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Resonant Raman scattering in potassium and chlorineKb x-ray emission from KCl
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We have measured the potassiumKb and chlorineKb resonant Raman x-ray scattering from KCl. Strong
K-shell absorption peaks are directly reflected in the resonant Raman spectra. The emission spectra are quali-
tatively evaluated in terms of the associated absorption spectra, based on a simple single-electron model of the
scattering process. This model affords direct interpretation of the energy, line shape, and intensity variations of
the emission spectra. In the resonant Raman regime, energy offsets between the data and the model predictions
are attributed to binding energy differences between intermediate and final state excitons; thus these offsets
indicate that the associated peaks in the absorption spectra are excitonic in nature.@S0163-1829~96!00341-4#

I. INTRODUCTION

Alkali halides such as KCl are model ionic compounds in
which the constituent ions have closed shells and narrow
valence bands. They have traditionally been of interest with
respect to x-ray-absorption and emission phenomena.1–8

There are also many recent studies of x-ray emission excited
with tunable x rays near core-ionization thresholds. One such
threshold phenomenon is resonant Raman x-ray scattering, in
which inelastic x-ray scattering by a core or valence electron
is enhanced near the excitation threshold of a deeper core
electron: this enhancement occurs at scattered x-ray energies
near the characteristic x-ray fluorescence. This form of scat-
tering was first observed by Sparks9 and was further clarified
using tunable synchrotron-radiation by Eisenberger, Platz-
man, and Winick.10 Since then, numerous experimental ob-
servations have been reported, for excitation to both con-
tinuum final states11–13 and combinations of excitonic and
continuum14–19 final states. Meanwhile resonant Raman
x-ray scattering has been described theoretically, based on
the Kramers-Heisenberg formalism.20,21

Many resonant Raman studies atK-absorption thresholds
have focussed onKa emission. However, for potassium and
chlorine the 2p spin-orbit splitting inKa emission, on the
order of 2 eV, is disadvantageous for the present study; until
the two components are separated during data analysis, line-
shape changes near threshold are obscured. We concentrate
instead onKb emission from both the potassium and the
chlorine. Here the inelastic scattering by shallow 3p elec-

trons evolves intoKb fluorescence at the 1s threshold. Core-
to-valenceemission exhibits special characteristics. For ex-
citation energies just above threshold, spectra are excitation-
energy dependent and spatially anisotropic due to coherence
between the absorption and emission processes and conse-
quent momentum-conservation restrictions.22,23 In KCl the
potassium and chlorine 3p energy bands exhibit little disper-
sion, and such effects are not resolved. As discussed below,
one can also interpret core-to-valenceemission in the reso-
nant Raman regime in terms of binding-energy differences
between an intermediate-state core exciton and a final-state
valence exciton.24 At threshold the core-valence emission en-
ergy lies close to the excitation energy, and hence the emis-
sion spectrum and elastic-scattering peak can simultaneously
be recorded with our spectrometer. This automatic calibra-
tion of the incident photon energy is crucial: near-threshold
spectra are sensitive to the exact value of this energy.

II. EXPERIMENT

Measurements were conducted at Beamline X24A of the
National Synchrotron Light Source.25 Si~111! monochro-
mator crystals were used to select the incident photon ener-
gies; the intrinsic resolution of these crystals is 0.4 eV at 2.8
keV ~chlorineK edge! and 0.6 eV at 3.6 keV~potassiumK
edge!.25 The secondary monochromator, that is, the x-ray-
emission spectrometer,26 employed a curved Si~111! crystal
and a position-sensitive detector, allowing for simultaneous
collection of an entireK emission spectrum along with the
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elastic-scattering peak. The elastic-scattering peak was used
initially to calibrate the full range of spectrometer energies
relative to the beamline monochromator energies. The intrin-
sic resolution of the emission-spectrometer crystals is 0.36
eV at 2.8 keV~chlorineKb! and 0.44 eV at 3.6 keV~potas-
sium Kb!. The widths of the elastic-scattering peaks were
observed to be up to two times higher than the ideal com-
bined resolution of the monochromator and spectrometer
crystals.

Centimeter-sized samples of KCl were cleaved and placed
in the sample chamber. Long exposure to the synchrotron
beam led to the formation of color centers. We were careful
to look for influence of this defect formation in the various
spectra, and the beam spot was frequently moved on the
samples. No influence of defects was observed in this experi-
ment.

III. RESULTS

A. PotassiumK x-ray absorption and emission

Figure 1~a! shows fluorescence-yield spectra at the potas-
siumK edge measured withKa andKb fluorescence emitted
45° from the surface normal. Figure 1~b! shows yield spectra
measured withKa fluorescence emitted at glancing angles.
In the glancing emission measurement the sampling depth
was always less than the penetration depth of the incident

x rays; the spectrum is sharp and accurately represents ab-
sorption per volume. The spectrum in Fig. 1~b! is similar to
transmission spectra taken from thin films1 and will herein be
interpreted as potassiumK absorption spectra.

PotassiumKb emission spectra were taken at the incident
energies,\v1 , for which white and gray circles appear in
Fig. 1~a!. In fact, theKb-fluorescence-yield spectrum was
obtained by individually integrating the areas of the flux-
normalized emission spectra. In Fig. 2, some of these emis-
sion spectra are plotted, normalized to equal peak height. At
the highest\v1 , about 25 eV above the absorption thresh-
old, the emission spectrum agrees with those published
previously:2,3 a single peak represents the potassium 1s-3p
transition. The so-calledKbV feature, representing a
potassium-1s–chlorine-3p cross transition,3 also appears in
these spectra although it is not discernable at the intensity
scale of Fig. 2. As\v1 is lowered below threshold, the main
emission peak shifts to lower emitted energy,\v2 , and an
additional lower-energy peak appears. In Fig. 3, theKbV
feature is shown with a magnified intensity scale for several
\v1 values; as\v1 is lowered below threshold, this feature
also shifts down in\v2 . In Fig. 4, the centroid energies of
the main emission peak, the low-energy peak, and theKbV
peak, determined using a curve-fitting routine, are plotted as
a function of\v1 .

B. Chlorine K x-ray absorption and emission

Figures 5 and 6 show chlorine fluorescence-yield andKb
emission spectra. The yield spectrum taken at glancing emis-

FIG. 1. Potassium fluorescence-yield spectra taken at the potas-
sium K edge are plotted. In~a! the spectra were taken with
Ka-fluorescence detection~small black points! andKb-fluorescence
detection~large gray and white circles!, using a 45° angle of inci-
dence and a 45° angle of fluorescence emission. The gray circles
signify excitation energies at whichK emission spectra are plotted
in Fig. 2. In ~b! the spectrum was taken withKa-fluorescence de-
tection, using near-normal incidence and grazing emission, while
the solid gray line represents a model fit.

FIG. 2. PotassiumKb emission spectra~heavy lines! are plotted
for different incident photon energies. The scaling factor is the
number by which each flux-normalized spectrum was multiplied to
match its peak height with that of spectrum (A). Absorption-based
spectra constructed from Eq.~4! ~thin lines! are superimposed for
comparison, with the same relative scaling factors as the data.
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sion is again sharper than those taken at 45° emission, and
this will be interpreted as the chlorineK absorption spec-
trum. The first two peaks in the absorption spectrum are
broader and their energy separation is somewhat greater than
in the potassium case. The chlorineK emission spectrum
taken at\v152853.9 eV@Fig. 6 (A)# has a high-energy
shoulder due to emission involving a multiple-hole initial
state;3 in the other emission spectra the excitation energy is
sufficiently low that this satellite is suppressed.7 At the
higher\v1 , the emission spectra agree with those published
previously.2,3,7 Below threshold the chlorineK emission
spectra shift to lower\v2 , and at the lowest values of\v1 a
shoulder appears on the low-energy side. In Fig. 7, the cen-
troid energies of the main emission peak and the shoulder are
plotted as a function of\v1 .

IV. DISCUSSION

A. Energy conservation

Each resonant Raman emission feature corresponds to a
certain feature in the associated absorption threshold. One
can predict, based on energy conservation, the centroid en-
ergy for the Raman feature corresponding to a given absorp-
tion feature:

\v25EKM2~E~n!2\v1!. ~1!

EKM is the post-thresholdKb fluorescence energy, seen in
Figs. 2 and 6 to be 3588.5 eV and 2814.7 eV for potassium
and chlorine, respectively.EKM for the potassiumKbV fea-
ture is 3601.0 eV.E(n) is the energy of a feature (n) in the

absorption threshold. Peaks~i! and ~ii ! in the potassiumK
absorption of Fig. 1 haveE~i!53610.8 eV andE~ii !53614.7
eV, and the corresponding emission energies predicted by
Eq. ~1! are plotted in Fig. 4. In the chlorineK absorption of
Fig. 5, E~i!52824.6 eV, and the second set of features is
grouped atE~ii !52829.5 eV. Equation~1! is correspondingly
plotted in Fig. 7. In Figs. 4 and 7, Eq.~1! is seen to explain
the emission peak positions measured in the resonant Raman
regime. In this regime of both the potassium and chlorine
emission data, the main peaks are associated with absorption
peaks~i!, while the low-energy shoulders are associated with
absorption peaks~ii !. The potassiumKbV Raman feature is
associated with absorption peak~i!, while a shoulder associ-
ated with peak~ii ! could not be resolved.

B. Kramers-Heisenberg equation

A theoretical description of resonant Raman scattering20,21

begins with the Kramers-Heisenberg equation for the differ-
ential transition cross section. Near the core excitation
threshold the cross section is dominated by the resonant
term, which in the dipole approximation, may be written as

d2s

dv2dV
5

r e
2

me
2

v2

v1
U(

I

^Bup•e2uI &^I up•e1uA&
EA1\v12EI2 iG I /2

U2
3d~EB1\v22EA2\v1!. ~2!

FIG. 3. The weak potassiumKbV emission feature is plotted for
several incident photon energies. The intensities are scaled by the
same factors as in Fig. 2. Curve fits used to estimate the centroid
energies of these spectra are also plotted.

FIG. 4. Centroid energies of the measured potassiumK emis-
sion peaks are plotted versus excitation energy. The resonant Ra-
man emission energies predicted from energy conservation consid-
erations@Eq. ~1!# are also plotted as solid gray lines. The dashed
lines mark the centroid energies of the main andKbV emission
features for excitation energies above threshold.

12 024 54MIYANO, MA, SOUTHWORTH, COWAN, AND KARLIN



Here r e is the classical electron-scattering radius, andme is
the electron rest mass;v1 and e1 are the frequency and po-
larization vector of the incident photon, whilev2 ande2 are
those for the emitted~scattered! photon;A, I , andB repre-
sent the initial, intermediate, and final states of the scattering
process, andEA , EI , andEB are their energies; andG I is the
lifetime width of the intermediate state. The summation
ranges over the intermediate states; from a one-electron
viewpoint it is the energy,«, of the initially excited electron
that varies for differentI . These intermediate states include
both excitons~negative«! and states with the excited elec-
tron in the continuum~positive«!. Thed function expresses
conservation of energy. Rewriting the denominator of Eq.~2!
based on this conservation yields

d2s

dv2dV
5

r e
2

me
2

v2

v1
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\v22~EI2EB!2 iG I /2
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C. Interpretation of emission spectra based
on the associated absorption spectrum

Various authors11,16,17have described an interpretation of
x-ray emission spectra in the threshold regime in terms of the
associated absorption spectrum. In the context of a single-
electron-excitation model, this interpretation is based on the

assumption of«-independent emission, meaning that the
state of the initially excited electron does not influence the
transition between statesI andB and that the energy« is the
same in the intermediate and final states. This assumption is
readily acceptable for electrons excited to continuum states,
but even if the electron is excited to an excitonic level, it is
presumed to only be aspectatorto the I -B transition. Then
in Eq. ~3!, G I , (EI2EB), and the matrix element^Bup•«2uI &
are independent of« and can be taken outside of the sum-
mation. Dropping terms that vary slowly withv2 and adapt-
ing the equation specifically toM -electron scattering at the
K threshold,

d2s

dv2dV
} LK~\v22EKM !•m* ~\v12\v21EKM !,

~4!

whereLK(\v22EKM)5[(\v22EKM)
21G K

2 /4]21, andm*
is the excitation cross section, that is, the absorption spec-
trum with the K-hole broadening and beamline-
monochromator broadening removed. Figure 8 shows that
for a specific excitation energy,\v1 , the product
LK(E2\v1)•m* (E) represents the probability of excitation
to an intermediate state of nominal energyE. Under the
«-independent-emission assumption this probability distribu-

FIG. 5. Chlorine fluorescence-yield spectra taken at the chlorine
K edge are plotted. In~a! the spectra were taken with
Ka-fluorescence detection~small black points! andKb-fluorescence
detection~large gray and white circles!, using a 45° angle of inci-
dence and a 45° angle of fluorescence emission. In~b! the spectrum
was taken withKa-fluorescence detection, using near-normal inci-
dence and grazing emission, while the solid gray line represents a
model fit.

FIG. 6. ChlorineKb emission spectra-~heavy lines! are plotted
for different incident photon energies. The spectra are normalized to
equal peak height, with the intensity scaling factor indicated. In
spectra (G), (H), and (I ), the elastic-scattering peak is more in-
tense than the emission features and has been truncated.
Absorption-based spectra constructed from Eq.~4! ~thin lines! are
superimposed for comparison, with the same relative scaling factors
as the data. In order to accentuate the low-energy shoulder, the
measured and constructed spectra for the lowest incident photon
energy, 2820.0 eV, are replotted in the inset with equal peak
heights.
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tion establishes the emission spectrum: shifting this distribu-
tion to the diagram fluorescence energy as in Eq.~4! yields a
predicted emission spectrum. Equation~4! omits the final-
state lifetime and instrumental broadenings of the beamline
monochromator and emission spectrometer.12,20,27 It also
omits the bandwidth of the shallowM states due to solid-
state effects. However, as discussed below, Eq.~4! allows a
simple interpretation of the energy shifts and line-shape
variations in the threshold emission spectra.

Based on Eq.~4!, we constructedemission spectra using
the measured absorption spectra in Figs. 1 and 5. The main
components of this construction for potassiumKb emission
are plotted in Fig. 9. In order to convert the measured ab-
sorption spectra tom* , theK-hole lifetime28 and beamline-
monochromator broadening must be removed. Unfortu-
nately, various deconvolution routines yielded unacceptable
noise amplification. We instead fit the absorption spectra
with the simplest model functions that captured their essen-
tial features, and from these curves the broadenings were
directly removed. The fit to the potassiumK absorption spec-
trum of Fig. 1 consists of two Lorentzian and Gaussian-
broadened peaks and a broadened step function. The fit to the
chlorineK absorption spectrum of Fig. 5 consists of three
peaks29 and a step function. We plotm* (\v12\v21EKM)
versus \v2 , using EKM53588.5 eV for potassium and
EKM52814.7 eV for chlorine.m* (\v12\v21EKM) shifts

FIG. 7. Centroid energies of the measured chlorineK emission
peaks are plotted vs excitation energy. The resonant Raman emis-
sion energies predicted from energy conservation considerations
@Eq. ~1!# are also plotted, as solid gray lines. The dashed line marks
the centroid energy of the main emission peak for excitation ener-
gies above threshold.

FIG. 8. A total energy diagram is shown for the absorption and
emission processes, taking place through an intermediate state of
nominal energyE. Here the incident energy\v1 is belowE, but
transitions take place because of the uncertainty inE, characterized
by GK . The transition probability to this particular intermediate
state is proportional toLK(E2\v1)•m* (E). The intermediate
state is assumed to fix the final state: thus the x-ray emission spec-
trum given in Eq.~4! directly reflects the intermediate-state distri-
bution.

FIG. 9. The components of the potassium-K-emission construc-
tion based on Eq.~4! are plotted vs\v2 : LK(\v22EKM) and
m* (\v12\v21EKM). For m* , the intermediate-state-lifetime
broadening and beamline-monochromator-instrumental broadening
have been stripped from the model fit to the absorption spectrum
shown in Fig. 1~b!. In ~a!, the construction of the potassiumKb

emission spectrum for\v153612.9 eV@Fig. 2 (C)# is plotted. In
~b!, the construction of the potassiumKb emission spectrum for
\v153607.1 eV@Fig. 2 (I )# is plotted.
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for different incident energies\v1 . It is important to note
that the peak energies ofm* (\v12\v21EKM) are at ex-
actly the\v2 values given by Eq.~1!.

Figures 2 and 6 compare measured and constructed emis-
sion spectra. Beamline-monochromator and emission-
spectrometer instrumental broadenings and the solid-stateM
bandwidth, as determined from the post-threshold fluores-
cence spectra, have been incorporated in the construction27

to allow a more complete comparison. The final-state life-
time broadening is assumed negligible.30 Previous construc-
tions for ArKa emission yielded quantitative agreement with
the measured emission spectra.17 In the present work the
constructed spectra qualitatively match the energy shifts and
line shape changes of the measured spectra. The intensity of
the constructed spectra follows that of the data fairly well
over variations amounting to a factor of 20.

We see in the subthreshold resonant Raman spectra of
Figs. 2 and 6 an energy offset between the data and the
constructed spectra.31 This discrepancy may stem from a
failure in the«-independent emission assumption that under-
lies the construction. In particular, binding-energy differ-
ences, i.e., differences in«, between an intermediate-state
core exciton and a final-state valence exciton would yield
additional energy shifts in the emission spectra.24 For both
potassium and chlorine, the main peak in the data lies
roughly half an eV below the corresponding feature in the
construction; this peak in the resonant Raman regime is un-
ambiguously associated with feature~i! in the absorption
spectrum. Thus, the offset suggests that absorption feature~i!
in the potassium and chlorineK absorption spectra are exci-
tonic in origin. We note, however, that Sugiura and Sasaki8

have combined fluorescence, absorption, and photoemission
data to claim that in the potassium absorption the threshold
for continuum transitions lies below feature~i!. In general,
direct comparison of core and valence exciton binding ener-
gies is not possible: the position of the continuum threshold
in the core absorption is not a well-established quantity. Va-
lence exciton binding energies can be estimated from the

optical absorption of Teegarden and Baldini32 and the elec-
tron energy loss spectroscopy of Creuzburg33 to be roughly 1
and 3 eV.

In Figs. 2 (F) and 6 (F), \v1 is at the onset of strong
absorption, and the emission spectra exhibit the asymmetry
characteristic of this excitation regime, with a broader tail
toward low\v2 .

10 From Eq.~4!, we attribute this asymme-
try to the abrupt decline ofm* (\v12\v21EKM) to high
\v2 versus the more gradualK-hole-broadened tail of
LK (\v22EKM) to low \v2 . The construction based on Eq.
~4! also offers insight for\v1 values within the main ab-
sorption profile. Figure 9~a! is a plot of the construction for
potassium emission at\v153612.9 eV: the two components
are multiplied to yield the constructed spectrum of Fig. 2
(C). The origin of the broadening in the measured spectrum
is clarified by the construction. An\v1 of 3612.9 eV centers
the intermediate-state excitation distributionLK(E2\v1)
between the two excitation features,~i! and ~ii !, of m* (E);
thus there is a bimodal intermediate-state distribution, and
this is reflected in the emission spectrum.

V. SUMMARY

Figures 2 and 6 demonstrateKb resonant Raman emission
spectra and their evolution into fluorescence at the potassium
and chlorineK absorption thresholds. Absorption spectra of
KCl have two distinct peaks at both the potassium and chlo-
rineK thresholds, and these features are directly reflected in
the resonant Raman spectra. Details of the line shape and its
evolution are evaluated by multiplication of the Lorentzian-
broadened excitation function with the excitation cross sec-
tion, as derived from the absorption spectrum. Certain en-
ergy offsets between the data and this construction suggest
that the associated intermediate states are excitonic in nature.
Overall, however, the construction yields good agreement
with the measured emission spectra, and the simple formu-
lation allows a direct interpretation of energy, line shape, and
intensity variations.
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