.

The polarization parameter P is defined as the ratio be-
tween different RIXS cross sections for different com-
binations of photon polarization vectors, and can be
directly measured experimentally. Many different com-
binations of polarization vectors of absorbed and emitted
photons can be formed. However, basically one needs at
least three of these combinations, two of them involving
circular polarization vectors. We label the RIXS cross
sections as A, (Ip), A, (In), and A, (cp) for two absorbed
and emitted photons having parallel linear, perpendicular
linear, and parallel circular polarizations, respectively.
The latter can be arbitrarily clockwise or counterclock-
wise. The polarization ratios can then be written as

Pl Apin)  —AL +4rG, —AH 26
Aplp)  2AF 4218 +2A8
Aya(ep)  —2AF +3AC +3AH

P2= = , 27N
Ap(p)  20F +2A8 +2AH
Anlep)  —2A5 4+3A8 +30H

— n p — n n (28)

Apu(ln) — —AE +408 —A\H

By measuring the polarization ratios P1, P2, and P3, it is
possible to assign the symmetries of occupied or unoccu-
pied MO’s. A detailed discussion concerning the symme-
try assignments of electronic states from the polarization
ratios for any of the 32 crystallographic groups can be
found in Ref. 10.

B. Spectral shape and Stokes doubling

It is a reasonable approximation to assume that for a
fixed v MO, the core-excited state lifetime broadening
I",x is the same for all core-excited states (core MO’s k),
ie., I',, =T, Since symmetry-adapted core orbitals for
a molecule such as Cg, are quasidegenerate, one could
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further assume that w,; =, for all core MO’s k. This
should be a good approximation at least for first-row
species which lack spin-orbit or molecular-field splittings
of the core levels. Doing so, F5 in Eq. (13) can simply
be written as F&) « (0’ —w,o+iT,,) " !. By inspecting the
definition for the cross section, Egs. (24), we can see that
the spectral shape of the RIXS spectrum is determined by
the function

E(Q)=AQ,1)P(Q—Qy) , (29)

where Qy=wy—w,; and Q=o' —w,(v) are the frequency
detunings from absorption and emission resonances, re-
spectively. The A(Q,TI") function responsible for emission
leads to the ordinary condition for an emission reso-
nance:

Q=0. (30)

At the maximum of the incoming x-ray spectral function
D(Q—Qy)=A(Q2—Q), the detunings of both incoming
and outgoing photons are the same:

Q=Q,. (31)
This condition, describing the energy conservation law
[Eq. (10)], gives a Stokes shift of the photon frequency
under the RIXS process. The spectral shape described by
function (29) has two resonant features, (30) and (31).
This results in a doubling of the ordinary RIXS lines, a
Stokes doubling. Recently this effect was investigated for
nonradiative (Auger) x-ray Raman scattering in Refs. 30
and 31. The intensity ratio of the Stokes (31) and the
normal RIXS (30) lines is governed by the width ratio
§=TI'/Ty, as can be seen from Eq. (29). One can easily
understand that the Stokes doubling of the normal RIXS
line is not always observable. Indeed, conditions (30) and
(31) can often only lead to one resonance feature with an
asymmetrical spectral shape. The strict conditions for
the Stokes doubling effect depend strongly on the shape
of the spectral function ®(Q—;). As the most impor-
tant limiting case we approximate the spectral function
(02 —Qy) of incoming x-ray photons by a Gaussian
[@(Q)xexp(—(Q/T4)?)]. Stokes doubling of RIXS
lines can then take place only in the narrow energy re-
gion indicated in Fig. 2. For Gaussian band shapes there
is a lower limit for the width with respect to the lifetime
broadening T' of the normal RIXS line (Ig/I'>V8).
This condition leads to that the width of the normal
RIXS resonance always is smaller than the width of the
Stokes resonance and is approximately equal to the life-
time broadening I', cf. Fig. 3. This analysis provides an
easy clue as to how the experimental parameters should
be tuned in order to find Stokes doubling effects. In gen-
eral cases we have to simulate directly the effects of the
full cross-section formulas (9) or (24) and take into ac-
count interfering effects of overlapping RIXS lines.

IV. RESULTS AND DISCUSSIONS

A. Nonresonant x-ray emission spectrum of Cg,

It is relevant to start a discussion of the resonant in-
elastic scattering spectrum of Cg, by analyzing the non-
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resonant x-ray spectrum first. The strict symmetry-
selection rules imposed by the dipole nature of the soft-
x-ray radiation, and the one-center decomposition model
(local symmetry-selection rules) have constituted the two
main tools in the analysis of such nonresonant spectra.
The strict symmetry-selection rule is most powerful for
the case of degenerate or nondegenerate core orbitals lo-
calized at inversion centers, or with atomic quasidegen-
erate core orbitals split by molecular fields, SF¢ and CO,
being two important examples, while it is somewhat less
selective in the more common classes of molecules with
multicenter core orbitals delocalized over symmetry-
related atoms, such as N,, C¢Hg, and Cgq,. Actually, even
for a molecule of very high symmetry like C,, the strict
symmetry selection does not as such make it possible to
assign symmetries because all orbitals remain allowed.
This is in sharp contrast to the resonant case, as shown in
Sec. IV B.

The x-ray emission spectrum of the Cq, molecule was
recently analyzed by ab initio Hartree-Fock calculations
with standard single- (SZ), double- (DZ), and triple-zeta
(TZ) basis sets.” The results with the TZ basis set are re-
capitulated in Fig. 4, together with the experimental
spectra obtained with 3-keV electron-beam and synchro-
tron radiation (400-eV photon energy) excitation.’? The
frozen orbital model with many-center transition mo-
ments in the full I, symmetry were obtained over all,
quasidegenerate, 60 core orbitals and the 120 occupied
valence orbitals. The dependence of the x-ray emission
intensities on the size of the applied basis sets indicated
that the obtained large basis set results provide a good
representation of the one-particle x-ray emission spec-
trum of Cgy, and an assignment of the structures in the
experimental spectrum was thereby accomplished, as
shown in Fig. 4. For example, it was found that the first
three highest occupied valence orbitals have &, hg, and
8, symmetries, respectively, which is in agreement with
the assignments of Refs. 33 and 34, and which also agree
with the experimental assignments of Weaver et al.!
However, for other orbitals, the assignments based on the
nonresonant x-ray spectrum were different from earlier
calculations.?*3

The calculations in Ref. 9 predicted the one-particle
spectrum and excluded relaxation and correlation effects.
Earlier experience indicates that the calculated relative
intensities within the frozen orbital approximation are in
quite fair agreement with experiment.’® Frozen orbital
energies generally give the correct ordering of ionization
energies for outer valence levels of small molecules. The
relaxation energies as obtained from ASCF (self-
consistent-field) calculations have been found to vary only
moderately.?” For larger systems, ab initio Hartree-Fock
calculations generally exaggerate the total width of the
valence band due to the neglect of electron correla-
tion,>*3874! and this seems to be the case for Cg, as well.
This wideness stems from the correlation error of binding
energies of deeper valence orbitals in such systems. After
division of a factor of 1.3 [a factor widely accepted in the
studies for larger polymer systems,’*3°~*! and also used
in investigations of the valence electron structure of Cg,
(Ref. 34)], a very good intensity distribution for the non-
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FIG. 4. Nonresonant x-ray emission spectra of Cg.

resonant x-ray spectrum of Cg, was obtained from the
frozen orbital calculations. This fact is of importance for
the computational analysis of the corresponding RIXS
spectra given below. This also indicates that the elec-
tronic structure of the fullerenes is only slightly affected
by solidification. From the experimental agreement a
rather detailed assignment of the nonresonant spectrum
can be proposed: Feature A is produced by the first three
highest occupied orbitals 44, 7hg, and 4g,, which agree
with the assignment of photoemission spectra of Weaver
et al.! and the partial-density-of-states (PDOS) calcula-
tion in Ref. 33. Feature B has been assigned as g,, Ah,,
hg, and t,, states by the PDOS calculations.*® The x-ray
calculations indicate that this feature is due mainly to
contributions from the 6hg and 3A, states, showing large
transition intensities, while the 4g, and 4t¢,, states make
relatively small contributions. Feature C seems to have
contributions from several states, possibly from two kg,
one g,, two g,,, one #,, and one ?,, states. The 3t,,, 24,
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and 2g, states would then be the main contributor to
feature D.

States with & symmetries make large contributions to
the x-ray emission spectrum, which to some extent could
refer to the large degeneracy of these 2p-containing orbit-
als. The full transition moments compare quite well with
the p density of states of the high-energy part, but some-
what worse for the low-energy part, which can be taken
as an indication that cross s-p and p-p contributions are
important in addition to the one-center s-p contributions.
The latter are taken into account by the p-density-of-
states and the one-center intensity models. As noted in
Ref. 9, the comparison with the ultraviolet photoemission
spectroscopy (UPS) spectrum indicates a rather striking
similarity between predicted XES structures and mea-
sured UPS structures. The main experimental features of
the nonresonant x-ray spectrum labeled with A4, B, C,
and D thus correspond to features of 1, 2, 3, 4, and 5 la-
beled in the photoemission spectra of Weaver et al.!
This supports a density-of-state interpretation, i.e., that
the number of states per unit energy interval and the de-
gree of degeneracy are more important factors than the
matrix elements.

B. Resonant inelastic x-ray scattering spectra of Cg,

1. Calculations

The resonant elastic and inelastic spectra of Cg, are ob-
tained at the same approximation level as the non-
resonant spectrum discussed in Sec. IV A, thus from
Hartree-Fock frozen orbital calculations, with all-center
x-ray transition moments obtained in the full I, symme-
try. The TZ basis set was used, which in the nonresonant
case gave results almost identical to the DZ basis. This
fact, and the successful assignment of the nonresonant
spectrum using ab initio Hartree-Fock calculations, indi-
cates that the deexcitation part of the RIXS process
should be well reproduced by orbital energies and transi-
tion moments obtained at the frozen orbital Hartree-
Fock level. As discussed above, the one-particle spec-
trum of C¢, and other ““large” systems are too wide as the
result of a progressive increase in the role of electron
correlation down the spectrum, and we therefore employ
the same compensation factor of 1.3 in the RIXS plots as
in the plots for the nonresonant case. On the other hand
Hartree-Fock virtual orbital energies are often poor for
predicting the band-gap energies (they correspond to an
N-electron potential), and the lowest unoccupied
molecular-orbital (LUMO) energy is therefore normal-
ized to the measured energy for the maximum of the first
peak in x-ray absorption spectroscopy. Energies of other
unoccupied molecular orbitals obtained from this pro-
cedure are actually found to be in reasonable agreement
with the experimental values obtained with x-ray absorp-
tion spectroscopy. The RIXS band shapes are extremely

- dependent on the precise setting of the LUMO energies,

cf. the discussion in Sec. IV C 3, and the choice between
computed and experimental core absorption energies can
be crucial for the final assignments of the RIXS spectra.
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2. Symmetries of occupied and unoccupied
molecular orbitals

The symmetries of occupied molecular orbitals were
assigned in the study of the nonresonant x-ray emission
spectra, discussed in Sec. IVA. We find the relevant
unoccupied molecular orbitals governing the absorption
spectrum to be of ¢y, tz, 3y, hgs By, Gy, and g, sym-
metries. Four relatively strong absorption peaks have
been found in the x-ray absorption spectrum. The first
three have contributions from the first four LUMO orbit-
als (in the following denoted as the LUMO, LUMO+1,
and LUMO+2 orbitals), and correspond, in order, to the
Liuws tigs tous and hg molecular-orbital symmetries. The
two latter levels are energetically nearly degenerate, with
h, providing the relatively larger part of the intensity to
the corresponding, unresolved, band. The fourth absorp-
tion band corresponds to the unoccupied orbitals with
symmetries h,,, t,,, a,, and g, where A, dominates.

C. Spectral intensities and shapes of RIXS from Cgo

In order to describe the intensity distribution and spec-
tral shapes in resonant x-ray scattering spectra as given
by Eq. (24) one has, in addition to pure electronic factors
such as symmetry selection, transition moments, and en-
ergies for individual transitions, also to consider several
other factors which are particular to the RIXS process.
Some of these lead only to trivial broadenings of the
bands, such as vibronic excitations in the emission
(Franck-Condon factors), and instrumental-related
broadenings, which will not be considered in the follow-
ing analysis. The nontrivial factors we discuss here are
the lifetime interference effects, Stokes doubling and
shifts, tail excitation, polarization and angular depen-
dences, vibronic coupling, and hole localization. The po-
larization dependence is explored for randomly oriented
species. Using ab initio data for transition moments and
molecular-orbital energies as discussed above, we have
simulated the RIXS spectra with respect to these
different factors and with respect to different experimen-
tal conditions. For each condition, four different spectra
are analyzed for which the incoming photon energies
have been tuned resonant to the LUMO, LUMO+1,
LUMO+2+3, and LUMO +4 levels, respectively. If not
otherwise stated, the following simulations refer to cases
when both incoming and emitted photons are assumed to
have parallel linear polarization. The lifetime broadening
of the core-excited states and the linewidths of incoming
photons have strong influences on the intensities and
spectral shapes of the RIXS spectra, as will be shown
below. The linewidths of the incoming photons are ad-
justed experimentally. If not otherwise stated, the simu-
lated RIXS spectra have been obtained for the lifetime
width of 0.15 eV for all core levels, and assuming Gauss-
ian shapes for the spectral function of the incoming pho-
tons.

1. Symmetry selection in RIXS

Figure 5 shows calculated RIXS spectra excited with a
very small, 0.05 eV, of the spectral function for the in-
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FIG. 5. Calculated nonresonant and resonant x-ray emission
spectra. The lifetime of core-excited states is I'=0.15 eV, and
the linewidth of incoming photons is y =0.05 eV.

coming photons, together with the nonresonant, normal,
x-ray emission spectrum. With this small linewidth, the
effect of tail excitation is effectively excluded, i.e., the
emission lines in each of the RIXS spectra are provided
by the decay from one sole unoccupied orbital. Under
the condition of narrow excitation it is evident that for a
molecule with such a high symmetry as C¢, the resonant
(RIXS) spectra are much more sparse than the non-
resonant spectrum. This fact reflects the strict parity and
symmetry-selection rules operating for the RIXS transi-
tions. The first selection for the RIXS transitions is dic-
tated by the fact that the occupied orbitals should have
the same parity as the unoccupied orbitals; e.g., RIXS,
from the unoccupied orbital of ungerade (gerade) symme-
try, displays only occupied orbitals of ungerade (gerade)
symmetry. Further symmetry selection is given by the
fact that the symmetries of allowed occupied orbitals for
the RIXS transition should have symmetries I'° and
1“°><hg, where the symbol ' represents the symmetry of
the unoccupied orbital involved in the RIXS transition.
For instance, for an unoccupied orbital with symmetry
a,, only occupied orbitals with symmetries a, and A, are
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allowed, while orbitals with ¢,,, t,,, or g, symmetries are
forbidden. For unoccupied orbitals with symmetries ¢,
t» OT g,, occupied orbitals with a, symmetry are forbid-
den. If the unoccupied orbital has h, symmetry, no occu-
pied orbitals with same parity as the unoccupied orbital
are forbidden.

The relative emission intensities for different occupied
orbitals in the RIXS spectra are evidently not the same as
in the nonresonant, normal, x-ray emission spectrum, as
shown in Fig. 5. This could be easily understood by con-
sidering the different mechanisms behind the nonresonant
and resonant x-ray processes.

2. Polarization and angular dependence
for randomly oriented molecules

When the core orbitals are near degenerate, as is the
case for C¢, one needs in principle information from
measurements using both linearly and circularly polar-
ized excitations, for an unequivocal symmetry deter-
mination of occupied MOs when the symmetries of the
unoccupied MOs are known (or vice versa). In Ref. 10, it
was shown that the symmetries of the occupied MOs for
molecules belonging to any of the 32 crystallographic
point groups or to the two groups of linear molecules can
be determined by measuring the so-called polarization ra-
tios P1, P2, and P3, as defined in Eq. (28). In particular,
it is possible to use the polarization ratios to determine
the symmetries of the occupied orbitals of the Cgy mole-
cule belonging to the point group I,. The instructions
for this are collected in Table I.

The experimental spectra in this work are obtained
with linear polarization, and therefore we investigate here
the effect of different linear polarization directions. In
this case the intensity expression for the polarization or
angular dependences of the RIXS transitions has a quite
simple form: If the linear polarization vectors of ab-
sorbed and emitted photons have an angle 6, the polar-
ization dependence of the intensity of the emitted pho-
tons, I(6) < (a(w',a)o)), can be expressed with help of
Eqgs. (24) and (25) as®

I(8)=I,[1+R (3cos’6—1)] (32)
and
3ZJAE, +AE (0 + 0, —wp)
R——‘% v 1|, 33

238 @(0' +w,, —ay)
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where I, is proportional to the total intensity emitted in
all directions and summed over all polarization vectors,
and R is the polarization anisotropy. It should be noted
that the classical formula for the polarization anisotropy
parameter is valid only when one scattering channel
(k —v,n — k) predominates:

Rs=1(3cos’p—1) , (34)

where ¢ =g@** is the angle between the dipole moments in
the absorption and emission transitions, d,; and d,.
This is the reason that, in contrast to the case of Cg, the
polarization dependency of Cl K x-ray fluorescence of the
CF;Cl molecule? could be explained by this classic for-
mula.

When the absorbed photon is linearly polarized, but
emission photons unpolarized, cos?8 should be replaced
by %sinzx in Egs. (32) or (25). yx is the angle between the
polarization vector of the absorbed photon e; and the
propagation direction k, of emission photon. Figure 6(a)
illustrates RIXS spectra for 6=90° (dashed line) and
6=0" (solid line), respectively, when the linewidth of the
incoming photon is 0.2 eV. In Fig. 6(b), the RIXS spec-
tra for y=90° (solid line) and y=0° (dashed line) are
shown. The angular dependence is found to be similar to
the polarization dependence of case 1, but smaller. The
comparison with the corresponding experimental mea-
surements will be discussed in Sec. IV C3.

3. Tail excitation

The shape of the RIXS signal is the result of the
matching between the shape of the spectral function
describing the incoming excitation and the lifetime
widths and distributions of levels and sublevels in the
core-excitation spectrum, as described by the total cross-
section formulas given in Sec. IVC2. This matching
leads to different observable phenomena. We focus here
on tail excitation, which we describe as the case when the
bandpass covers more than one level or sublevel. We dis-
tinguish this from the Stokes shift and doubling, which
involve only one resonance level.

i. Broadband excitation. Figure 7(a) and 7(b) illustrate
the strong correlation between the spectral shapes of the
absorbed and emitted photons. These figures show RIXS
spectra of Cg, when the linewidth of incoming photons
has been assumed to be 0.2 or 1.0 eV, respectively. When
the linewidth of the incoming photons is 0.2 eV, the
RIXS spectra are by large the same as the narrow-band
excitation spectra in Fig. 5. However, some small struc-

TABLE 1. Use of polarization ratios for symmetry assignments of occupied MOs for the Cy, mole-

cule. x denotes an arbitrary value.

P1 P2 P3 Qg () ig(u) Lag(u) 8uw) Rg(u) <« unoccupied MO
X x x ag(u) tlg(u) t2g(u) gg(u) hg(u)
x % x hg(u) hg(u) hg(u) 8z(u)

8g(u) trg(u) Lig(u) <« occupied MOs
3 3 5 n tZg(u)
ry 27 g(u) gg(u) tlg(u) tlg(u) ag(u)

tZg(u)
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tures appear as an effect of tail excitation from the nearby
unoccupied orbitals. For broad linewidths of the incom-
ing photons, tail excitation becomes progressively more
important and could produce a considerable alteration of
the appearance of the RIXS spectra. This is shown in the
1.0-eV excitation spectra of Fig. 7(b).

ii. Role of vibrational excitations. In electronic spectra
generally only symmetric vibrational excitations receive
significant intensities because only these shift the equilib-
rium point with accompanying large Franck-Condon fac-
tors. The vibrational levels of the core-excited states
should therefore have the same symmetries as the corre-
sponding pure electronic states, and the vibrational exci-
tations in absorption or emission should therefore to a
first approximation not change the symmetry-related in-
tensity features in the RIXS spectra, and, in particular,
the polarization properties and angular dependences of
RIXS should remain the same. The role of vibrational
excitations becomes important rather through the effect
of tail excitation. In the preceding the core-excited ener-
gies were taken as the experimental values which corre-
spond to the band maxima, i.e., the vertical energies. The
width of the core-excited states indicates that these maxi-
ma correspond to highly excited vibrational levels. A
simulation has been made to take account of the vibra-
tional excitations following core absorption. We first as-
sume that all these states have the same vibrational struc-
tures, that the maximum of the absorption peak corre-
sponds to the vibrational state v =m, and consider a
series of states from v =0 to v =2m with splittings of 0.2
eV. Figure 7(c) shows a RIXS spectrum corresponding to
the case when the vibronic intensities in the x-ray absorp-
tion follow a Lorentzian distribution with a linewidth of

TS NS RN SR N

/Role of vibrational excitation
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0.5 eV and with a maximum at m =5. The linewidth of
the incoming photons is 0.2 eV, which is the same as that
for Fig. 7(a). The difference between Figs. 7(c) and 7(a)
can be understood by that vibrational excitations have
made the tail excitation more effective. Actually, the
spectra shown in Fig. 7(c) are similar to the ones excited
by broadband incoming photons (1.0 eV), shown in Fig.
7(b). On the other hand, using a Gaussian distribution of
the vibronic intensities with the same parameters, the tail
excitation is much decreased and Fig. 7(c) will in that
case be more similar to Fig. 7(a), i.e., to the narrow-band
excitation case.

iti. Vibronic coupling and Jahn-Teller distortions. The
RIXS transitions are strictly controlled by the symmetry
selection, which creates sparse electronic RIXS spectra of
Ceo in the limit of narrow-band excitation; see Sec.
IVCI1. It is well known in many other electronic spec-
troscopies that vibronic coupling may introduce transi-
tions that are electronically forbidden. This is manifested
in, for instance, two-photon spectroscopy,**** which is
closely related to RIXS. The possible vibronic modes
which can produce symmetry-allowed transitions via vib-
ronic coupling are governed by the fact that the product
of irreducible representations I', X T, X pXT,, where v
and » denote unoccupied and occupied orbitals and « and
B dipole moment components, must contain the totally
symmetric representation. Vibronic coupling may
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FIG. 8. X-ray-absorption spectra of C4 near the C X edge,
obtained with total-electron-yield detection at the horizontal
and vertical positions. The bars indicate the resonant excitation
energies.
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operate among the initial and final orbitals of RIXS tran-
sitions. For a molecule as large as Cg, there are many vi-
brational modes with different symmetries which might
introduce electronically disallowed transitions through
vibronic coupling. The frequencies of vibronic modes in
neutral Cg, range up to 0.2 eV.* For C, one can expect
severe Jahn-Teller distortions due to the extreme high de-
generacy. For instance, the lowest core-excited states,
such as those excited from core orbitals 4, to LUMO

g
ty,, could couple with the normal modes of g
parity ([t Xty ]=a,+hg;  [hgXh]=a,+1,+1y,

+2g,+2h,). It has been predicted theoretically for the
lowest singlet state of Cg, that Jahn-Teller distortion
plays the most crucial role for modes with frequencies
within 0.1 eV.** Similar features can be expected for
Jahn-Teller distortions of core-excited states.

Unfortunately, calculations of the effect of vibronic
coupling are still too complex to carry out for C,. How-
ever, by considering vibronic coupling one can expect the
RIXS spectrum for the LUMO level to be quite different
from the one shown in Fig. 7(a) when the linewidth of the
incoming photons is 0.2 eV. Rather it would look like
the 1.0-eV excitation spectrum shown in Fig. 7(b), due to
the excitation of nearby vibronic modes with different
parities. The effect of tail excitation can effectively be ex-
cluded either by narrowing the linewidth of the incoming
photons, or by tuning their energies as far as possible
from the nearby resonance. An experimental example for
the latter case is given by the band-gap-excited spectra
discussed in Sec. V A. Using this method, the RIXS
spectrum is purified in the sense that tail excitation van-
ishes, and it becomes the product of symmetry-selection
rules applied to the LUMO zero-level only.

V. COMPARISON WITH EXPERIMENT

A. Band-gap excitations

As shown in the previous sections, the determination
of energies for the core-excited states is very important
for describing the RIXS process. The two x-ray absorp-
tion spectra of C,, shown in Fig. 8, were taken in the to-
tal electron yield mode at the two different geometries
used to record emission parallel and perpendicular, re-
spectively, to the exciting photon polarization. As ex-
pected the spectra are almost identical, and in good
agreement with other results.* ® The assignments of the
spectra were discussed in Sec. IVB2. The bars in Fig. 8
indicate the excitation energies at which the x-ray emis-
sion spectra were recorded.

In Fig. 9 we present a series of Stokes-shifted spectra
recorded at different excitation energies. The latter are
indicated in the x-ray absorption spectrum shown in Fig.
8 from 1-a. The last detuning energy is as low as 282.2
eV, 2.3 eV below the upper band-gap edge defined by the
LUMO level. In addition to the inelastic part Fig. 9 also
indicates Stokes features in the elastic (REXS) part of the
spectra. As we mentioned in Sec. IV C 3, the tail excita-
tion could be removed from those measurements. By
considering the linewidth of incoming photons in this ex-
periment, the effect of tail excitation is only possible from
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FIG. 9. Stokes shifted RIXS spectra of Cq, obtained at the
excitation energies marked in Fig. 8.

the vibronic coupling.

The RIXS spectra also show, apart from detuning en-
ergy shifts, broadening and relative enhancements of the
low-energy features. These enhanced features derive
mostly from the Es structure in the LUMO resonance
spectrum. The depletion of the intermediate and high-
energy regions of the RIXS spectra as one proceeds
through larger detuning energies is an important conse-
quence of band-gap excitation. Features E,, E;, and E,
are present for the excitation of 284.5 eV, close to the
LUMO resonance, while they are depleted at 282.3 eV.
From a symmetry analysis the E, feature is a forbidden
LUMO-RIXS transition, and significant parts of E; and
E, as well (for instance, the 64, contribution in Ej3).
Their presence at 284.5 eV is to a large extent an effect of
tail excitation from vibronic coupling modes with g pari-
ty. Actually, the role of vibronic coupling is indicated by
comparing the RIXS spectra generated at the vertical
band-maximum position of the LUMO band (excitation
point a at 284.5 eV) with the spectrum generated close to
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the adiabatic point (excitation point 6 at 284.1 eV).
Despite the small energy difference of 0.4 eV the two
spectra are quite different; the latter is symmetry purified
while the former is composite. We interpret this observa-
tion as meaning that the spectrum generated at the adia-
batic point is dominated by the zero vibrational level
which has the pure electronic symmetry, here ¢,,, leading
to a clean RIXS spectrum, while the spectrum generated
at the vertical point is a composite of the vibronically in-
duced nonsymmetric modes, thus resulting from internal
tail excitations involving many symmetries.

While the E feature is enhanced in accordance with
parity and, in particular, symmetry-selection rules as ap-
plied to RIXS originating from the LUMO level, we thus
observe that the symmetry-forbidden transitions are dep-
leted as the RIXS spectra become determined from one
sole resonance level only, here the ¢,, zero LUMO level.
We can therefore interpret the Stokes features presented
in Fig. 9 as due to a strict enforcement of the symmetry
selection rules for the high isocahedral point group of
C¢- In particular, parity selection sustains the
symmetry-restricted interpretation of molecular RIXS,
and the notion of delocalized core electron excitation.
These observations, and the change of spectral shape, are
backed by the simulations presented in Fig. 10.

Apart from a purification in the Stokes region due to
symmetry selection, the spectra become shifted and dis-
torted due to a delicate dependence on core-hole state
lifetime, on detuning frequency (as is obvious from Fig.
9), and the shape of the excitation spectral function. We
have simulated the dependence of these parameters; the
results are shown in Fig. 10. Out of these parameters the
frequency and band pass [full width at half maximum
(FWHM)] are well determined experimentally (the
FWHM of 0.2 eV has been used in the experimental spec-
tra shown), while the shape of the excitation function and
the lifetime are in general unknown parameters (a Gauss-
ian function has been used in Fig. 10). The area restrict-
ing the observation of Stokes doubling is quite narrow for
Gaussians, with a quite complex relation between I' and
I'y; see Sec. III B. For Stokes doubling in the Gaussian
case the normal peak can easily be drowned by the Stokes
peak, especially when there are other (here vibrational)
degrees of freedom present. Other limiting cases for the
spectral functions give quite different constraint areas for
observation of Stokes doubling. In reality one may end
up in combined functions, e.g., Voigt functions, or in
tail-cut functions with complex analytical properties and
consequences for the RIXS signal.

In the simulated spectra of Fig. 10, we have for simpli-
city assumed a pure ¢, character of the resonant LUMO
level, without vibrational broadening and tail contribu-
tions from the vibronic modes. This restriction gives a
good representation of all Stokes-shifted spectra, but a
rather poor resonant LUMO spectrum (position a), due
to a lack of contributions from vibronically induced tran-
sitions as mentioned above. The E, and Es features are
due to contributions from valence orbitals with u parity,
as indicated in Fig. 5. Those two features are well de-
scribed by the simulated spectra for all cases. This indi-
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cates that the vibronically induced transitions appearing
in the resonant LUMO spectrum (position a) derive from
the modes with gerade (g) parity. However, it is under-
standable that when the excitation energy is very deep in
the gap, the relative strength of tail excitations from
nearby vibronic levels becomes larger. This may partly
be responsible for the enhancements of feature E at posi-
tions 1 and 2 in Fig. 10.

For Gaussian functions one obtains experimental con-
cordance for realistic I' values. The dependence of the
Stokes-shifted spectra on the lifetime is not so strong for
Gaussian functions as it would be for, e.g., Lorentzian
functions (from simulations of the same type as those giv-
ing Fig. 10, we can discard, Lorentzian functions as un-
realistic). The simulations with Gaussian functions indi-
cate that the lifetime of the core-excited LUMO level
should be confined to the interval 0.05-0.3 eV for Cy,.
This is what can be expected from measurements of
smaller carbon-containing molecules [e.g., 2'=0.15 eV
for the C 1s 7* level of CO, (Ref. 46)].

B. Resonant excitations

The RIXS spectra of Cg, excited at various photon en-
ergies indicated by a-h in Fig. 8, with the detector
placed at the vertical position perpendicular to the excit-
ing polarization, are displayed in Fig. 11. The spectral
profile shows a strong dependence on the excitation ener-
gies below the ionization threshold. Well below the ion-
ization threshold, the density of core-excited states is
small, and the excitation frequencies can be tuned to be
selectively resonant with individual or a few individual
states of certain symmetries. The strong symmetry selec-
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core-excited states, the RIXS spectra become similar to
the broadband-excited or the nonresonant spectra. The
pronounced features in the RIXS spectra shown in Fig.
11 are labeled E,, E,, E;, E,, and E5. It can be seen that
when the photon energy is shifted from 284.5 to 285.85
eV, the intensity of E; becomes stronger relative to E,
and E;. The relative intensity of E; increases at a pho-
ton energy of 286.37 eV and decreases at a photon energy
of 288.3 eV. The E, feature has a different behavior from
the E,, E,, and E; features. It changes only slightly with
frequency, probably because it contains quite many
close-lying states with different symmetries. The E;
feature is clearly resolved at the photon energy of 284.5
eV, but appears only as a shoulder at other photon ener-
gies.

A comparison between the experimental and simulated
spectra at photon energies of 284.5, 285.85, 286.37, and
288.3 eV is shown in Fig. 12. The simulated spectra are
based on the calculated spectra shown in Fig. 7(a) convo-
luted by an experimental broadening of 0.4 eV. These are
“pure” electronic contributions, excluding tail excitation
from vibronically induced transitions. Such a compar-
ison could be used to identify the vibronic contribution to
the experimental RIXS spectra, which was discussed in
Sec. V A for the spectrum referring to the LUMO orbital.
It is clearly indicated that the vibronically induced transi-
tions have significant contributions. However,the main
trends of the spectral profiles going from low to high ex-
citation frequencies, scanning LUMO through
LUMO +4 orbitals, are still reasonably described by the
pure electronic simulations. The spectra at photon ener-
gies of 285.8 and 286.4 eV are quite similar, which

tion in the RIXS process is indeed demonstrated by Fig. reflects the fact that LUMO+1 and (LUMO+2,
11. For higher energies involving a higher density of = LUMO+3) are closely located in energy.
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FIG. 11. RIXS spectra of Cg, obtained with various photon
excitation energies, recorded at the vertical position.

As discussed in connection with the nonresonant spec-
trum in Sec. IV A the spectral features are of different
complexity with respect to a MO analysis. Thus while
the highest occupied molecular orbital (HOMO) and
HOMO-1 are quite simple (assigned as 4k, and 4g, +7h,,
respectively), the E, structure contains not less than
six near-degenerate MO’s (5h, +3g, +3g, +4t,, +4h,
+2g,). Of particular interest is the fact that E5 is dom-
inated by ungerade contributions (3¢, +2h, in addition
to 2g,), and that it correlates strongly with excitation to
the LUMO level (5¢,,). We see this as a confirmation of
the parity-selection rule associated with RIXS spectra.??
The REXS peak (peak e) is very strong when the exciting
photon beam is tuned to the first LUMO level. At higher
resonant excitation energies this elastic peak is consider-
ably weaker. As expected, the elastic peak becomes more
dominating for vertical (perpendicular) emission than for
emission in the horizontal plane (parallel to the polariza-
tion of the exciting photons). Ignoring polarization
effects the relative intensities of these REXS transitions
should relate quadratically with respect to the corre-

C K-emission of Cg,

—— Calculation
—e— Experimental

265 270 275 280 285 290
Energy (eV)

FIG. 12. The experimental and calculated RIXS spectra of
Cyo below the ionization threshold.

sponding absorption peaks (they involve four rather than
two identical transitions moments) which is not far from
being the case, cf. Figs. 8(a) and 11. Properties of REXS
spectra differ from the corresponding RIXS spectra in
several aspects, in particular concerning lifetime interfer-
ence and polarization effects, and we postpone the
analysis of the REXS spectra of Cgj to a later date.

Figure 13 shows the angular dependence of soft-x-ray
fluorescence spectra of Cgq, obtained by recordings at both
horizontal and vertical emission directions. This corre-
sponds to the third case discussed in Sec. IVC2. The x-
ray fluorescence was normalized such that the integral in-
tensity of the low-energy flank region between 268 and
273 eV is the same for the horizontal and vertical detec-
tion positions. With this normalization it is noted that
the x-ray fluorescence profiles recorded at the vertical po-
sition are lifted for all prominent RIXS features at excita-
tion energies below the ionization threshold. At a photon
excitation energy of 310 eV the profiles of the x-ray
fluorescence are identical for the two detected positions.
The vibronically induced transitions have a significant
influence on the RIXS spectra, as shown in Fig. 12. It
was discussed in Sec. IV C 3 that such vibronic contribu-
tions can somehow be simulated by broadband excitation.
The calculated spectra shown in Fig. 13 are thus obtained
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FIG. 13. The angular depen-
dence of RIXS spectra of Cg.
The experimental (left) and cal-
culated (right) RIXS spectra are
obtained at the horizontal and
vertical positions.
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with the same conditions as that for Fig. 7(b), i.e., a
linewidth of 1.0 eV is used for the incoming photons. A
comparison with simulations is aggravated by the some-
what arbitrary choice of normalization to be made in
both the experimental and theoretical spectra. Normaliz-
ing the two profiles at the low-energy flank in the simu-
lated cases, we obtain an angular dependence that is in
quite good accordance with the experimental one for the
intensive group of features comprising E;, E,, and Ej,
but which underestimates the larger angular effects for
the weaker E,| and E, bands, although the correct trends
are obtained even for these. Some of this deviation can
probably be due to the incoherent contributions not fully
included in the simulation, but perhaps also to polariza-
tion discriminations in the soft-x-ray detector used in the
experiment. It can be seen that the overall angular
dependence is not very strong, something that can be un-
derstood by the high degree of degeneracy of MOs in C,.

VI. SUMMARY

Using Cq, as a far-reaching molecular test case, we
have shown in this work that resonant inelastic x-ray
scattering spectroscopy (RIXS) provides a potentially
rich method for electronic structure investigations. We
have validated the use of Kramers-Heisenberg resonant
scattering theory for describing RIXS, and extracted its
consequences for symmetry- and polarization-selective
scattering spectra according to a formulation recently
given in Refs. 10 and 22, and which was further elaborat-
ed here. Many effects or processes contributing to the to-
tal RIXS cross section can be derived from this common
formulation, and their isolated behaviors have here been
simulated with C4, as a framework and using ab initio
computational data as the building blocks.

It has become obvious that symmetry selection leads to

280 285 290

Energy (eV)

a strong frequency dependence of the RIXS signal, and
that the shapes of the RIXS spectra are strongly correlat-
ed to shapes of the spectral functions describing the in-
coming excitation photons. The strong symmetry selec-
tion, including the parity-selection rule, is here verified by
the RIXS spectra of Cq. For a molecule with a high
symmetry the RIXS spectra pertaining to the lower well-
separated resonance levels become very sparse in the lim-
it of narrow excitation band passes. In addition to the
symmetry selectivity, the matching between the shape of
the spectral function describing the incoming excitation
and the shape and distribution of levels and sublevels in
the core-excitation spectrum is an important factor for
the strong frequency dependence of RIXS spectra. This
matching leads to effects like the tail excitation and
Stokes shifts (Stokes doubling) described in some detail in
this work. Tail excitation is the primary reason that
RIXS spectra grow complex and appear similar to the
corresponding nonresonant spectra for the dense reso-
nances at higher core-excitation energies and for broader
excitation bandpasses. The tail excitation is much
enhanced by the vibrational progressions accompanying
core excitation, and by the presence of vibronic coupling.
Its strength was directly proven here by showing that a
few structures, which by symmetry cannot derive the first
LUMO level, strongly varied with respect to the
symmetry-allowed structures when the excitation energy
spanned the low-energy flank of the first core-absorption
band.

The one-step formalism differs distinctly from the con-
ventional two-step models used in several previous works
for x-ray fluorescence spectra. The differences between
one- and two-step models are apparent already in the un-
polarized case, but become even more conspicuous for
the polarization anisotropy. We find that Stokes dou-
bling is apparent under special conditions. The condi-
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tions differ significantly for the limiting cases of the pho-
ton spectral functions, being quite restricted for Gaussian
functions. This illustrates the fact that the experimental
determination of the excitation spectral functions be-
comes a prerequisite for conducting an accurate analysis
of the RIXS spectra, and that narrowing of the excitation
functions without the control of, for instance, their
flanks, may even destroy the informational content of the
generated RIXS spectra. The C¢, molecule with its high
isocahedral symmetry illustrates that Stokes-shifted spec-
tra have particular consequences for symmetry selection
of RIXS. Most conspicuous are the spectra following
band-gap excitation. These become symmetry purified,
but also strongly distorted because of the delicate depen-
dence on both frequency and form of the spectral func-
tions for the excitation photons. The agreement between
the simulations and the band-gap-excited spectra proves
the selectivity based on the full, nonbroken, point-group
symmetry, and that the RIXS spectra can be understood
by assuming delocalized core electrons and delocalized
core-hole states. The sharpening or broadening of the
Stokes lines can also be used to determine lifetimes, and
presumably also, for simpler systems than investigated
here, vibrational and geometrical properties of the mole-
cule.

Other important RIXS features are the polarization
and angular dependences, explored here for randomly
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oriented or ordered C¢, molecules. Other relevant as-
pects are discussed qualitatively in the present work,
namely state-lifetime interference effects, the influence of
vibronic coupling, and the core-hole localization prob-
lem. In analogy with general two-photon spectroscopy, it
is argued that vibronic coupling is an important in-
coherent factor in RIXS, which may destroy some of the
selective character based on electronic symmetry rules
only. Numerical demonstrations of the importance of
vibronic coupling and other RIXS effects for a set of
selected small molecules are now in progress.
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