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Role of screening and angular distributions in resonant x-ray emission of CO
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Resonantly excited carbon and oxygen x-ray-emission spectra of gaseous carbon monoxide are presented.
Emission spectra obtained with selective excitation tostfievalence orbital and to various Rydberg levels are
compared to satellite-free nonresonant spectra. Screening effects caused by the excited electron, creating
energy shifts and intensity variations in the resonant spectra compared to the nonresonant spectra, are observed,
as well as an angular dependence of the resonantly excited spectra. The experimental spectra are compared to
simulated spectra where the vibronic part is computed by means of a lifetime-vibrational interference formal-
ism. The electronic intensities are analyzed by a separate-state, self-consistent-field method and a formalism
for resonant inelastic x-ray scattering, focusing on screening and angular dependence.
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PACS numbds): 33.20.Rm, 33.50.Dq, 33.70w

I. INTRODUCTION [7,8]. These works as well as studies of optical fluorescence
from molecules following valence ionization by synchrotron
The rapid development of synchrotron radiation instru-radiation[9] have shown that the angular and polarization
mentation in the past few years has spurred an increasingjstributions in some cases are anisotropic.
number of resonant x-ray-emissi@RXE) studies in the soft- Despite the lack of experimental data, theoretical predic-
x-ray region[1]. The introduction of third-generation ma- tions of RXE spectra have appeared in the literafag11].
chines together with high-quality monochromators andNew theoretical formulations for describing resonant x-ray
matching end-station instrumentation has made several @mission using a scattering approakt?,13 have high-
these studies possible. The experimental achievements hayghted the excitation-energy dependence of the emission
to go hand in hand with theoretical formulations. A way 10 spectra and also other properties, such as polarization anisot-
improve the basic understanding of the processes is to stugypy [14], interference effectil5], and symmetry selectivity
simple systems where particular features of the processes Cafl 15 16,17, with no counterpart in nonresonant x-ray emis-
be distinguished in the spectra and compared with reliablgj,, ‘\any of these features have been observed experimen-

ca:lcuri?tgonts. STarlrlw mglecules Sl]f(in as. N, ,itc))i:itcct) arrf ?jx_l thtally, but stringent tests of the models have been difficult due
cetlent test systems because of the possibiiity 1o model g, . complexity of the studied samples.

electronic structure and the x-ray-emission process in deta|P In this work. experi | and th ical eff

by first-principles theory. Also, the diatomic molecules pos-, . , experimental and theoretical e Ofts are com-
sess only one vibrational degree of freedom, which simplifieg)me.d on one smgll molecule, namely, CQ’ FO highlight two
the analysis of the vibrational fine structure compared td)artlcular properties of resonant x-ray emission. Sbeeen-

larger systems with many vibrational modes. With only one, "9 ©f the core hole by the excited electron causes energy
totally symmetric, vibrational mode one has, furthermorelshlfts and intensity variations in the resonant spectra com-

the important simplification that polarization-, angular-, andpared to the nonresonant case. The linear polarization of_the
symmetry-dependent features can be analyzed solely ipynchrotron radiation and the dipole nature of the absorption
terms of electronic-structure factors. In these systems the vRrocess create a preferential alignment of the randomly ori-
brational spacing and the lifetime broadening are of the samented molecules in the case of resonant excitation, producing
order of magnitude, leading to particular fine-structure ef-an anisotropy in theangular distributionof the emitted x
fects[2—4], denoted lifetime-vibrational interference, which rays. The choice falls on CO also because this molecule has
also have to be considered when describing the vibroniserved as a showcase for nonresonant x-ray emission, with C
band profiles. K and OK spectra mapping the valence electronic structure
The majority of experimental studies have focused ordifferently according to the local selection rules. In this
solid-state samples where intensity considerations are lesgork, this characteristic feature is studied for the resonant
important than for diluted samples such as surface adsorbatease.
[5] or gases. For experimental reasons it has only recently Nonresonant spectra recorded at conditions selected to
become possible to perform RXE studies in the ultrasoft-x-suppress satellites are presented, and these are compared
ray region on gas-phase systeff$ Many interesting mol- with resonant spectra excited to both the molecut&ror-
ecules, for example, those containing carbon, nitrogen, anbital and different Rydberg levels. The energy and intensity
oxygen atoms, emit x rays in this energy region. Moleculawariations in the spectra are discussed and compared with
systems containing chlorine and sulphur atoms, emitting ratheoretical predictions. Spectra recorded in different emis-
diation at a few keV, have previously been studied with RXEsion directions with respect to the polarization of the syn-
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55 ROLE OF SCREENING AND ANGULAR DISTRIBUTIONS ... 135

chrotron radiation are also presented and analyzed using 4aEi3}
theory of resonant inelastic x-ray scattering. Wi :WT?J . (1)
Tij denotes the transition momentsthe speed of light, and

a the fine-structure constant. We define and compute, fur-

A brief description of the experimental setup is giventhermore, screening energi§™ and intensities\;™ as
here, while a more detailed presentation is planned to be sor. =R —NR
given elsewherg¢l18]. The experiments were made at beam Eij =Eij—Ej 2
line 7.0 [19] of the Advanced Light Source in Berkeley,
California. This undulator beam line includes a spherical
grating monochromator and is constructed to provide linearly WSST=WR - WNR (3)
polarized synchrotron radiatiofSR) of high resolution and e
high flux with post-focusing mirrors capable of focusing the where we assume that common energy lefiels of the two
radiation to a narrow beam at the interaction region. This ignitial and the two final states in Eq$2) and (3) can be
crucial in these measurements because the grazing-incidenigrentified, i.e., that a quasiparticlguasi-molecular-orbital
spectrometef20] used to record the x-ray emission has apicture holds, so that it is meaningful to identify the shift in
very small acceptance angle. the spectra as due to screening of particular energy levels.
The spectrometer provides a choice of three different We have employed a numerical method that we originally
spherical gratings. It has an entrance slit with adjustableleveloped for efficient computations of transition dipole ma-
width and uses a two-dimensional multichannel detector thagix elements in nonresonant x-ray-emission spef#a.
can be translated to the focal position defined by the RowThe method is described in theoTEcc-9x compilation of
land circle of the grating in use. In these experiments a slitomputational chemistry prograri24]. It handles the non-
width of 20 um was selected and gratings Wi m radii and  orthogonality problem in the evaluation of transition mo-
rule densities of 400 and 1200 lines/mm were used to recorghents by utilizing efficient biorthogonalizati¢@5] and con-
the carbon and oxygeK emission, respectively. The esti- figurational expansion schemes. Variational optimum of the
mated resolution at full width at half maximufFWHM)  core-hole states is obtained by employing a restricted con-
was about 0.8 and 0.7 eV, respectively. figurational space for the core orbital and by applying the
The CO molecules were contained in a gas cell with thindouble, freeze-relaxation procedure described in Rz8].
windows transmitting most of the radiation. The SR enteredVe employ standard correlation consistent atomic natural
the cell through a 1000-A -thick silicon nitride window and orbital-type basis seti27]: i.e., a 5,4p,3d set and a stan-
the interaction region was viewed by the spectrometetard correlating active space with one correlating orbital for
through a 900-A -thick polyimide window, supported by a each occupied valence orbital. This parametrization fulfills
polyimide grid and coated with 150 A of aluminum nitride criteria for calculations of core-electron spectra, as given,
[21]. The spectrometer was mounted close to the interactios.g., in Refs[24,28, and has been further tested in R&]
region with its entrance slit nearly parallel to the SR beamjn connection with calculations of x-ray spectra.
thereby enabling a large fraction of the interaction region to  Unconstrained self-consistent-fie(@CBH and multicon-
be observed by the spectrometer. The gas pressure was offigurational SCF(MCSCBP optimizations of each state in-
mized so that most of the SR was absorbed in the view of theolved in the resonant and nonresonant x-ray processes have
spectrometer. In the spectra presented here the pressuseen performed. In the resonant case that is the ground, core-
ranged from a few tenths of a Torr to several Torr. excited, and valence-excited states and in the nonresonant
The vacuum chamber housing the spectrometer and gasise the ground, core-ionized, and valence-ionized states.
cell arrangement can be rotated under vacuum around thEhe transition energies and intensities are then obtained in
axis defined by the SR beaf22] so that angle-resolved the vertical approach at the ground-state nuclear geometry as
measurements can be carried out. ASCF andAMCSCF values and the screening according to
X-ray-absorption spectra were measured using the photaEgs. (2) and (3) by subtracting two ASCF or two
current from an electrode situated inside the gas cell. Tha MCSCF results.
signal was normalized with the photocurrent from a clean

Il. EXPERIMENT

gold mesh introduced into the beam prior to the gas cell. IV. RESULTS AND DISCUSSION
These spectra were used to calibrate the excitation energy _
and to estimate the bandpass of the exciting radiation. In Secs. IV A and IV B experimental nonresonant spectra

as well as#7* and Rydberg resonantly excited spectra are
presented and their general character discussed. The spectra
Ill. CALCULATIONS are compared to each other and emphasis will be put on
] - ) NR ) - energy shifts and intensity variations caused by the excited
Calculations of transition energieEff ") and intensities  glectron. Self-consistent-field calculations will then be used
(WENR) in both the resonantR) and nonresonantNR)  in Sec. IV C to discuss in more detail the origin of these
cases are PeffOfmeEiﬁ'NR values are calculated as the en- energy shifts and intensity variations. In Sec. IV D spectra
ergy difference of the two staté¢kevelsi,j) involved in the  recorded at different angles with respect to the linear polar-
corresponding x-ray transitions amﬁ'NR values as the Ein- ization of the exciting beam are presented. The angular de-
stein coefficients for spontaneous emission between initighendence is discussed using a simple qualitative picture and
and final states compared with quantitative theoretical predictions.



136

FIG. 1. Nonresonanftop) and resonantbottom carbon x-ray-
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FIG. 2. Satellite-free, nonresonaftbp) oxygen x-ray-emission

emission spectra of CO. Aatellite-freenonresonant spectrum was spectrum of CO and an oxygem* RXE spectrum(bottom). The
obtained by tuning the excitation energy just a few eV above the Gesonant spectrum was excited to the maximum ofztlieabsorp-
1s ionization thresholdbelow the shake-up and shake-off thresh- tion band (at 534.2 eV. Energy shifts for the &,17, and 4
olds). An excitation energy of 287.4 eVcorresponding to the emission bands caused by thé electron are indicated. The solid

v=0 vibrational level of the C 4 #* staté was used to record

the RXE spectrum. The energy shifts for the &And 50 emission

bands caused by the* spectator electron are indicated. The solid
lines are simulated vibrational band profilsge text for detai)s

A. Nonresonant spectra

lines show the simulated vibrational band profiles.

and 525.5 eV, respectively. Therdas predominantly oxy-
gen character and very little carborp Zharacter. The re-

maining valence orbital 3 is effectively one-center forbid-

den and,

furthermore,

subject

to strong correlation

The ground-state configuration of CO can be written assreakdown(a prediction of four major breakdown states is

(10)%(20)%(30)%(40)?(1m)*(50)2 1", where 1r and

20 correspond to the twoslcore orbitals localized on the resonant spectrg82].

oxygen and carbon sites, respectively: Bepresents the in-

given in Ref.[31]) and is practically unobservable in non-

The spectra presented were recorded with the excitation

ner valence orbital and the remaining three molecular orbitenergy set just a few eV above the corresponding ionization
als are outer valence orbitals. Nonresonant x-ray emission ihresholds to minimize the influence ioftial-state shake-up
obtained when a core-ionized state decays to a valence ionr shake-off satellites obscuring the interpretation of the

ized state by a valence electron filling a vacancy in theot

spectrd 33]. Nonresonant, electron-beam excited x-ray spec-

20 orbital. Experimental nonresonant carbon and oxygerra of CO recorded with higher instrumental resolution have

X-ray-emission spectra are presented in Figs. 1 arjtbR

been presented previoudl$4,35. In these spectra even vi-

spectra. The dipole nature of the emission process togethebrational fine structure was resolved, but due to the high-
with the localized character of the core-hole states will makenergy excitation those spectra also exhibit satellites that
the spectral intensities of each band dependent on the localerlap with the pure bands making relative intensities diffi-
(core-hole centergd®p population, i.e., the one-center con- cult to obtain. The photographic plate detection, which was
tribution [30]. The outermost valence orbital in CO, the 5 used in those measurements, also makes the measured inten-
orbital, has most of its g weight on the carbon site, which sities uncertain. Therefore, the nonresonant, satellite-free
results in high intensity in the carbon x-ray-emission specspectra presented in this paper provide more reliable relative

trum at 282.0 eV. The low weight of this orbital on the intensities and band shapes. In addition, the nonresonant
oxygen site leads to a low spectral intensity in the oxygerspectra were recorded at the same experimental conditions
spectrum at 528.3 eV. Therlorbital, on the other hand, is (resolution and dispersigras the resonant ones, which en-

distributed on both atoms, as can be concluded by the highbles an accurate determination of relative energies between
intensity in both the carbon and oxygen spectrum at 278.4he resonant and nonresonant spectra. This is, as will be
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shown later on, of importance in the current investigation. TABLE I. Spectroscopic constants of the Morse potential-
The emission energy scales were adjusted in such a way thefergy curves used in the simulation of the vibrational band pro-
the energy positions of simulated vibrational band profilesfiles. @e is the vibrational energyyex. the anharmonicity constant,
obtained using known literature values, were in good agreeRe the equilibrium internuclear distance, akg, _the (_excnatlon en-
ment with those in ther* RXE spectra presented in Figs. 1 ergy fro'm the ground state to the lowest0) vibrational level of
and 2(bottom spectra These energy scales were then useoI he excited state.
in all the resonant and nonresonant spectra.

The widths of the different bands are, apart from the in-
strumental broadenings, given by vibrational fine structurex!s* (g.s)? 2169.813 13.2883  1.128323 0

State wlcm ) wxcm ) R, (A) Eg(eVv)

Core ionization leads, in general, to bond length changes; 1s~1235 P 2599 15.92 1.073 295.9

causing excitation of several vibrational levgB6]. Thisis (0 1s125*¢ 1931.7 10.93 1.153 542.1

the case for carbon monoxide G lonization (significant g55-123 +d 2214.24 15.16 1.1151 14.014
bond shortening The nuclear conformation of the core- 1,-12d 1562.06 13.53 1.2437 16.544
ionized state may, however, remain close to that of theg,-12y+d 1734.18 27.927 1.1687 19.772
ground state, with little vibrational excitation as a result. Thisc 3517+ 1119 2083.55 15.32 11529  287.41
is the sitgation forO & |qn|zat|on(sl|gh_t bond Iengthemr?g 0 1s l7* MI® 14261 18.77 1.28 5334

Explanations to these different behqwors 'have been givenig, -1 alfja 15182 19.40 1.2353 8.068
Refs. [37,38. Subsequent. decays |r!volvmg a nonbonding, _-1_x 1s-2 109222 10.70 13911 8.069
orbital, such as the & orbital, result in small bond length 1r-17* DA 1094 10.20 1.399 8.174

changes and the width of the x-ray-emission band becomes
determined mostly by the core excitation. Involvement of a
bonding orbital, such as ther] on the other hand, will cause 2pParameters are taken from Rpt0].
a large bond lengthening and hence a broad vibrational préParameters are taken from RB41].
gression, as can be exemplified by the 1 I1 band in the  ‘Parameters are taken from RES6].
carbon spectrum. One can also note that even if the finaParameters are taken from RE42].
states of the x-ray-emission process are the same as for v@Parameters are taken from RB4].
lence photoemission, the vibrational envelopes are differeriParameters derived from the vertical energy in R48].
because of the involvement of the intermediate core-ionized
state in the x-ray process. The spectral profiles can be simget to 0.20 eV at FWHM. Two salient features are observed
lated using known potential-energy curves for the differentin the spectrum: the high-energy one positioned at about 287
states involved: the ground, the core-ionized intermediategV can be identified as a participator transition in which the
and the valence-ionized final states. Franck-Condon calculaxcited electron fills the core hole, while the other broader
tions using Morse potentials have been carried out. The redouble-peak feature in the 276—280 eV energy region is due
sult is used together with lifetime-vibrational interferenceto so-called spectator transitions in which the excited elec-
(LVI) theory for simulations of the emission bar{d®,39.  tron remains as a spectator while a valence electron fills the
The simulated profiles are drawn with solid lines in the fig-core hole. This spectrum differs from the nonresonant one
ures. The potential-energy curve parameters are given iftop spectrumby the appearance of the strong participator
Table I. The lifetime widths at FWHM used in the simula- peak and shifts of the spectator transitions to lower energies.
tions are 0.097 eV for the CsI' 23" state[42] and 0.18  These energy shifts can be interpreted as a result of a screen-
eV for the O 5™ 22 state[44]. To account for the spec- ing effect by them* electron and this will be thoroughly
trometer’s instrumental resolution the final profiles were condiscussed in Sec. IVC. The participator peaks will not be
voluted with Gaussian functions, with full widths at half further considered here, but we notice that the peak intensity
maxima of 0.8 and 0.7 eV, respectively. The relative inten-and shape are affected by self-absorption and absorption by
sities of the different bands in the nonresonant spectra ange exit window, making intensity determinations more dif-
given in Table Il, together with band energies measured aficult [39].
the center of gravity of each band. The #and in the oxy- For the oxygen spectrum in the lower part of Fig. 2, the
gen spectrum has been included for completeness, but willxcitation energy was set to 534.2 eV, near the maximum of
not be treated any further. Also included in Table Il arethe broadw* x-ray-absorption banf45]. The bandpass of
experimental and calculated energies and intensities for thge exciting photon beam was determined from a measured
m* RXE spectra. x-ray-absorption spectrum to be about 0.65 eV. Like in the
carbon case, a patrticipator band as well as energy shifts of
B. Resonant spectra the spectator transitions when compared to the corresponding
transitions in the nonresonant spectr(top par} can be ob-
served. In this case the participator band is much broader and
Instead of core ionizing the molecule it is possible toit has a long low-energy tail indicating that a large number of
populate an unfilled valence or Rydberg orbital selectivelyvibrational levels are excited in the fin@ground state. This
by choosing a suitable energy of the exciting radiation. Inis due to the large equilibrium bond length difference be-
Figs. 1 and Zlower par} carbon and oxygem* RXE spec- tween the ground and core-excited state.
tra are presented. The carbon spectrum was recorded with the The final states of the spectator transitions are neutral
excitation energy tuned to the=0 vibrational level at valence-excited states, whereas in the nonresonant case they
287.40 eV. The bandpass of the exciting photon beam wasre singly charged valence-ionized states. For the CO mol-

1. @w* resonance
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TABLE II. Experimental 7* resonant Eg) and nonresonantHyg) energies and relative intensities
(Ig,Ing) for the 5 and Ir x-ray-emission bands of CQThe intensities in ther* RXE spectra are
corrected for the angular dependence so that they are proportionalltpuhlkeies, defined in Sec. IV DThe
experimental values are compared with computed energies and intefisitiggrentheses which are nor-
malized in the same way as the experimental data.

Emission band Eg (eV) Ir Eng (V) InR
Carbon

50 279.1(279.3 1.25(1.10 282 (282.9 0.86 (0.88

1w 277.8 (277.92 1 (2)® 278.4(279.9 1(1)
Oxygen

50 525.4 (525.3 0.24 (0.20 528.3(528.2 0.13 (0.07

1w 524.9 (523.9% 1 (? 525.5 (525 1)

4o 520.7 522.7 0.24

@The values for the £~ 1#* A and '3~ bands are used.

ecule the final states of the spectator transitions arexcitations. The pm RXE spectra were recorded with the
50 17* 11 and 1w 17* A3, and '3* along with  excitation energies tuned =0 and 1 vibrational levels,
40~ 17* 1. The strongest spectator transitions are to theespectively. The emission peak at 278 eV, corresponding to
first three of these states. In the oxygen case transitions to ther~13p s final states, changes from a single band in the
40~ 17* I state also give rise to a fairly strong emissionv=0 spectra to a broader double-peak band in dhel
peak. Transitions to thé3 " state, on the other hand, are spectra. In a simplified semiclassical Franck-Condon picture
expected to be weak in both the carbon and oxygen RXEhe decay transitions occur preferentially at the classical turn-
spectra according to our calculations and there is no obvious
feature in the RXE spectra that can be assigned to this final
state. The calculations also predict that this state has a 5.5 eV
higher energy than the two almost degenersie and 'A CO >0
states. This will be discussed in Sec. IVC. C-K emission
Simulations of vibrational band profiles using LVI theory
have been performed also for the RXE spectra. The band
profiles for the participator peak and for the spectator transi-
tions to the & '#* I and 17 '#*'A and '3~ final
states were simulated using potential curves for the ground,
core-excited, and valence-excited states. The potential-
energy curve parameters are given in Table I. The lifetime
widths at FWHM used in the simulations are 0.18 eV for
the O Xk '#* I state [44] and 0.086 eV for the
C 1s™1#* I state[42]. The relative intensities for the spec-
tator transitions were determined from the experimental
spectra by fitting the simulated profiles. The obtained values
are given in Table Il. A thorough analysis and discussion of
the band profiles in the* RXE spectra can be found in the
following paper{39], in which #* RXE spectra recorded at
other excitation energies are also studied.

B experimental
—0=90
— 0=

non-resonant

Intensity (arb. units)

2. Rydberg resonances

Carbon RXE spectra were also recorded by exciting to the
3so and 37 Rydberg resonances. These spectra are shown
in Fig. 3. The bandpass of the exciting photon beam was set B B e e B e e e e e e
to about 0.4 eV for the & RXE spectra and about 0.25 eV 270 275 280 285 290
for the 3p7m RXE spectra. These x-ray-emission spectra ap- Emission energy (eV)
pear more like the nonresonant spectra in terms of energy
positions. The participator peaks in these spectra are Very g, 3. carbon RXE spectra excited tsd (v=0) and
weak due to small transition moments and they were nogp, (y=0 andv=1) Rydberg resonances. Spectra recorded at
observed. The spectra clearly show the excitation-energy déoth 9=0° and 90° are presented. A nonresonant spectrum is in-
pendence of the vibrational band profiles as well as an anguwiuded for comparison. All the spectra were normalized to have the
lar dependence of the relative intensities. The energy depegame peak height for thesSband. The solid lines show the simu-
dence can be ascribed to the vibrational selectivity in theated vibrational band profiles.
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C. Screening
CORE IONIZED

The presence of a spectator electron affects the emission
energies for the spectator transitions. In Sec. Ill we defined a
CORE EXCITED screening energy, also called a spectator shift, as the differ-
ence between resonant and nonresonant x-ray-emission ener-
gies for decay transitions involving the same valence orbital.
Er This energy shift is illustrated by a state diagram in Fig. 4.
The screening energy is determined by the difference be-
tweenAE .. andAE, jjence WhereAE ,.andAE, ;enceCOr-
respond to the ionization energies for the spectator electron
VALENCE EXCITED in the presence of a core and valence hole, respectjetly
Eqg. (2)]. Because spectator electrons, in general, are more
tightly bound in the presence of a core hole than in the pres-
r Eg < Exg | ence of a valence hole, the s_creening energies will be nega-
tive, i.e., the spectator bands in RXE spectra appear at lower
energies than the corresponding bands in the nonresonant
FIG. 4. Schematic energy-level diagram for the states involvedspectra. The magnitudes of the screening energies depend on
in nonresonant and resonant x-ray emission. to which degree the spectator electron penetrates the molecu-
lar ion core. For a nonpenetrating, Rydberg-like orbital, the
ing points of the vibrations, except for the=0 vibrational  shifts are therefore expected to be small.
level where the decays occur primarily at the equilibrium  From our spectra in Figs. 1-3, experimental screening
bond distance. The final states for the emission band at 27énergies were determined from the energy positions mea-
eV have an equilibrium bond length that is substantiallysured at the centers of gravity of the different bands. The
longer than that of the intermediate core-excited state. Thecreening energies for the* RXE spectra are summarized
emission band is therefore broad. At the outer turning poinin Table IlI. A statistical average of the energy positions of
of thev =1 vibrational level the nuclear distance is closer tothe emission bands to the near-degenetatend '3~ final
the equilibrium distance of the final state and low vibrationalstates were used to obtain the emission energy insthe
levels of the final state are populated, while at the inneRXE spectra for the & emission band. The magnitude of
turning point, which is far from the equilibrium distance of the screening energies induced by th& electron is larger
the final state, much higher vibrational levels are populatedfor the 50 emission bands than for therlemission bands:
Therefore the emission energy is different for decay from the- 2.9 versus— 0.6 eV in the carbon case and2.9 versus
two turning points. This explains qualitatively the dramatic — 0.8 eV in the oxygen case. From the carbowr 38pm)
change of the emission band at 278 eV, from a single to ®ydberg-excited RXE spectra the screening energies are de-
double-peak feature, although the excitation energy wagved to be about—0.5 (—0.3) eV for the % band and
changed only 0.3 eV. Vibrational band profile simulations,—0.2 (-0.1) eV for the &r band. The nonpenetrating char-
taking LVI effects into account, were performed also for acter of the Rydberg orbitals is thus illustrated by the smaller

these spectra. The same potential-energy curves as for thgagnitude of the screening energies in the case of Rydberg
core- and valence-ionized states were then used, but shiftingkcitations.

the spectra 0.1-0.5 eV to lower energies to account for the |t js also possible to derive the screening energies from
energy shift caused by the presence of the spectator electroftermediate- and final-state energies given in literature. Ver-
The simulated profiles reproduced the observed band-shagal binding energies from photoelectron spectra can be used
variations very well, as Flg 3 shows. The fact that the baanor the core-ionized @BE) and Va|ence-ionized\(BE) states
prOfileS are modeled SatiSfa.Ctorily with these potential-and vertical absorption energies for the Core_excit@qu

energy curves is a manifestation of the small Screening inand Va'ence_excitedv(AE) states. The Screening energy can
duced by the Rydberg spectator electrons. The angular dgg calculated from these values as

pendence of the relative band intensities will be discussed in
detail in Sec. IVD. Escr:(CAE_VAE)_(CBE_ VBE)! (4)

AECOI‘E:

VALENCE IONIZED

AEvalence

GROUND STATE

TABLE Ill. Screening energieén eV) obtained from the x-ray-emission spectra are compared to experi-
mental values, derived frowertical binding and absorption energies obtained as the center of gi&@/@y
or from potential-energy curves, and to calculated energies. Forsthendission band th&R values were
obtained assuming statistical intensity ratios for transitions tathand 'S ~ final states(C) and(O) refer
to the site(carbon or oxygenof the core hole.

Emission band ESXpt_ Eg‘;;’)t Esert CcG EC‘eF:t CGa ESert_ EyeF:ta E?&UC_ E,c\lell:lec
50 (C) —-2.9 -3.2 -3.2 —-3.6
17 (C) -0.6 =15 =17 =17
50 (0) -29 -23 -23 -29
17 (O) -0.8 -0.6 -0.8 -1

3R = (Cac— Vae) andENR=(Cge—Vpe) were used to determirigl,,— Elry; see Table IV.
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TABLE IV. Experimental vertical energies measured as centerculated screening energies can be decomposed into electro-
of gravity E e ccand from potential-energy curvése.; see Table  static, relaxation, and correlation contributions, as was de-
|. The core Cgg) and valenceVgg) binding energies are obtained gcribed in more detail in Ref29]. The electrostatic value is
from photoelectron data, while the cor€4g) and valenceVae)  calculated by subtracting total energies of the involved states
excitation energies are obtained from absorption data. using Hartree-Fock calculations with frozen ground-state or-
bitals. The relaxation contribution is obtained by subtracting

Energy Final state Evertcs (&V) Even (V) the electrostatic contribution from the screening energies ob-
Cee Cils t2y*a 296.15 296.10 tained by full SCF calculations using optimized wave func-
O1s 12y 7b 542.10 542.15 tions and the correlation contribution is obtained by subtract-
Vge 5o l2yte 14.03 14.02 ing the SCF values from the full MCSCF values. We list
17 t2e 17.10 17.12 decomposed screening energy contributions for theos-
407123 ¢ 19.77 19.87 bital in Table V. We observe consistent trends in both the
Cae C 1s~iz* 11¢ 287.43 287.45 oxygen and carbon cases. The presence ofrthespectator
O 1s z* '1® 534.30 534.36 electron gives negative electrostatic contributions to the
Vae 50 ta* I 8.49 8.56 screening energies of a little more than 1 eV. Relaxation
Lo~ ta* 1A 9.93 10.21 gives the most important contribution to the screening ener-
1atg* 1371 9.75 9.98 gies in both cases=—23 eV for carbon and=—-2 eV for

oxygen. Compared to these values, the lowering of the mag-
nitude of the screening energies by the correlation is small,
roughly 0.5 eV in both cases. Table V also lists the magni-
dEnergies are taken from Rd#2]. tude of thepenet_ration re_Iaxatiordefined as the d_ifference
*Energies are taken from Ré#]. between screening .obtamed by calculations using the. full
"Energies are taken from Re#0]. SCF and the SCF with the* level frozen. We note that this
relaxation gives energies close to the SCF values, which in-
which agrees with the definition of the computed screening:ludes electrostatic and relaxation contributions, indicating
energies in Eq(2). Screening energies obtained using thethat it is the spectator™ electron that causes the large re-
values in Table IV are listed in Table IIl. There are obviouslaxation contributions to the screening energies.
deviations between these screening energies and those ob-In Tables Ill and VI the MCSCF calculated screening
tained from our spectra. The deviations are due to that thenergies for the & and 1r emission bands are included. The
vibrational envelopes in x-ray emission are different fromMCSCF values in the carbon and oxygen cases-é8¢ and
those of transitions involving the same final states in photo—2.9 eV for the & orbital and—1.7 and—1.0 eV for the
electron and absorption spectra. The reason is that the nofw orbital. Because these values were calculated using the
negligible lifetime of the intermediate, core-hole state results/ertical approach they are expected to be in better agreement
in that the internuclear distance may change before the x-raywith the values deduced from photoelectron and absorption
emission decay occurs. data [Eq. (4)]. There are differences between center-of-
The screening energies depend on the penetrating charagravity and vertical energies also for absorption spectra.
ter of the spectator electron. However, the details of thdlowever, as seen in Tables Ill and IV, these corrections are
screening mechanism are a bit more complex than that. Weufficiently small to be neglected in the present context.
have performed calculations of the screening energies at dif- Calculated MCSCF transition and screening intensities
ferent levels of approximation to gain more detailed infor-are presented in Table VI. The calculations show that the
mation on what contributions are significant for the energyintense C % to 5¢ transitions have almost the same strength
shifts in them* RXE spectra of CO. The calculations were in both the resonant and the nonresonant cases; the magni-
carried out at the ground-state equilibrium geometry for alitude of the screening intensity is only about 4% of the total
states, i.e., assuming the vertical approach. This means thaonresonant intensity in this case. For the weak ©td
the screening energies are evaluated from the intersectidwr transitions the screening intensity is much larger and in
points of the potential-energy curves with a vertical line atfact of the same order as the total nonresonant intensity. The
the equilibrium bond distance of the ground state. The calmagnitudes of the screening intensities for the dmission

%Energies are taken from Rd#1].
®Energies are taken from R&B6].
°Energies are taken from Rg#6].

TABLE V. Different contributions to the screening energi@s eV) and intensities of the & x-ray-
emission band. [Intensities are represented by squared transition momedirs a.u) times
1073=1.929< 10°W/E?, whereW is the Einstein coefficient anf the transition energy.The different
entities are deduced from calculations performed at different levels of approximations ranging from frozen
orbital to MCSCF calculationtsee the text for more detajls

Contribution C energy C intensity O energy O intensity
electrostatic —-1.228 0.653 -1.277 0.451
relaxation —3.133 —1.036 —2.029 —0.305
correlation 0.815 0.243 0.415 0.384

penetration relaxation —-3.827 —-0.419 —-3.119 0.086
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TABLE VI. Computed transition energie€] in eV and intensitiesl for nonresonantNR) and 7*
resonant R) 50 and br x-ray-emission bands of CQIntensities are given by squared transition moments
(in a.u) times 10 3=1.929< 10°W/E3, whereW is the Einstein coefficient anél the transition energy.

Final state Er Ir Enr INR Eqcr lser
Carbon

o125t 282.888 3.596 —3.55 —0.140

50~ 17* 1 279.342 3.456

177120 279.625 4088 —1.648 -0.88¢ (0.103)

1o l7* 1A 277.976 2.094

1 ta* 13 277.788 1.050

1o iz 13+ 272.265 0.055
Oxygen

50 123t 528.239 0.399 —2.891 0.530

50~ La* U1 525.348 0.929

17120 524.981 6.072 —0.978 —~1.15% (-0.128)

1o~ ta* 1A 524.002 2.973

1 ta* 13- 523.802 1.485

1 ta* 13t 518.277 0.461

Awith respect to the &~ 17* 1A state; see the text for details.
bUsing the sum of théA,'S~, and 'S * intensities.
®Assuming that the intensity ofS " is half that of 1A.

bands are calculated to be about 20% of the nonresonant The higher energy5.5 eV highey of the 17~ 1a* 137

intensities. However, if we adjust the transition intensity tostate is common for organic molecules and is associated with

the 1= 17* 137 final state, which is depleted by configura- the valence character of therland =* orbitals and a large

tion mixing, by assuming that this transition statistically hasone-center two-electron repulsion interaction for this particu-

half the intensity of the transition to tHe\ state, the screen- lar state. The splitting between tH& ~ and *A states of the

ing intensities are only a few percent in both the carbon and7 *#* configuration is, on the other hand, determined by a

the oxygen casetee values in parentheses in Tablg.vI ~ much weaker(one—genter exchange ir)t_eraction, and these
The difference in screening intensities for the € b~ States rem_ain quaS|degenerate'evem*|f|s a compact level

50 and O T to 5 transitions can probably be traced to the [47)- We find from the calculation +0n|y a very small RXE

particular localization of the & and #* orbitals, both being Ntensity for the transition to théX ™ state, which is con-

mainly centered on the carbon site. Much of the screening offgl;rit'oniuyngfs w;tha]a-t\yl/vpe jxg'tﬁt'gn;haendcﬂzg_l'ni'n
a core hole on the oxygen site takes place through the othél r+c s W ydberg ‘evels. Ve S,l'n* y €-lying
states with admixture of thesd “#* configuration.

vgle_nce electrons rather than through te electron. Partly RXE transitions to such correlation satellites might explain
th!s IS e_ffecf[uated by the_aBeIectrons, and the O charact_er of some of the weak bands observed in the RXE spectra of CO.
this orbital increases. Since the @type character of & is As seen in Table Il relative experimental intensities agree
so small to start with, a small increase will have a largeye| with normalized values of the calculated transition in-
relative effect on the emission intensity. The € b 7 (ensities. The deviations in the resonant case might partially
excitation, on the other hand, leads directly to screening ofe due to that the experimental intensities for the brbAd
the core by ther™ electron, without much further rearrange- and 3~ bands are underestimated. The reason is that the
ment of the other electrorithe 7* level is self-screening for  simulated vibrational band profiles that were used to deduce
C 1s excitation). The emission intensity from the Cslto  the relative intensities from the experimental spectra are not
5¢ transition is therefore not expected to change so mucleproducing the low-energy side of these broad bands very
compared to the nonresonant case. The relative screeningell.
intensity for 5 emission is therefore larger in the oxygen
case than in the carbon case. D. Angular dependence

In Table V one notes significant cancellation effects for |t is well known that x-ray emission from condensed
the different contributions to the screening intensities for thesamples with well-ordered crystal structures may be strongly
C 1sto 50 and O Is to 5¢ transitions. Relaxation gives a anisotropic. It may be expected that x-ray emission from
negative contribution, while the electrostatic and correlatiorrandomly oriented samples, such as gas-phase molecules, is
contributions are positive. The penetration relaxation valudsotropic. However, measurements with a polarization-
for the screening intensity of the Oslto 5¢ transition is  selective x-ray-emission spectrometer have shown that the
close to zero, which supports our previous statement that theolarization[8] and angular{48] distributions from reso-
O 1s core hole is not screened that much by theelectron,  nantly excited molecules are indeed anisotropic. In this work
but rather by the other valence electrons. we show that a spectrometer that is not polarization selective
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Angular dependence of resonant X-ray emission

CO :
Excitation - C-K emission . e)ﬁperérr;ergsg
Cls>o = e=0
simulation
n (o} — 0= 90"
% — o=
resonant

Cls >, v=0
287.40 eV

>

Preferential orientation

Intensity (arb. units)

Emission ©=90°

Tc+n 0=0

@ @ ne s o w0

Emission energy (eV)

FIG. 6. Carbonm* RXE spectra recorded a=0° and 90°.
The spectra are normalized to the same peak height. Simulated
emission profiles are included, for which the angular dependence

FIG. 5. Schematic picture illustrating the origin of the angular (causing different relative intensities for the-and 1 bands at the
anisotropy in resonant x-ray emissi@in the case of excitation to a wo angles is accounted for.

o orbital). The linear polarization of the synchrotron radiation and

the symmetry of the core-excited state cause a preferential alignne incident x-ray beam. The pattern of the angular distribu-

ment of core-excited molecules. This preferential alignment leads %ons for 7 and o emission shows an opposite trend in this
an anisotropic emission. case

can be used to measure the anisotropic angular dependenceln Fig. 3 carbon Rydberg-excited RXE spectra recorded at
in RXE spectra. The experimental spectra were recorded #=0° and 90° are presented. Significant variations of the
two angles, parallel{=0°) and perpendiculard=90°) to  intensity of the Ir band with respect to the intensity of the
the polarization vector of the incident x-ray beam. 50 band can be observed. When the excitation is tuned to the
The angular dependence of RXE is caused by that th& 1s-3so Rydberg resonance the relative intensity of the
resonant excitations create an anisotropic ensemble of cordsr band atf#=0° is much larger than it is at=90°,
excited molecules. The direction of the preferential align-whereas in the 3= RXE spectra the relative intensity of the
ment, with respect to the linear polarization of the incidentl7 band is larger ab=90°. These observations are in good
radiation, depends on the symmetry of the core-excited sta@greement with what is predicted by the qualitative picture.
(or to be precise, on the direction of transition dipole mo-However, for ther* RXE spectra the angular dependence is
mend. The nuclear axis can be considered frozen during th&ery weak, as shown in Fig. 6. The reason that these spectra
x-ray-scattering process because of the relatively long perio€lo not show stronger angular dependence cannot be given by
of time for any rotational motion. The alignment of the an-the qualitative picture and the effect of orientational averag-
isotropic ensemble of core-excited molecules determines th@g must be taken into account.
polarization and angular distribution of the resonant x-ray It is possible to derive explicit formulas for the angular
emission[49]. dependence of the x-ray emission from scattering theory ap-
The angular dependence can be illustrated in a simplglied to randomly oriented samplg$4]. The intensities are
qualitative picture. For example, resonant excitations from £xpressed as
core to ac orbital in CO tend to preferentially create excited

molecules that are oriented with the internuclear axis parallel 1(0)=1.(6)+1(0),
with the polarization vector of the incident x-ray beam, as

illustrated in Fig. 5. The angular distribution of the x-ray |¢(9):E|o[1_R]:
emission depends on whether the core hole is filled by an 2

electron from ar or o orbital. For transitions where the core
hole is filled by ao electron the emission intensity has a
minimum at6é=0° and a maximum af=90°, whereas for
transitions involving asr electron the minimum will be at
#=90° and the maximum a&1=0°. A resonant core excita- where 6 is the angle between the polarization vector of the
tion to a7 orbital, on the other hand, leads to that the core-incident photon and the propagation direction of the outgo-
excited molecules are preferentially aligned with theiring photon.l, is proportional to the total intensity emitted in
nuclear axis perpendicular to the linear polarization vector ofill directions and summed over all polarization vectors and

IH(0)=%I0[1+R(33ir120—1)], (5)
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R is the polarization anisotropy parameter for each final 5 l,,(90°)

state. The notations and|| refer to the polarization direc- rlffzm

tion of the emitted photon relative to a plane that is perpen- im

dicular to the Poynting vector of the incoming radiation. (2+Rs+)+(2+Rs-)+2(2+R,) 27

With a spectrometer that is not polarization selective it is not
possible to measure directly or I, but it is possible to
measure the total intensity(#) as a function of emission (1)
angle 6. In our experiments we measured RXE spectra at

#=0° and 90°. We define

(2—2Rg+)+(2—2Ry)+2(2—-2R,) 26

Using theser values and assuming that the relative total
[(90°) 2+R integrated intensitiek, for the 50 and I bands are propor-
r= 100°  2—2R’ (6)  tional to the relative intensities in the nonresonant case
(Table l), the relative intensities at the two measured angles
The general expressions for the anisotropy paranfetend ~ can be simulated. The relative intensities obtained were used
the intensityl , have been evaluated in a previous pdfdi.  © scale the simulated vibrational band profiles in Fig. 3. The
It turns out that for a molecule like CO, in which only one agreement between the experimental and simulated spectra is
core-excited electronic state at a time is involved in the proVery good, validating the model describing the angular de-
cess, the full scattering model including electronic interfer-Pendence.
ence effects and a two-step model, where the excitation and In the 7* RXE case we have a situation where one final
emission steps are separated from each other, give the safi@te, the'> " state, is not contributing to th@ain 17 band.
result. The fact that the & and Ir bands overlap in energy also
Using group theory combined with the general formulamakes the situation more complex. For the band we ob-
for RXE transition elements in orientationally averaged mol-tain the same relation for the value as for excitation to a
ecules[13], we derive the followingR values for different Rydberg orbital ofr symmetry:
final states of a C, molecule with> * ground-state symme-
try:
g « 15,(90°) 2+Rp 3

Rei= 2, Ry=— ST (09 2 2R, & (12
2+_§1 H__gv

1 1 whereas for the7 band, with the!S " state not contribut-
RA:E’ Ry-=— DR (@) ing, ther value is given by
In the case of resonant excitation taraorbital the 5 and
17 bands correspond t8% " and Il final states, respec- o 117(90%)  (24+Rsy-)+2(2+Ry) 19
tively. Ther values for the 5 and Ir bands are given by = 1,.(0°)  (2—2Ry-)+2(2—2R,) 22
(13
ag _2 ag _3 8
r5¢r_ ’ rlw_4 . ( )

The relation(13) is obtained under assumption that the

When the core excitation involves an orbitalefsymmetry, and ' states are degenerate and have statistical intensity
such as P, the final state of the & band has'II symme-  ratios. Normalizing the values for the Ir band to ther

try. Ther value for the & band is then given by values for the & band we obtainr 307 =r3P7/ 37— 18
. ~1.38 in the Rydberg case anfl, . =r7./rZ.=2~1.15 in
3pm_ 15,(90°)  2+Ry _3 9) the 7* case. The latter value is closer to one, which explains

50 1g,(0°)  2—-2Ry 4° that thew* RXE spectra recorded #=0° and 90° appear

to be almost identical in Fig. 6. Simulated spectra accounting
There are three possible final states when the core hole fer the small difference in angular dependence for the 5
filled by an electron from the #4 orbital: *S*,*A, and  and Ir bands are compared with the experimental spectra in
13~ We have assumed that these final states are degeneraltés figure. The simulated spectra reproduce the experimental
when the excitation is tuned to the3 resonance. The in- ones very well, and that the relative intensities of thednd

tensity of the # band at the two measured angles is thenls bands do not change more, at the two measured angles,

given by can thus be attributed to the fact that he" final state does
not contribute to the observedrband.
11(90°)=15+(90°) +1,(90°) +15-(90°), If the spectrometer is polarization selective it will cause a
change in the observed relative intensifigte r values. For
l1,(0°)=15+(0°)+1,(0°)+1s-(0°). (10)  the spectrometer used in these experiments a 10-20 % dif-

ference in efficiency fot, andl; has been measur¢80].
If we also assume that the intensities can be related accord+is small polarization selectivity does not, however, change
ing to the statistical ratioks +=1s-=3l,, we obtain ther values significantlyf51].
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V. SUMMARY compare well with experimental data. Center-of-gravity cor-
rections of the vertical approximation are significant for such

Itis instructive to use the present results for the CO mOI'comparisons. In all of the cases investigated the effect of

ecule to stress some characteristic differences and similar- L . :
. o felaxation is found to be important for both screening ener-
ties between resonant and nonresonant x-ray-emission spec-

tra. In both cases the spectral quality and resolution hav les and Intensities. We found that the _pre;ence_ofnthe

' . . . . 6lectron significantly enhances the relative intensity for the
reached a point where not only different electronic transi- o band in the oxvaen spectrum. while other transitions
tions are separated but also where vibronic factors are reEtudied conform Wi%/hg the gotion tr’1at screening intensities
evant. Although vibronic fine structures remain unresolve end to be smal[29]. Special effects, as exem;g)Iified here
in this work, the analysis of the band profiles called for de- X !

. . : . : by the displacement and intensity depletion of the
tailed information of potential-energy curves and mterfer—1 ~1% s+ multiolet may still cause apparent intensit
ence effects between close-lying vibrational levels. T P y PP y

As shown here, nonresonant and resonant x-ray spectra SFrlgzng]r%in the angular distributions, we find here, in anal-
CO are quite similar when the resonant core excitation in- 9 9 9 ' '

volves a Rydberg orbital. The interaction of a spectator elecodY with polarization dependen¢8, 14,49 and parity selec-

tron in a Rydberg orbital with the remaining electron cloud istIon [6,12], that the discrete nature of the core-excited states

thus not sufficiently large to change either energies or intenphr:pgire;efa::/r?;ergcfe"reﬁot?]z fg[);gf Eggyaigqlse?:ﬁgs%md ttr?;r:
sities in the x-ray-emission spectra to any appreciable exten} P P

We find that the relative intensities and vibrational band =~~~ . ! o . ¢
shapes can be simulated with good agreement using the sarﬁé'zat'qn anisotropy, specmc parity selecyaaith no coun-
potential-energy curve parameters and relative intensities agrpart In nonresonant emission spectra. In the nonresonant

used to simulate the nonresonant carbon spectrum. The efi. the core electron is excited to the continuum, which is

ergy shifts in the Rydberg-excited spectra are found to be O_gmnltely degenerate, representing all symmetries. .Th's
eV or less. makes the nonresonant process much less selective with re-

In the 7* RXE spectra, on the other hand, the spectatorS pect to any of the processes mentioned here.

transitions have large energy shifts in comparison to the cor-
responding transitions in the nonresonant spectra, which can
be attributed to the screening nature of ffenetratingm*
electron. The screening effects are different when the core This work was supported by ®an Gustafssons Founda-
hole is situated on the carbon or oxygen site and whether #ion for Research in Natural Sciences and Medicine and by
50 or a 1 electron fills the core hole, because of the local-the Swedish Natural Science Research Coui#R). The
ization with respect to the core-hole site of the orbitals in-experiments were performed at the ALS, of Lawrence Ber-
volved in the RXE process. Energy shifts calculated by mulkeley Laboratory, operated by the DOE under Contract No.
ticonfigurational self-consistent field theory were found toDE-AC03-76SF00098.

eads to a specific angular distribution pattéspecific po-
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