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Polarization of Molecular X-Ray Fluorescence
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Polarization of Cl KB x-ray fluorescence following selective excitation of gaseous CH3Cl with syn-
chrotron radiation is reported. The degree of polarization of the fluorescence depends sensitively on the
chosen incident excitation energy in the Cl K-edge region. Theoretical considerations indicate that the
fluorescence-polarization measurements can provide directly absorption and emission anisotropies,

molecular-orbital symmetries, and relative fluorescence transition strengths.

PACS numbers: 33.20.Rm, 33.50.Dq, 33.90.+h

X-ray emission spectroscopy under conditions of unpo-
larized excitation and detection has a long history of elu-
cidating core-level phenomena in a wide variety of con-
texts.! Synchrotron-radiation sources in the x-ray range
now provide both tunable and polarized exciting radia-
tion throughout the spectral regions near core-level
thresholds in atoms, molecules, and solids.? Combining
the advantages offered by synchrotron radiation with po-
larization analysis of the x-ray fluorescence, we report
here results of valence-electron x-ray fluorescence-
polarization measurements following energy-selected and
polarized excitation near the Cl K edge of methyl
chloride (CH;Cl). Theoretical interpretation of the
measured polarized-fluorescence spectra indicates that
the anisotropy of the photoexcitation process and the
orientations and relative magnitudes of fluorescent dipole
transition moments may be obtained directly from exper-
iment. The x-ray polarized-fluorescence technique re-
ported here thus provides a new approach to molecular
photoabsorption and emission, as well as molecular-
structure studies.

Previous work has used ultraviolet and visible fluores-
cence polarization to infer alignment of molecular ions
and fragments following polarized excitation of valence
electrons.® The present study reports initial observations
of fluorescence polarization following core-level excita-
tion.* For molecular systems, core-level studies offer two
distinct advantages. First, because core levels undergo
rapid Auger decay (=< 10 ~'%s), fluorescence is observed
on a time scale that is short compared with normal
molecular tumbling periods (10 ~''-107'? 5). Valence-
shell hole states, in contrast, are sufficiently long lived
(=107 5) that rotational motion can occur prior
to radiative decay, complicating the interpretation of

fluorescence-polarization measurements.® Second, core-

level spectroscopy is highly selective to a specific atomic
absorption edge and, with sufficient resolution, to the
same atomic species in different environments.

Core-level fluorescence-polarization measurements re-
quire (i) a source of polarized x rays, (ii) high-
throughput and high-resolution primary and secondary
x-ray monochromators, and (iii) polarization sensitivity
of the secondary spectrometer. The first requirement is
satisfied by synchrotron radiation, which in this work
was provided by beam line X-24A at the National Syn-
chrotron Light Source (NSLS), where a large-aperture
crystal-diffraction primary monochromator selects the
desired incident x-ray energy with a bandwidth of 0.4
eV.> The use of Si(111) crystals near the Cl K edge in
the primary monochromator enhances the inherent linear
polarization of the synchrotron radiation. The polarized
monochromatic synchrotron radiation is focused into a
gas cell containing 300-Torr CH3Cl at room tempera-
ture. lonization chambers are used to measure incident
and transmitted flux in order to determine relative ab-
sorption as a function of photon energy.

An efficient secondary spectrometer detects the x-ray
fluorescence emitted from the gas cell vertically upward
at 90° with respect to the propagation direction of the
synchrotron-radiation beam, with the incident polariza-
tion vector in the horizontal plane. The emitted x rays
are energy analyzed (AE==0.9 eV) in a curved-crystal
secondary spectrometer by a position-sensitive detector
so that a complete K spectrum is obtained. Polariza-
tion sensitivity of the secondary spectrometer is accom-
plished for Cl K-edge fluorescence (= 2.8 keV) by the
use of a Si(111) crystal at a Bragg angle of 44.6°, pro-
viding strong rejection (10%:1) of fluorescence polarized
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out of the plane of the crystal surface. Polarization-
specific fluorescence spectroscopy is then achieved by the
placement of the dispersion plane of the secondary spec-
trometer either parallel or perpendicular to the
synchrotron-radiation propagation direction, ensuring
that only fluorescence polarized parallel or perpendicu-
lar, respectively, to the incident polarization is detected
from the sample.

Figure 1 shows the measured absorption spectrum of
CH;3Cl in the vicinity of the Cl K edge, as well as a Cl
KB fluorescence spectrum taken with an incident photon
energy of 2880 eV, well above the Cl ls threshold at
2828.5eV.%” The Kp spectrum at this incident energy is
found to be independent of the fluorescence polarization
within our experimental uncertainty. The pre-edge fea-
ture D in the absorption spectrum, of primary interest
here, is attributed to a Cl 1s (CH3Cl 1a,) excitation to
the 8a, antibonding molecular orbital. Figure 2 shows
measured Cl KB polarized-fluorescence spectra of CH;Cl
with an excitation energy of 2823.4 eV, centered on
feature D of Fig. 1, taken in parallel and perpendicular
polarizations. The relative intensities of the larger Kp
peak C have been scaled equally in each spectrum for
ease of comparison. The significant difference between
the B-to-C peak ratios in the two polarizations of Fig. 2
is the essential new observation of this work.

In Figs. 1 and 2, the Cl KB fluorescence peaks B and C
result from the filling of a Cl 1s hole by electrons in
valence molecular orbitals containing significant Cl 3p
character. The relevant valence orbitals of CH;Cl are
3e, 7a,, and 2e, with experimental binding energies of
11.3, 14.4, and 15.4 eV, yielding Cl KB energies of
2817.1, 2814.0, and 2813.0 eV, rcspc:ctiv<=,ly.6’7 We ob-
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FIG. 1. Cl K-edge absorption spectrum (right) and Cl KB
emission spectrum (left) of CH3Cl. The K spectrum was tak-
en with 0.9-eV resolution at an excitation energy of 2880 eV,
and exhibits no detectable change with fluorescence polariza-
tion. Peak labels and the Cl 1s (1a; in CH3Cl) threshold ener-
gy are adopted from Refs. 6 and 7.
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serve just two peaks in the Kp spectra of Figs. 1 and 2
because the fluorescence due to the 2e and 7a; orbitals is
unresolved.

In Fig. 3 are shown the spatial characteristics, as well
as calculated energies and f numbers, of the molecular
orbitals of CH;Cl that participate in the excitation and
fluorescence processes associated with features B-D in
Figs. 1 and 2. If we neglect for the moment the weaker
2e— la; contribution to peak B, Fig. 3 provides a quali-
tative clarification of the experimental data. Specifical-
ly, molecules excited with incident energies on absorp-
tion feature D (la,— 8a;) have their symmetry axes
oriented largely in the synchrotron-radiation polarization
direction. The subsequent Kf radiative decay reflects
the molecular alignment produced by the excitation.
Consequently, fluorescence peak B (7a,— la,) should
be stronger relative to fluorescence peak C (3e— la;)
when observed in parallel rather than in perpendicular
polarization, because the 7a,— la, transition also is po-
larized along the symmetry axis. When the excitation
energy is 2880 eV, well above threshold, the absorption
process is expected to be more isotropic than at 2823.4
eV (on feature D), so that the polarization effect on the
B-to-C fluorescence intensity ratio should diminish, in
accordance with observation (Fig. 1).

Quantitative interpretation of the data of Figs. 1 and 2
is based on the classical treatment of fluorescence polar-
ization due to Jablonski® and others,®"!! and molecular-
orbital and static-exchange calculations of the occupied
and virtual states.'> The fluorescence-line polarization P
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FIG. 2. Cl Kp fluorescence spectra from CH;Cl following
Cl 1s — 8a, excitation with 2823.4-eV photon energy, centered
on feature D in the absorption spectrum of Fig. 1. The labels
parallel and perpendicular refer to orthogonal orientations of
the measured fluorescence polarization relative to the incident
E vector. The two spectra have been scaled so that the areas of
peak C are identical. The peak at 2823.4 eV is due to elastic
scattering of the incident radiation.
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8a, (€=-9.18eV, f=0.0097) |
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FIG. 3. Occupied and virtual molecular orbitals of CH3Cl participating in the excitation and fluorescence decay processes giving
rise to the measured spectra of Figs. 1 and 2. The drawings refer to molecular-orbital amplitudes in a plane containing the Cl and C
atoms, as well as one H atom, with Cl on the right and the methyl group on the left. Orbital energies in electronvolts and f numbers

with the Cl 1s orbital are given also.

in the present geometry takes the form3-1°

P=I||_IJ.
I||+I_L

_ afi—ayfL—arfitarf,
2a\fit+3af.t3a. fLitTa. f, ’

where I and I, refer to integrated intensities of fluores-
cence peaks in parallel or perpendicular polarization, re-
spectively. In the last expression in Eq. (1), which is
applicable for randomly oriented molecules frozen in
space,® !0 a; and a, are the body-frame absorption in-
tensities (dipole transition moments or f numbers) for
incident polarization parallel and perpendicular, respec-
tively, to the molecular symmetry axis. The fy and f.
are the corresponding quantities in emission, which can
be different for each of the three fluorescence transitions,
as indicated in Fig. 3. In fact, for CH;Cl, f,=0 for the
transitions 2e— la; and 3e— la,, and f, =0 for the
transition 7a,— la;.

For 2880-eV excitation, the equality of observed
fluorescence profiles in orthogonal polarizations (Fig. 1)
indicates that the values of P for peaks B and C are
equal within experimental error. Exact equality of P
values is possible only if P is zero for both peaks, in
which case a; and a, are identical at 2880 eV [see Eq.
(1)]. Unfortunately, a definitive statement on this latter

(1
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point is precluded by experimental uncertainty, because
of an insensitivity of P to the measured intensity ratios.
Nevertheless, the measured B-to-C peak intensity ratio
in either polarization and for excitation well above
threshold can yield directly the ratio

f1(7a;— la)+f1Qe— 1a))1/fL Be— 1a)).

The measured (Fig. 1) and calculated (Fig. 3) ratios are
0.54(5) and 0.46, respectively.

In the case of peak-D excitation (Fig. 2), a, =0 in Eq.
(1) so that P=—1 for the transitions 2e— la; and
3e— la;, and P=13 for the transition 7a;— la;. If we
employ these polarization values and the spectral assign-
ments, two expressions for the B-to-C peak ratios in the
orthogonal polarization spectra of Fig. 2 are obtained in
the forms'3

I+ N1(Tay—1a)+f1Qe— 1ay)

Icll - f_L(3e—> lal) ’ (23.)
Iz, #/1Tai—lap)+f1Q2e— 1a))
I, f¢(3€—' 101) ’ (2b)

The measured B-to-C intensity ratios are 0.86(5) and
0.29(2) for parallel and perpendicular polarizations (Fig.
2), respectively, whereas the corresponding calculated
values are 0.90 and 0.24 (Fig. 3). The experimental
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values inferred from the results in Fig. 2 for the relative
f numbers

[f1(7a,— 1a)/fL(Be— la;) =0.30(3),
f1Qe—1a1)/f.(Be— 1a;) =0.18(2)]

also compare favorably with the calculated values
[0.35;0.11]. Moreover, the fluorescence spectra of Figs.
1 and 2 are in reasonable quantitative accord in that the
sum [0.48(5)] of the two relative f numbers inferred
from Egs. (2) agrees with that [0.54(5)] obtained direct-
ly from the Kf spectrum in Fig. 1. Additional experi-
mental and theoretical results, including absolute
fluorescence-polarization values P in Ch;Cl and other
compounds as a function of excitation energy, will be re-
ported separately.

In summary, we have observed significant polarization
of x-ray fluorescence following resonant excitation of
CH;Cl near the Cl K edge. This effect is a consequence
of the alignment of the molecule produced by the excita-
tion process. Theoretical considerations provide a direct
and sensible interpretation of the measurements, with
the calculated relative transition strengths and inferred
orbital symmetries in good accord with those derived
directly from experiment. We expect the x-ray polar-
ized-fluorescence phenomenon to aid in the assignment
of resonant features in the core-level absorption spectra
of a wide variety of species in many environments, in-
cluding adsorbate and condensed phases.
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FIG. 3. Occupied and virtual molecular orbitals of CH3Cl participating in the excitation and fluorescence decay processes giving
rise to the measured spectra of Figs. 1 and 2. The drawings refer to molecular-orbital amplitudes in a plane containing the Cl and C
atoms, as well as one H atom, with Cl on the right and the methyl group on the left. Orbital energies in electronvolts and f numbers

with the Cl 1s orbital are given also.



