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We have measured the potassitp and chlorineK ; resonant Raman x-ray scattering from KCI. 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 [82a63-18206)00341-4

I. INTRODUCTION trons evolves intd ; fluorescence at theslthreshold. Core-
to-valenceemission exhibits special characteristics. For ex-

Alkali halides such as KCI are model ionic compounds incitation energies just above threshold, spectra are excitation-
which the constituent ions have closed shells and narrovnergy dependent and spatially anisotropic due to coherence
valence bands. They have traditionally been of interest wittetween the absorption and emission processes and conse-
respect to x-ray-absorption and emission phenomigha. duent momentum-conservation restrictiéﬁé_?’ In KCI the
There are also many recent studies of x-ray emission exciteBPtassium and chlorinelenergy bands exhibit little disper-
with tunable x rays near core-ionization thresholds. One sucfion, and such effects are not resolved. As discussed below,
threshold phenomenon is resonant Raman x-ray scattering, fi'€ ¢an also interpret core-talenceemission in the reso-
which inelastic x-ray scattering by a core or valence electroffa't Raman regime in terms of binding-energy differences
is enhanced near the excitation threshold of a deeper co etween an intermediate-state core exciton and a final-state

. 4 _ . . _
electron: this enhancement occurs at scattered x-ray energigglence excitor” At threshold the core-valence emission en

near the characteristic x-ray fluorescence. This form of scat' Y lies close to the excitation energy, and hence the emis-

. . e ion rum and elastic- rin k can simultan I
tering was first observed by Spafland was further clarified sion spectrum and elastic-scattering peak can simultaneously

) bl h diation by Eisenb Pl be recorded with our spectrometer. This automatic calibra-
using tugaw_e_slyégcs_rotronh-ra lation by Eisenberger, I al‘;[zﬁon of the incident photon energy is crucial: near-threshold
man, an inick.” Since then, numerous e>_<per|menta 0 “spectra are sensitive to the exact value of this energy.
servations have been reported, for excitation to both con-

tinuum final state$~!* and combinations of excitonic and
continuunt*~1° final states. Meanwhile resonant Raman
x-ray scattering has been described theoretically, based on
the Kramers-Heisenberg formalisih? Measurements were conducted at Beamline X24A of the
Many resonant Raman studieskatabsorption thresholds National Synchrotron Light Souré. Si(111) monochro-
have focussed oK , emission. However, for potassium and mator crystals were used to select the incident photon ener-
chlorine the 2 spin-orbit splitting inK, emission, on the gies; the intrinsic resolution of these crystals is 0.4 eV at 2.8
order of 2 eV, is disadvantageous for the present study; untkeV (chlorineK edge and 0.6 eV at 3.6 ke\{potassiumK
the two components are separated during data analysis, linedge.?®> The secondary monochromator, that is, the x-ray-
shape changes near threshold are obscured. We concentrataission spectrometé?,employed a curved Gil1) crystal
instead onK, emission from both the potassium and theand a position-sensitive detector, allowing for simultaneous
chlorine. Here the inelastic scattering by shallow 8lec- collection of an entireK emission spectrum along with the

II. EXPERIMENT
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FIG. 1. Potassium fluorescence-yield spectra taken at the potas-

. ' FIG. 2. PotassiunK ; emission spectréheavy line$ are plotted
sium K edge are plotted. Infa) the spectra were taken with A pectréheavy 5 P

K -l detecti Il black pointsandK fi for different incident photon energies. The scaling factor is the
o-fluorescence detecticismall black pointsandK s-fluorescence number by which each flux-normalized spectrum was multiplied to

detection(large gray and white circlgsusing a 45° angle of inci- match its peak height with that of spectrum)( Absorption-based

d_enc_:e and_ a .45 angle_ of fluorgscencc_e emission. The gray ClrClesst:)ectra constructed from E@) (thin lineg are superimposed for
signify excitation energies at whidd emission spectra are plotted comparison, with the same relative scaling factors as the data.

in Fig. 2. In (b) the spectrum was taken witk -fluorescence de-
tection, using near-normal incidence and grazing emission, whil rays; the spectrum is sharp and accurately represents ab-
the solid gray line represents a model fit. sorption per volume. The spectrum in FigblLis similar to
transmission spectra taken from thin fithend will herein be
elastic-scattering peak. The elastic-scattering peak was uségterpreted as potassiuki absorption spectra.
initially to calibrate the full range of spectrometer energies PotassiunK ; emission spectra were taken at the incident
relative to the beamline monochromator energies. The intrinenergies/ w,, for which white and gray circles appear in
sic resolution of the emission-spectrometer crystals is 0.3Fig. 1(a). In fact, theK s-fluorescence-yield spectrum was
eV at 2.8 keV(chlorineK ;) and 0.44 eV at 3.6 ke\potas- obtained by individually integrating the areas of the flux-
sium K ). The widths of the elastic-scattering peaks werenormalized emission spectra. In Fig. 2, some of these emis-
observed to be up to two times higher than the ideal comsion spectra are plotted, normalized to equal peak height. At
bined resolution of the monochromator and spectrometethe highestiw;, about 25 eV above the absorption thresh-
crystals. old, the emission spectrum agrees with those published
Centimeter-sized samples of KCl were cleaved and placeBreviously>® a single peak represents the potassitsn3p
in the sample chamber. Long exposure to the synchrotroansition. The so-calledKy, feature, representing a
beam led to the formation of color centers. We were carefuPotassium-s—chlorine-3 cross transitiori,also appears in
to look for influence of this defect formation in the various these spectra although it is not discernable at the intensity
spectra, and the beam spot was frequenﬂy moved on th@aje of Flg 2. A§’zw1 is lowered below threshold, the main
samples. No influence of defects was observed in this experfmission peak shifts to lower emitted energyy,, and an

ment. additional lower-energy peak appears. In Fig. 3, Kg,
feature is shown with a magnified intensity scale for several
. RESULTS howq val_ues; asﬁQl is Iowereq below thresho!d, this fgature
_ _ o also shifts down imw,. In Fig. 4, the centroid energies of
A. PotassiumK x-ray absorption and emission the main emission peak, the low-energy peak, andkipe

Figure Xa) shows fluorescence-yield spectra at the potaspeak, o_letermined using a curve-fitting routine, are plotted as
siumK edge measured witk , andK ; fluorescence emitted 2 function offw, .
45° from the surface normal. Figuréh) shows yield spectra _ . o
measured wittK , fluorescence emitted at glancing angles. B. Chlorine K x-ray absorption and emission
In the glancing emission measurement the sampling depth Figures 5 and 6 show chlorine fluorescence-yield EKpd
was always less than the penetration depth of the incider@mission spectra. The yield spectrum taken at glancing emis-
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FIG. 3. The weak potassiuilg, emission feature is plotted for excitation photon energy (eV)

several incident photon energies. The intensities are scaled by the

same factors as in Fig. 2. Curve fits used to estimate the centroid FIG. 4. Centroid energies of the measured potassuemis-

energies of these spectra are also plotted. sion peaks are plotted versus excitation energy. The resonant Ra-
man emission energies predicted from energy conservation consid-

sion is again sharper than those taken at 45° emission, arfgations(Eq. (1)] are also plotted as solid gray lines. The dashed

this will be interpreted as the chloriné absorption spec- lines mark the centroid energies of the main atg, emission

trum. The first two peaks in the absorption spectrum ardeatures for excitation energies above threshold.

broader and their energy separation is somewhat greater than i i . i

in the potassium case. The chlorike emission spectrum absorption threshold. Peakis and (ii) in the potassiunK

taken athw,=2853.9 eV[Fig. 6 (A)] has a high-energy @absorption of Fig. 1 hav&;=3610.8 eV ancE;=3614.7

shoulder due to emission involving a multiple-hole initial €V> @and the corresponding emission energies predicted by

state? in the other emission spectra the excitation energy i€d- (1) are plotted in Fig. 4. In the chlorin absorption of

sufficiently low that this satellite is suppressedt the  Fig- 5, E;=2824.6 eV, and the second set of features is

higher# w, , the emission spectra agree with those publishe@rouped a€;=2829.5 eV. Equatiofil) is correspondingly

previously?®” Below threshold the chlorindd emission Plotted in Fig. 7. In Figs. 4 and 7, EqL) is seen to explain

spectra shift to loweh w,, and at the lowest values B, a the_emlssmn _peak posmons measured in tr_le resonant Ra_\man

shoulder appears on the low-energy side. In Fig. 7, the cerfégime. In this regime of both the potassium and chlorine

troid energies of the main emission peak and the shoulder a@Mission data, the main peaks are associated with absorption

plotted as a function of w, . peaks(i), while the low-energy shoulders are associated with
absorption peaksi). The potassiunK z, Raman feature is
V. DISCUSSION associated with absorption peék while a shoulder associ-

ated with peak(ii) could not be resolved.
A. Energy conservation

Each resonant Raman emission feature corresponds to a B. Kramers-Heisenberg equation

certain feature in the associated absorption threshold. One A theoretical description of resonant Raman scattéfifly

can predict, based on energy conservation, the centroid eRpgins with the Kramers-Heisenberg equation for the differ-
ergy for the Raman feature corresponding to a given absorpsntial transition cross section. Near the core excitation

tion feature: threshold the cross section is dominated by the resonant

term, which in the dipole approximation, may be written as
hwy=Exm—(Eqn~hwy). (1) pole app Y
Exwm is the post-thresholdk ; fluorescence energy, seen in d’c r3 w, <B|p~¢sz|l><l|p-.sl|A)‘2
Figs. 2 and 6 to be 3588.5 eV and 2814.7 eV for potassium  du,d) mZ wy |4* Eathio;—E—il/2]

and chlorine, respectivelfy for the potassiunK g, fea-
ture is 3601.0 eVE,, is the energy of a featurenf in the X 8(Egthiw,—Ep—fhwq). 2)



54 RESONANT RAMAN SCATTERING IN POTASSIUM AND . .. 12 025

chlorine K absorption chlorine K emission

||IIIIIIIhlIIIIIIIIIIIIIIIIIII

|||||IIIIIIII||||||IIIIIII||II|I
incident photon energy, i @/ (eV)

H \ (A) 28539 eV

(B) 2834.6 eV, x 0.77

# Q; (C) 28329 eV, x 1.2

(D) 2827.4 eV, x 0.78

~

00 2805 2810 2815

(E) 2825.5 eV, x 0.65

(F) 2823.0 eV, x 1.2

N AN A (G) 2822.0 eV, x 3.8

. @ J
: (H) 2821.1 eV, x 6.8
: [ — _.usJ L N
(a) .-36 ) 2820.0 eV, x 12
e ,,,,,.,J \ .

|"1”||'?r|\|||||||||1||\l||||||| T R R RN MmN

2815 2820 2825 2830 2835 2840 2845

incident photon energy, o, (eV)

absorption (normalized)
emitted intensity (normalized)

2795 2800 2805 2810 2815 2820 2825 2830
emitted photon energy, o, (eV)

FIG. 5. Chlorine fluorescence-yield spectra taken at the chlorine
K edge are plotted. In(a) the spectra were taken with
K,-fluorescence detectigsmall black pointsandK s-fluorescence
detection(large gray and white circlgsusing a 45° angle of inci-
dence and a 45° angle of fluorescence emissiofh)lthe spectrum
was taken withK ,-fluorescence detection, using near-normal inci-
dence and grazing emission, while the solid gray line represents
model fit.

FIG. 6. ChlorineK ; emission spectréheavy line$ 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 (), the elastic-scattering peak is more in-
tense than the emission features and has been truncated.
Absorption-based spectra constructed from &.(thin lineg are
guperimposed 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.

Herer, is the classical electron-scattering radius, amgis
the electron rest massj; and ¢; are the frequency and po-
larization vector of the incident photon, while, and €, are
those for the emittedscatteredl photon; A, I, andB repre- assumption ofe-independent emissiprmeaning that the
sent the initial, intermediate, and final states of the scatteringtate of the initially excited electron does not influence the
process, anéf, , E,, andEjg are their energies; arld is the  transition between statésandB and that the energy is the
lifetime width of the intermediate state. The summationS@me in the intermediate and final states. This assumption is
ranges over the intermediate states: from a one-electroigadily acceptable for electrons excited to continuum states,
viewpoint it is the energye, of the initially excited electron but even if the electron is excited to an excito_n_ic level, it is
that varies for different. These intermediate states include Présumed to only be spectatorto thel-B transition. Then
both excitons(negatives) and states with the excited elec- N EQ. (3), I';, (E;—Eg), and the matrix elemer(B|p-&|!)

tron in the continuun{positive e). The & function expresses are independent of and can be taken outside of the sum-
conservation of energy. Rewriting the denominator of @y.  Mation. Dropping terms that vary slowly wii, and adapt-

based on this conservation yields ing the equation specifically t¥-electron scattering at the
K threshold,
d’a _Eﬂ (Blp- &I )1|p- &l|A) ‘2 d2o
dw,dQ m? w; |5 ho,—(E—Eg)—il\/2 dwyd0 ~ Lk(fiwy—Egm) - u* (fiw1—fiwa+Egw),
X (Eg+fwy—En—fiwy). 3) (4)

whereL(Aw,— Exy)=[(hw,—Exy)?+T 2/4] 7%, and u*
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
Various authors"*®1’have described an interpretation of for a specific excitation energy/iw;, the product
x-ray emission spectra in the threshold regime in terms of thé  (E—#% w,) - u* (E) represents the probability of excitation
associated absorption spectrum. In the context of a singlde an intermediate state of nominal enerBy Under the
electron-excitation model, this interpretation is based on the-independent-emission assumption this probability distribu-

C. Interpretation of emission spectra based
on the associated absorption spectrum
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peaks are plotted vs excitation energy. The resonant Raman emis-
sion energies predicted from energy conservation considerations emitted photon energy, fio, (eV)

[Eg. (1)] are also plotted, as solid gray lines. The dashed line marks
the centroid energy of the main emission peak for excitation ener-

! FIG. 9. The components of the potassiltremission construc-
gies above threshold.

tion based on Eq(4) are plotted vshiw,: Lx(hw,—Eky) and
u*(ho;—fiwy,+Exy). For u*, the intermediate-state-lifetime
broadening and beamline-monochromator-instrumental broadening
have been stripped from the model fit to the absorption spectrum
shown in Fig. 1b). In (a), the construction of the potassiuki,
emission spectrum foiw,=3612.9 eV[Fig. 2 (C)] is plotted. In

(b), the construction of the potassiuky; emission spectrum for
hw,=3607.1 eV[Fig. 2 (I)] is plotted.

tion establishes the emission spectrum: shifting this distribu-
tion to the diagram fluorescence energy as in Efyields a
predicted emission spectrum. Equatigh omits the final-
state lifetime and instrumental broadenings of the beamline
monochromator and emission spectrométéf:?’ It also
omits the bandwidth of the shalloM states due to solid-
state effects. However, as discussed below, (Egallows 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 potassiép emission
are plotted in Fig. 9. In order to convert the measured ab-
ol A sorption spectra ta.*, the K-hole lifetimeé®® and beamline-
monochromator broadening must be removed. Unfortu-
nately, various deconvolution routines yielded unacceptable
noise amplification. We instead fit the absorption spectra

FIG. 8. A total energy diagram is shown for the absorption andv,"ith the simplest model functions that captured thgir essen-
emission processes, taking place through an intermediate state Hpl féatures, and from these curves the broadenings were
nominal energyE. Here the incident energgio, is belowE, but  directly removed. The fit to the potassiutrabsorption spec-
transitions take place because of the uncertainfg,ioharacterized ~ trum of Fig. 1 consists of two Lorentzian and Gaussian-
by I'x. The transition probability to this particular intermediate broadened peaks and a broadened step function. The fit to the
state is proportional to(E—#%w,)-u*(E). The intermediate Chlorine K absorption spectrum of Fig. 5 consists of three
state is assumed to fix the final state: thus the x-ray emission spepeak$® and a step function. We plgt* (i w,—f w,+Egy)
trum given in Eq.(4) directly reflects the intermediate-state distri- versus iw,, using Eyx,,=3588.5 eV for potassium and
bution. Exm=2814.7 eV for chlorineu* (Aw,—hw,+Exy) shifts

energy (E)

-h(()l- EKM T
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for different incident energie8w,. It is important to note optical absorption of Teegarden and Baldfrand the elec-
that the peak energies @f* (Aw,—%w,+Eyxy) are at ex- tron energy loss spectroscopy of CreuzBtitg be roughly 1
actly the# w, values given by Eq(l). and 3 eV.

Figures 2 and 6 compare measured and constructed emis- In Figs. 2 ) and 6 F), Zw, is at the onset of strong
sion spectra. Beamline-monochromator and emissionabsorption, and the emission spectra exhibit the asymmetry
spectrometer instrumental broadenings and the solid-state characteristic of this excitation regime, with a broader tail
bandwidth, as determined from the post-threshold fluorestoward low# w,.X° From Eq.(4), we attribute this asymme-
cence spectra, have been incorporated in the constréttiontry to the abrupt decline oft* (w;—#fw,+Exy) to high
to allow a more complete comparison. The final-state lifefiw, versus the more graduak-hole-broadened tail of
time broadening is assumed negligiBfePrevious construc- Ly (w,—Exy) to low Zw,. The construction based on Eq.
tions for ArK , emission yielded quantitative agreement with (4) also offers insight foriw; values within the main ab-
the measured emission spectfan the present work the sorption profile. Figure @) is a plot of the construction for
constructed spectra qualitatively match the energy shifts andotassium emission &tw; =3612.9 eV: the two components
line shape changes of the measured spectra. The intensity afe multiplied to yield the constructed spectrum of Fig. 2
the constructed spectra follows that of the data fairly well(C). The origin of the broadening in the measured spectrum
over variations amounting to a factor of 20. is clarified by the construction. Afiw, of 3612.9 eV centers

We see in the subthreshold resonant Raman spectra dfe intermediate-state excitation distributitry(E—7%w;)
Figs. 2 and 6 an energy offset between the data and theetween the two excitation feature$), and (ii), of u* (E);
constructed spectd. This discrepancy may stem from a thus there is a bimodal intermediate-state distribution, and
failure in thee-independent emission assumption that underthis is reflected in the emission spectrum.
lies the construction. In particular, binding-energy differ-
ences, i.e., differences is, between an intermediate-state
core exciton and a final-state valence exciton would yield
additional energy shifts in the emission speéfré&or both Figures 2 and 6 demonstréfg, resonant Raman emission
potassium and chlorine, the main peak in the data liespectra and their evolution into fluorescence at the potassium
roughly half an eV below the corresponding feature in theand chlorineK absorption thresholds. Absorption spectra of
construction; this peak in the resonant Raman regime is urkKCl have two distinct peaks at both the potassium and chlo-
ambiguously associated with featug in the absorption rine K thresholds, and these features are directly reflected in
spectrum. Thus, the offset suggests that absorption fe@jure the resonant Raman spectra. Details of the line shape and its
in the potassium and chlorin€ absorption spectra are exci- evolution are evaluated by multiplication of the Lorentzian-
tonic in origin. We note, however, that Sugiura and Sdsakibroadened excitation function with the excitation cross sec-
have combined fluorescence, absorption, and photoemissidion, as derived from the absorption spectrum. Certain en-
data to claim that in the potassium absorption the thresholdrgy offsets between the data and this construction suggest
for continuum transitions lies below featu(g. In general, that the associated intermediate states are excitonic in nature.
direct comparison of core and valence exciton binding ener©verall, however, the construction yields good agreement
gies is not possible: the position of the continuum thresholdvith the measured emission spectra, and the simple formu-
in the core absorption is not a well-established quantity. Valation allows a direct interpretation of energy, line shape, and
lence exciton binding energies can be estimated from thentensity variations.
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