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Experimental and theoretical studies are reported on the inelastic (Raman) scattering of wavelength-
selected polarized x rays from thé edge of gas-phase chlorine molecules. The polarized emission
spectra exhibit prominent nondipole features consequent of phase variations of the incident and
emitted radiation over molecular dimensions, as predicted by the Kramers-Heisenberg scattering
formalism. Issues pursuant to the detection of core-hole localization by resonant Raman scattering
from homonuclear diatomic molecules are critically examined. [S0031-9007(97)03486-8]

PACS numbers: 33.20.Fb, 33.20.Rm, 33.50.Dq

Measurements of polarized x-ray Raman scatteringample of C] recorded near the atomi& edge em-
from the K edges of gas-phase polyatomic moleculesploying Ge(111) crystals in the double-crystal primary
were first performed [1-6] at beamline X-24A of the monochromator, providing a spectral resolution of ap-
National Synchrotron Light Source employing a double-proximately 0.9 eV [7]. The energy scale is calibrated to
crystal primary monochromator [7] and a curved-crystalthe position of the strong pre-edge feature at 2821.3 eV
secondary spectrometer with position-sensitive detectioas determined by previous measurement [17]. As-
[8]. The emission spectra detected along two indepensignments are made employing the available literature
dent linear polarizations at selected scattering angles pr¢17,18] and vertical-electronic configuration-interaction
vide spectroscopic and dynamical information not easilycalculations reported herein. The pre-edge feature is
obtained by other means when appropriately interpretedomprised of two essentially degenerate series of dipole-
[1-6,9] employing the Kramers-Heisenberg scatteringallowedXlig(vazo) — K,(vy) and dipole-forbidden
formalism [10] and its classical limits [11]. The present x 12;(%:0) — K,(v,) excitations nominally at-
Letter reports observation of stromgpndipole features  tributed to electronic transitions from the doubly occupied
in the polarized x-ray emission spectra of, @holecules  K-edge molecular orbitals ¢, 10,) to the lowest unoc-
which are quantitatively interpreted with the general scatcupied orbital §o,) [19,20], as summarized in Table 1.
tering formalism and calculations of molecular eigen-
states of irreducible symmetry. The scattered intensities
depend sensitively upon variations of the phase of the 2.0 [T T T T T T T
incident and emitted radiation over molecular dimen-
sions, providing structural information directly from the
measured emission spectra even in the absence of ex-
plicit sample alignment [12,13]. By contrast with the
situation in polyatomic molecules, where vibronic cou-
pling can lift the degeneracy of otherwise equivalent
core-excited electronic states [14], vibronic core-excited
states in homonuclear diatomic molecules remain ef-
fectively degenerate. Consequently, resonant x-ray Ra-
man measurements as presently performed are unable
to distinguish among irreducible-symmetry or broken- 0.5 b e
symmetry core-excited states in homonuclear diatomic 2815 2825 2835 2845 2855
molecules, contrary to recent assertions in the literature Photon Energy (eV)
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[15’16]_' . . FIG. 1. Measured absorption cross section near the molecular
In Fig. 1 is shown the x-ray absorption spectrum ofchiorine K edge, calibrated on the basis of the available
an ambient-temperature low-pressure: &5 Torr) gas literature [17,18].
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TABLE I. Absorption and Raman transitions in,Cl the incident radiation over the molecular dimensions must
— — therefore be included [12,13], giving rise to the nondipole
Transition eLr:rgth'(%% mO-II’—T::IQtSIE;)lr]t) structure factors contained in brackets in Eq. (). Al
— though dipole selection rules are valid in earliéredge
X— KX (1o, '50,) 2819.7 (2821.3) 0.00752 Raman scattering studies of polyatomic molecules contain-
X — K, 'Sf(lo;'50,)  2819.7 (2821.3) 0.00000 ing a single Clor S atom [1-6], structure fgc_tors can arise
Cl atom1s — 3p 2815.3 (2815.7) 0.00856 in CRCl, and CFC{ in the absence of sufficient vibronic
X—X's; 0.00(-) 0.00752 coupling to lift the degeneracy of the equivalent Cl atom
. . core-excited states.
X = AlLQ7, 50,) 4.10 (4.30) 0.00878 The variation of the structure factors with, R, is
X — B'I,2m, '50,) 6.90 (7.20) 0.00816 displayed in Fig. 2(a). As anticipated, the dipole-allowed
X — cllz;(zwg%m) 8.37(---) ll(rg — 5|cru co;zpl(gnenthcontribtu;els for bsoth small and
A T arge values ofk,R,, whereas thelo, — 50, compo-
X G 2y @y ) 949 (10.7) nent is forbidden in the dipole limitky, —0). At the
X— G350, '50.) 12.19 (14.5) 0.00816 value . R. = 2.8) appropriate to the pre-edge resonance

®Vertical electronic energies relative to the ground state deterfeature in CJ, however, both transitions contribute
mined by abinitio configuration-interaction calculations. Ex- sjgnificantly, indicating that a multipole expansion of the
perimental values in parentheses taken from Figs. 1 and 3 fci-f'xponential factor in the electromagnetic-interaction
Cl; the Cl1s — 3p excitation energy is estimated employing \;, wijtonian is inappropriate. Whereas the dipole limit

the atomic valence-shell ionization potential (13.01 eV) as %vidently obtains for the corresponding absorption feature
term value in the absence of measured data. y P g . P )
= 0.50), the hard—x-ray limit £k, — =) is

bCalculated molecular dipole transition moments in absorptioHn F (k,aRe
and emission for Raman transitions proceeding through the ir@PPropriate to Br (koR, = 15.6) and b (kaR. = 45).
termediatek, or K, states. The diabatic valence transition Of course, it is not possible to verify these predictions
moment is reported for thé€; final state. by absorption measurements becagseade [K, (v,)]
and ungerade[K, (v,)] excited states having common
Theoretical expressions for the two incoherent contribuvibrational excitation ¢,) are effectively degenerate,

tions to the integrated absorption intensity, and the two nondipole structure factors [Eq. (1)] add
lo, — 50, . 5 incoherently to unity for all values ok,R,., giving an
Iab< lo. — 50 > o« 4(1s| 150, integrated absorption strength approximately twice that of
u u

) the resonance transitiohs(— np) in the isolated atom.
1 3 ]l(kozRe)

X{— = ————=t, (1)
2 2 kuR,

are obtained from a sum and isotropic average over the in- 1.0 T T T T
dividual vibronic absorption strengths which together cor- 09 A (b)
respond to the area under the pre-edge resonance feature i 1
of Fig. 1. Here,i, is the component of the one-electron 08 B'm,
dipole-moment operator along the body-frame internuclear 0.7 i y
axis, 1s refers to a single atomic component of the, %‘ 06 = .
and 1o, symmetry orbitals, ang; is a spherical Bessel g 05 L
function dependent upon the product of the radiation wave £
vector ,) and the equilibrium molecular bond distance f';’ 0.4 A'm, i
(R.). Assumptions employed in Eq. (1) include use ofthe § 03 r 7
classical limit of the rotational degrees of freedom, identi- T 4, clz, -
cal Auger-broadened(= 0.5 eV) Lorentzian lineshapes o4 /190 (@) | -
for each vibronic absorption profile, Franck-Condon and ' X1z +
closure approximations upon the vibrational degrees of %0, cl, Bry| |F,Cl, Bry)
freedom, and an LCAO approximation to thé-edge L
molecular orbitals [21,22]. The dipole approximation is 0 36 91215180 5 10 15 20 25
employed in evaluating the transition moments centered kR, kR,

o

at the two nuclei because the incident wavelength €
4.4 A) is much larger than the radius;( = 0.032 A) of  FIG. 2. (a) Variations of the dipole-allowed — K, and
the chlorine core orbital; it isiot imposed, however, in dipole-forbidden X — K, electronic absorption components
evaluating transition-moment integrals involving the de-(—) of the pre-edge resonance for dihalogens [Eq. (1)]. Also

. . shown are components employing localized states (- - -);
localized symmetry orbitaldo, and 1o, because the Egs. (2) and (3)9 = 45°. (b) Variation of the structure factors

internuclear separation [19] is not negligible relative toof perpendicularly polarize&, A, B, and C Raman emission
the wavelengthKX,./A, = 0.45). The phase variation of lines for homonuclear diatomic halogens [Eq. (4)].
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The determinantal wave functions comprising the 70T T T T T T T T T T
ground and core-excited states in, @re invariant to the A'm,
use of unitary broken-symmetry combinations 600 B, o
loy”) = costlla,) = sindllo,). ) 20

in place of the degenerate symmetric and antisymmetric

Lo b g Lo b g 11

orbitals (lo,,10,), and the predicted absorption cross g 400 -
section is invariant to substitution of broken-symmetry § el
combinations O 300 AN

|<I>§t)> = cosf|K,) * siné|K,) 3 i
. . ) 200 X'zt
in place of the degenerate statds, (K,) of irreducible (Elastic) 1
symmetry, although the two individual incoherent con- 100 gt ]
tributions will depend upon the rotation angle Fig- C .
ure 2(a) also depicts the two constant and equal structure E g e . - oY .
factors contributing to the absorption cross section ob- 2805 2810 2815 2820 2825
tained employing local-hole state8 E 45° in Egs. (2) Photon Energy (eV)

and (3)], which factors are seen to sum to unity. o _
In contrast to the absorption cross section, Raman emig/G. 3. Raman emission spectra for, Gletected in parallel

; ; ; - - -) and perpendiculard; —) polarization following ex-
sion spectra are expected to reveal scattering structuCltation of the pre-edge resonandes(, ~ 2821 eV). Predicted

f_aCtorS consequent O,f phage variations of _the x-ray radie}htegrated intensities for perpendicular polarization are shown
tion over molecular dimensions [12,13]. Figure 3 reportsas stick heights [Eq. (4) and Table I].

such spectra in Glrecorded and analyzed employing pro-

cedures described previously [1-6]. The measurementbis spectral region [1,4,8], with the measured spectra
are performed at a scattering angle perpendicular to thehowing significant polarization dependence. The spectra
directions of incident polarization and propagation alongevidently include strong nondipole two-photon features
two conventional polarization directiong_(]|) following X 12; — K,/K, — A'll, and X — K,/K, — C'3,
excitation of the pre-edge resonanée’{ = 2821.3 eV). as well as dipole-allowed contribution¥ — K, — X

The expected energy resolutions [7] of 0.9 eV for theand X — K, — B'Il,, assignments made on the basis
Ge(111) primary monochromator and 0.4 eV for theof available literature [19,20] and vertical-electronic
Si(111) secondary spectrometer in this range are corealculations (Table I). The nominally forbiddefrstate
sistent with the 1.2 eV width observed for the strongesemission lines are seen to have strengths comparable to
measured peaks, although the continuous nature of finalhe dipole-allowed3 lines.

state vibrations also contributes to spectral broadening Following procedures similar to those yielding Eq. (1),
[19,20]. The primary and secondary crystals providethe Kramers-Heisenberg formula [10,22] provides inte-
essentially absolute linear polarization discrimination ingrated emission intensities for perpendicular polarization:

XX ‘<1 i So-u> ’ {L 15 jikaRe) ﬁmkd&)}
MA\X - ClF ‘| 50, 8 ~ 16 k4R, 16 (kqR.)* |’ @
S X = AL <1S i ng> ? {L _ 15 jitkaRe) ﬂjz(kdke)}
"\ X — B'I, 277 2 16  ky4R. 16 (kqR.)? )’

where factors common to each expression have beesnd scattered radiation over molecular dimensions [12,13].
deleted,k; = /2 k, is the magnitude of the difference Evidently, the dipole limit obtains in F(k,R, = 0.71),
of incident and scattered wave vectors, and the tidtee  whereas By (kyR, = 22) and b (k;R. = 63) are in the
to Cs-state intensities split by valence-Rydberg mixinghard x-ray limit, in which case the dipole-allowddand
[20] have been combined into a single diabaficY  dipole-forbiddem lines have equal intensities that are four
state. Predictions for parallel polarization and for othertimes those of the similarly equal- and C-state features.
excitation energies are not discussed here. Chlorine 4R, = 4.0) lies in the intervall =< k4R, =

To the extent that the small differences in the four5, where structural informationR;) may be deduced
dipole transition moments can be neglected (Table 1), theinambiguously from the calculated structure factor.
predicted scattering intensities can be attributed wholly to The predicted integrated intensities shown as stick
the diffraction-like structure factors [Eq. (4)] depicted in heights in Fig. 3 are seen to be in good accord with the
Fig. 2(b) consequent of the phase variations of incidenineasured perpendicularly polarized spectrum. Note that
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