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Experimental and theoretical studies are reported on the inelastic (Raman) scattering of wavelen
selected polarized x rays from theK edge of gas-phase chlorine molecules. The polarized emissio
spectra exhibit prominent nondipole features consequent of phase variations of the incident
emitted radiation over molecular dimensions, as predicted by the Kramers-Heisenberg scatte
formalism. Issues pursuant to the detection of core-hole localization by resonant Raman scatte
from homonuclear diatomic molecules are critically examined. [S0031-9007(97)03486-8]
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Measurements of polarized x-ray Raman scatterin
from the K edges of gas-phase polyatomic molecule
were first performed [1–6] at beamline X-24A of the
National Synchrotron Light Source employing a double
crystal primary monochromator [7] and a curved-cryst
secondary spectrometer with position-sensitive detecti
[8]. The emission spectra detected along two indepe
dent linear polarizations at selected scattering angles p
vide spectroscopic and dynamical information not easi
obtained by other means when appropriately interpret
[1–6,9] employing the Kramers-Heisenberg scatterin
formalism [10] and its classical limits [11]. The presen
Letter reports observation of strongnondipole features
in the polarized x-ray emission spectra of Cl2 molecules
which are quantitatively interpreted with the general sca
tering formalism and calculations of molecular eigen
states of irreducible symmetry. The scattered intensiti
depend sensitively upon variations of the phase of t
incident and emitted radiation over molecular dimen
sions, providing structural information directly from the
measured emission spectra even in the absence of
plicit sample alignment [12,13]. By contrast with the
situation in polyatomic molecules, where vibronic cou
pling can lift the degeneracy of otherwise equivalen
core-excited electronic states [14], vibronic core-excite
states in homonuclear diatomic molecules remain e
fectively degenerate. Consequently, resonant x-ray R
man measurements as presently performed are una
to distinguish among irreducible-symmetry or broken
symmetry core-excited states in homonuclear diatom
molecules, contrary to recent assertions in the literatu
[15,16].

In Fig. 1 is shown the x-ray absorption spectrum o
an ambient-temperature low-pressure (ø 85 Torr) gas
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sample of Cl2 recorded near the atomicK edge em-
ploying Ge(111) crystals in the double-crystal prima
monochromator, providing a spectral resolution of a
proximately 0.9 eV [7]. The energy scale is calibrated
the position of the strong pre-edge feature at 2821.3
as determined by previous measurement [17]. A
signments are made employing the available literat
[17,18] and vertical-electronic configuration-interactio
calculations reported herein. The pre-edge feature
comprised of two essentially degenerate series of dipo
allowed X 1S1

g sya­ 0d ! Kusygd and dipole-forbidden
X 1S1

g sya­ 0d ! Kgsygd excitations nominally at-
tributed to electronic transitions from the doubly occupi
K-edge molecular orbitals (1sg, 1su) to the lowest unoc-
cupied orbital (5su) [19,20], as summarized in Table I.

FIG. 1. Measured absorption cross section near the molec
chlorine K edge, calibrated on the basis of the availab
literature [17,18].
© 1997 The American Physical Society 383
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TABLE I. Absorption and Raman transitions in Cl2.

Transition Transition
Transition energy (eV)a moment (a.u.)b

X ! Ku
1S1

u s1s21
g 5sud 2819.7 (2821.3) 0.00752

X ! Kg
1S1

g s1s21
u 5sud 2819.7 (2821.3) 0.00000

Cl atom1s ! 3p 2815.3 (2815.7) 0.00856

X ! X 1S1
g 0.00 s· · ·d 0.00752

X ! A1Pus2p21
g 5sud 4.10 (4.30) 0.00878

X ! B1Pgs2p21
u 5sud 6.90 (7.20) 0.00816

X ! C1
1
S1

u s2p21
g 3pud 8.37 s· · ·d · · ·

X ! C2
1
S1

u s2p21
g 4pud 9.49 (10.7) · · ·

X ! C3
1
S1

u s5s21
g 5sud 12.19 (14.5) 0.00816

aVertical electronic energies relative to the ground state dete
mined by ab initio configuration-interaction calculations. Ex-
perimental values in parentheses taken from Figs. 1 and 3
Cl2; the Cl 1s ! 3p excitation energy is estimated employing
the atomic valence-shell ionization potential (13.01 eV) as
term value in the absence of measured data.
bCalculated molecular dipole transition moments in absorptio
and emission for Raman transitions proceeding through the
termediateKg or Ku states. The diabatic valence transition
moment is reported for theC3 final state.

Theoretical expressions for the two incoherent contrib
tions to the integrated absorption intensity,

Iab

µ
1sg ! 5su

1su ! 5su

∂
~ 4jk1sjm̂zj5sulj2

3

Ω
1
2

6
3
2

j1skaRed
kaRe

æ
, (1)

are obtained from a sum and isotropic average over the
dividual vibronic absorption strengths which together co
respond to the area under the pre-edge resonance fea
of Fig. 1. Here,m̂z is the component of the one-electron
dipole-moment operator along the body-frame internucle
axis, 1s refers to a single atomic component of the1sg

and 1su symmetry orbitals, andj1 is a spherical Bessel
function dependent upon the product of the radiation wa
vector (ka) and the equilibrium molecular bond distance
(Re). Assumptions employed in Eq. (1) include use of th
classical limit of the rotational degrees of freedom, ident
cal Auger-broadened (G ø 0.5 eV) Lorentzian lineshapes
for each vibronic absorption profile, Franck-Condon an
closure approximations upon the vibrational degrees
freedom, and an LCAO approximation to theK-edge
molecular orbitals [21,22]. The dipole approximation i
employed in evaluating the transition moments center
at the two nuclei because the incident wavelength (la ­
4.4 Å) is much larger than the radius (r1s ­ 0.032 Å) of
the chlorine core orbital; it isnot imposed, however, in
evaluating transition-moment integrals involving the de
localized symmetry orbitals1sg and 1su because the
internuclear separation [19] is not negligible relative t
the wavelength (Reyla ­ 0.45). The phase variation of
384
r-

for

a

n
in-

u-

in-
r-
ture

ar

ve

e
i-

d
of

s
ed

-

o

the incident radiation over the molecular dimensions mus
therefore be included [12,13], giving rise to the nondipole
structure factors contained in brackets in Eq. (1). Al-
though dipole selection rules are valid in earlierK-edge
Raman scattering studies of polyatomic molecules contain
ing a single Cl or S atom [1–6], structure factors can arise
in CF2Cl2 and CFCl3 in the absence of sufficient vibronic
coupling to lift the degeneracy of the equivalent Cl atom
core-excited states.

The variation of the structure factors withkaRe is
displayed in Fig. 2(a). As anticipated, the dipole-allowed
1sg ! 5su component contributes for both small and
large values ofkaRe, whereas the1su ! 5su compo-
nent is forbidden in the dipole limit (ka ! 0). At the
value (kaRe ­ 2.8) appropriate to the pre-edge resonance
feature in Cl2, however, both transitions contribute
significantly, indicating that a multipole expansion of the
exponential factor in the electromagnetic-interaction
Hamiltonian is inappropriate. Whereas the dipole limit
evidently obtains for the corresponding absorption featur
in F2 (kaRe ­ 0.50), the hard–x-ray limit (ka ! `) is
appropriate to Br2 (kaRe ­ 15.6) and I2 (kaRe ­ 45).
Of course, it is not possible to verify these predictions
by absorption measurements becausegerade [Kg sygd]
and ungerade[Ku sygd] excited states having common
vibrational excitation (yg) are effectively degenerate,
and the two nondipole structure factors [Eq. (1)] add
incoherently to unity for all values ofkaRe, giving an
integrated absorption strength approximately twice that o
the resonance transition (1s ! np) in the isolated atom.

FIG. 2. (a) Variations of the dipole-allowedX ! Ku and
dipole-forbidden X ! Kg electronic absorption components
(—) of the pre-edge resonance for dihalogens [Eq. (1)]. Also
shown are components employing localized states (- - -)
Eqs. (2) and (3),u ­ 45±. (b) Variation of the structure factors
of perpendicularly polarizedX, A, B, and C Raman emission
lines for homonuclear diatomic halogens [Eq. (4)].
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The determinantal wave functions comprising t
ground and core-excited states in Cl2 are invariant to the
use of unitary broken-symmetry combinations

j1s
s6d
u l ­ cosuj1sgl 6 sinuj1sul , (2)

in place of the degenerate symmetric and antisymme
orbitals (1sg, 1su), and the predicted absorption cro
section is invariant to substitution of broken-symmet
combinations

jF
s6d
u l ­ cosujKgl 6 sinujKul (3)

in place of the degenerate states (Kg, Ku) of irreducible
symmetry, although the two individual incoherent co
tributions will depend upon the rotation angleu. Fig-
ure 2(a) also depicts the two constant and equal struc
factors contributing to the absorption cross section o
tained employing local-hole states [u ­ 45± in Eqs. (2)
and (3)], which factors are seen to sum to unity.

In contrast to the absorption cross section, Raman em
sion spectra are expected to reveal scattering struc
factors consequent of phase variations of the x-ray rad
tion over molecular dimensions [12,13]. Figure 3 repo
such spectra in Cl2 recorded and analyzed employing pr
cedures described previously [1–6]. The measureme
are performed at a scattering angle perpendicular to
directions of incident polarization and propagation alo
two conventional polarization directions (', k) following
excitation of the pre-edge resonance (hna ­ 2821.3 eV).
The expected energy resolutions [7] of 0.9 eV for t
Ge(111) primary monochromator and 0.4 eV for t
Si(111) secondary spectrometer in this range are c
sistent with the 1.2 eV width observed for the strong
measured peaks, although the continuous nature of fi
state vibrations also contributes to spectral broaden
[19,20]. The primary and secondary crystals provi
essentially absolute linear polarization discrimination
e
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FIG. 3. Raman emission spectra for Cl2 detected in parallel
(h; - - -) and perpendicular (s; —) polarization following ex-
citation of the pre-edge resonance (hna ø 2821 eV). Predicted
integrated intensities for perpendicular polarization are show
as stick heights [Eq. (4) and Table I].

this spectral region [1,4,8], with the measured spect
showing significant polarization dependence. The spec
evidently include strong nondipole two-photon feature
X 1S1

g ! KuyKg ! A1Pu and X ! KuyKg ! C1S1
u ,

as well as dipole-allowed contributionsX ! Ku ! X
and X ! Ku ! B1Pg, assignments made on the basi
of available literature [19,20] and vertical-electronic
calculations (Table I). The nominally forbiddenA-state
emission lines are seen to have strengths comparable
the dipole-allowedB lines.

Following procedures similar to those yielding Eq. (1)
the Kramers-Heisenberg formula [10,22] provides inte
grated emission intensities for perpendicular polarization
I s'd
em

√
X ! X1S1

g

X ! C1S1
u

!
~

Ç ø
1s

Ç
m̂z

Ç
5su

5sg
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Ç
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that
where factors common to each expression have be
deleted,kd ø

p
2 ka is the magnitude of the difference

of incident and scattered wave vectors, and the threeC1-
to C3-state intensities split by valence-Rydberg mixin
[20] have been combined into a single diabaticC 1S1

u
state. Predictions for parallel polarization and for othe
excitation energies are not discussed here.

To the extent that the small differences in the fou
dipole transition moments can be neglected (Table I), t
predicted scattering intensities can be attributed wholly
the diffraction-like structure factors [Eq. (4)] depicted in
Fig. 2(b) consequent of the phase variations of incide
en

r

r
e

to

nt

and scattered radiation over molecular dimensions [12,1
Evidently, the dipole limit obtains in F2 (kdRe ­ 0.71),
whereas Br2 (kdRe ­ 22) and I2 (kdRe ­ 63) are in the
hard x-ray limit, in which case the dipole-allowedB and
dipole-forbiddenA lines have equal intensities that are fo
times those of the similarly equalX- andC-state features.
Chlorine (kdRe ­ 4.0) lies in the interval1 # kdRe #

5, where structural information (Re) may be deduced
unambiguously from the calculated structure factor.

The predicted integrated intensities shown as st
heights in Fig. 3 are seen to be in good accord with
measured perpendicularly polarized spectrum. Note
385



VOLUME 79, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 21 JULY 1997

o

h
b

in

n

th
a
n

n
i
-

o
3
d
d
-

y
a
n
d

le

h
e
s
r
e
o
r

-
i-
h
g
9
g
th

.

,
s.

,

-

,

l,

d

.

the observed elastic line is depleted by self-absorpti
and that the predicted diabaticC-state intensity should be
compared to the sum of measured intensities in theC1-
to C3-state interval. The small discrepancies between t
measured and predicted spectral positions are presuma
due to final-state vibrational excitations not included
the present vertical-electronic calculations.

The Raman emission intensities of Eq. (4) are invaria
to unitary choice of the degenerateK-edge orbitals and
the degenerate core-excited statesKg and Ku [Eqs. (2)
and (3)]. The present results are therefore relevant to
issue of core-hole localization during resonant x-ray R
man scattering [15,16]. It has been asserted that chan
interference and core-hole state delocalization occurs
homonuclear diatomic molecules “when the x-ray photo
wavelength is comparable or larger than the interatom
distance,” whereas in the short wavelength limit “the in
terference of the localized channels is absent” and the c
hole “localizes” to states described by Eqs. (2) and (
with u ­ 45± [15,16]. The present results [Eq. (4) an
Fig. 2(b)], however, apply in both the dipole and har
x-ray limits, and yet are invariant to choice of either lo
calized broken symmetry or delocalized irreducible sym
metry descriptions of core-excited states. Accordingl
arguments involving localization or delocalization mech
nisms [15,16] are irrelevant to interpretations of resona
x-ray Raman emission measurements on homonuclear
atomic molecules.

This Letter reports observations of strong nondipo
emission features in the polarizedK-edge Raman spec-
tra obtained from gas-phase Cl2 molecules. The mea-
sured data are in agreement with predictions of t
Kramers-Heisenberg scattering formalism, which provid
nondipole x-ray structure factors consequent of pha
variations of the incident and emitted radiation ove
molecular dimensions. The reported data do not r
quire or support special core-hole localization or del
calization mechanisms [15,16], circumstances which a
not detected by x-ray Raman emission measurements
presently performed on gas-phase homonuclear diatom
molecules.
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