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The excitation-decay processes at thesplotoabsorption edge in LiF crystal are studied using resonant
inelastic x-ray scattering spectroscopy. The Raman-type linear dispersion and the narrowing of the x-ray
fluorescence peak are observed at resonant excitation. A theoretical model based on the Kramers-Heisenberg
formula describes well the main features in fluorescence spectra and allows one to separate the contributions of
the exciton and the conduction states in the scattering spectra. At the same time, the role of the shape of the
spectral distribution within the incident radiation is emphasized as being critically sensitive to the number,
kind, and onset of the spectral features which finally appear in the scattering spectra at a particular incident
photon energy, particularly in the subthreshold excitation region.
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[. INTRODUCTION kali halide photoabsorption spectra contain sharp excitonic
peaks, which energetically lie below the broad absorption

Traditionally, the x-ray photoabsorption and the following band. At this point LiF, with the excitonic peaks weak if at
x-ray emissionXE) events were treated as temporally sepa-all present, does not quite follow a typical pattern. Neverthe-
rated processes. Such simplified treatment is neverthelessss, an earlier study of the fluorin€LL resonant Auger
well known to provide good agreement with the experimen-spectra indicated that two core excitons are indeed created
tal XE spectra when the excitation is well displaced from anupon the F % photoabsorption at thresholdt has also been
absorption resonance. At the same time this approach avoighown that in the calculations of the K photoabsorption
loading the computation with details related to the excitationspectrum of LiF, an agreement with the experiment cannot be
However, that kind of theoretical treatment was unable tcachieved without taking the electron-core hole interaction
reproduce the radiation spectra, which are measured whento account Recently, the excitonic effects at the B gho-
the energy of the exciting photons is in the vicinity of pho- toabsorption in LiF were even found significant in a non-
toabsorption resonances. In order to avoid such discrepanciessonant inelastic hard x-ray scattering st@dy.
the whole (absorption followed by emissipnprocess has In this paper we investigate the evolution of the RIXS
then instead been treated as a single event of scattering, thespectra under core excitation in the vicinity of th&KFredge
retically based on the resonant term in the Kramersof LiF. Special attention is paid to excitations closélglow
Heisenberg formuld.The whole process is then known as the core photoabsorption threshold. We have found that three
the resonant inelastic x-ray scatteridgIXS), or resonant qualitatively different mechanisms are responsible for the
x-ray Raman scattering. formation of the fluorescent spectral envelopB: The dis-

Due to the dipole selection rules applicable in the softpersive (truncatedl low-energy tail which resembles an in-
x-ray spectral region, and thfunable femtosecond duration verted photoabsorption profile for large negative detunings
of the process, information becomes retrievable concerningnd which converges into the narrow nondispersive band of
the symmetry in electronic structure, fast charge transfer, andff-resonant emission as the excitation energy approaches the
phonon effects. Therefore, in recent years RIXS has attractgghotoabsorption edgg?2) a dispersive low intensity peak
attention as a source capable of providing a unique variety afesulting from inelastic scattering via an excitonic interme-
information about the dynamics of electron excitatiohand  diate state; and3) the nondispersive contribution which is
the electronic structure of solids® the result of stray light excitation.

The aim of this paper is to study how the core excitons We have found that the effect of anomalously strong en-
(electron-core-hole bound stafemre reflected in RIXS. For hancement of the stray light contribution to the RIXS spectra
this we present the resonantly excited XE spectra at the F loccurs when the quasicontinuum part of the photoabsorption
photoabsorption edge of LiF. We also performed a simuladominates over the excitonic resonance. The origin of this
tion, using a model based on resonant scattering theorgnhancement lies in the large spectral width of the stray light
Comparison of experimental and simulated spectra allows usontribution, whereby the integral intensity may become
to understand the peculiarities of resonant scattering at theon-negligible, although the intensity is low at any particular
photoabsorption threshold. energy.

As an object of study, LiF was primarily considered as a The asymmetric low energy tail was observed recently in
model ionic solid, with the chemical bond containing only the RIXS spectra of Cu and Ni metdfsNow we see a
negligible contributions of covalent character. Typically, al- similar effect in a qualitatively different system, insulator
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LiF. Our investigations as well as the results of Ref. 10 show
that such unusual structure of the RIXS spectral shape is
quite general phenomenon. This means that the study of low
energy tails of RIXS spectra provides an alternative tech-
nique (in addition to x-ray photoabsorptiprio explore the
electronic structure of unoccupied states. This fact is of the
crucial importance in investigations of not only near edge
x-ray absorption fine structure, but evertendedx-ray ab-
sorption fine structuréEXAFS) of disordered systems. Con-
trary to the conventional EXAFS techniques, EXAFS mea-
sured in RIXS mode gives unique opportunity for a complete

structure determination of gaseous and amorphous systems.
We will explain this in more detail in Sec. Il B. W

Il. EXPERIMENT ) ) .
665 670 675 680 685

The experiments were performed on the “bulk” endstation X-ray emission energy [6V]
at beamline 1511 at MAX-Lab, Lund, Swed&hThe radia- ] o )
tion source at this beamline is an undulator which contains F'C- 1. The scattering spectra recorded at excitation ene@ses
49 periods of 52 mm, with &,,,,=2.7. The third harmonic shown in the insatin the qu_orlne 5 absorption resonance range.
of the undulator was used in the experiments. The resolutio set the F & PhOtpabsorpt'on spectrum of '.‘m’“easured as the
of the beamline monochromatag modified version of total electron yieldline), compared to the partial fluorescence yield

. measured in a 670—680 eV energy windosxcitation spectrum
SX700 by Zeisgwas S?t t0 0.3 eV, ar_ld t@‘.’a'“e of 2.25 écircles). Excitation energies(a) w:ggS eV(,j(b) w=688.8F:EV,(C)
was used. The resolution of the grazing incidence, Rowland _caq's oy, (d) ©=689.8 eV,(€) w=690.8 eV, (f) w=691.8 eV
circle mountedNordgren typg XE spectrometer on the end- ) w:692.9’eV,(h) =701 e\',‘(n) =732 eV ’
station was also set to 0.3 eV. The sample was a LiF single
crystal, which was cleaved shortly before introducing it into
the vacuum system. The base pressure of the system w.

approximately 1-10 Torr. The experiments were per-

690 695 700 70
hvy, [eV]

(tj%ring. At the photoabsorption threshold this structure merges
into theK, characteristic emission line. It should be empha-

formed at room temperature. The incidence angle of the inSized that the absence of satellite peaks at 681682 eV ex-

coming light was set to 60° with respect to sample surfac&IUdeS the possibility that the emission in the first group

normal and the XE was measured along the direction of théretain?ng constant emission enejgpuld stem from excita-
tion with higher energy photonfrom multiple undulator

é‘narmonicsx which would pass through the monochromator

for the excitations in the vicinity of the Fslphotoabsorption n hlgher or(_jers of d|ffr§1ct|on.
threshold. The top curve in Fig. 1 displays a fluorescence Considering the earlier, the presence of two such groups

spectrum at nonresonant excitatigexcited at 732 eV pho- can then be interpreted in the following way: The Raman-
ton energy. The fluorineK,, XE peak is seen at 677.8 eV like component appears as a result of the excitation of the

This peak indicates a transition of an electron from thepF 2 Lorentzian tail of the photoabsorption resonance. The pres-
(valencg states into an Fdcore hole. The full width at half ence of th&K,, fluorescence peak in the subthreshold excited

maximum of this peak changes significantly at the photoion—s'peCtra' on the other hand, is due to the excitation of the

ization threshold, varying from 0.8 efépectrum(d) excited characteristicK , fluorescence by photons which originate
at 689.8 eV phdton energyto 1.6 eV [spectrum(e) with from the high energy tail of the incident photon spectral dis-

excitation energy 690.8 gVNote that for off-resonant exci- tribution. The appearance of this peak in RIXS spectra has

tation [spectrum(n)] it has a value of 1.2 eV. Such narrow- become known as Stokes doublifty.
ing at 689.8 eV excitation suggests the creation of a core
exciton!? In the 681—682 eV energy range, satellite peaks
appear, which originate in the XE initial states containing an A. Cross section of resonant x-ray Raman scattering
additional vacancy in the valence balid? These satellites

appear for excitation energies above approximately 720 eV. The RIXS process is a one-step coherent process which
PP 9 PP y (20 € incorporates the core excitation and the de-excitation with
It can be seen that the spectra measured at low excitati

. . U e emission of the final x-ray photon with an enetgly The
gr;\tzrglc()afs &Oer]sséStgcr);ut\évs ?é‘;'girr‘gu'igigltgn%roeurﬁzgggeaet#(g?;(‘):(,ross section of the resonant scattering of an incident photon
(677.8 eV} which coincides with the KK, nonresonant XE ith the frequencyw is computed using the Kramers-

. ) I?eisenberg formufe? (here we use atomic unijts
peak, whereas the other group of features consists mainly o

Ill. THEORY

a wide band with a steeper high energy flank which shifts to , L0 ) )

higher energies together with the excitation energy at ap- o(w', ) :rozz Jd“’1|Ff| Aloy - w
proximately constant energy loss. The latter thus behaves in f

a manner characteristic of the inelastic x-@aman scat- - (Ef - Ep), I'{]®(w; — w), (1)
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the excitonic peak. The ratio of squared transition matrix
elementsc(e)=|D;s,/Dys¢? is related to the rati@ of the
photoabsorption intensitidsof the edge jump and the exci-

tonic peak
£= Iedge jump: 7TFC(80) ' (6)
lexc f(ydl)
In2 (™ exd- (¥a)*In 2] 2]
fla)=
x*+1
els Usually the lifetime broadening of the final stdigis small

in comparison witH'. We therefore negledt; in the follow-
FIG. 2. The scheme of transitior{see text for details The : P 9 f

right-hand side panel shows schematically the photoabsorption In our model[see Eq(4)], it is natural to divide the RIXS

profile. cross section into the excitonic and the continuum contribu-
tions
Df, DcO
Fi= E w;— (E c— Eo) +1I' o(0',0) = T d @', 0) + Ocon{ @', ), (7)
(o3 C
where

Herery~2.82x 1073 cm is the classical electron radius;
is the total energy of the electron statfj =0 (ground statg Z@(w' -+ wg)
c (core-excited stajef (final statg]; I' andI'; are the life- Oexd @', 0) :2 P ls)2+1;2 ,
time broadeningghalf width at half maximuniHWHM)] of : b
the core excited and the final states, respectivédy;
=(e-dg), Df.=(ds.-€’) are the dipole matrix elements mul- - ,
tiplied by thfé polarization vectors of the incidefed and the ZJS cle) (e’ = o+ v, )de
final (¢’) photons;A(Q,I)=I"/m(Q?+I'?) where () is the Ocounl @, @) = X < — 2112 ,
detuning frequency. The spectral distribution of the incident i (@ =197+
radiation®(w; - w) takes on a maximum whew;=w

For the model shown in Fig. 2 the cross sectlon | reads =
(see also Ref.)3

D(w ,_w""”e,i):f e~ &0 Y)P(w +e—¢g—w)de.

;o= p(e) (8)
(T(w,a))—;g,J dsfdwl v, ST
X Awy — 0 = 0, ;,T)®(w; - ) 2) B. Scattering of narrow band light beam

It is instructive to understand the structure of the RIXS
cross section when the spectral distributi®fw,—w) is al-
most monochromaticP(w;,— w) = Py (w,— w). We approxi-
mate the quasimonochromatic narrow distribution by the
normalized gaussiafEqg. (5)] with HWHM .

l'w
= ro|D| 1les,e|ZE- (3 DOy(w; - 0) =g(w— w,7). (9

When vy is small as compared t6 and to the characteristic

The density of unoccupied states for the studied mOdeénergy scale of a change ofs) the cross sectiofEg. (8)]
Fig. 2 reads reads

p(e) = 9(e ~ £ 7e) +C(8)O(e ~ &), (4)

where ©(x) is the Heavyside step functiof(x)=1 when
x=0 and®(x)=0 if x<0. The normalized gaussian

/In2 p[ s—se } Y=+ (10
g(e — &eYe) = In2 (5)

C(w—w +&)0(w-w' +&—gy

Herew,=e-g; andw, s=&—&14; & is the energy of the con-
ductivity electrong; is the energy of occupied orbitgle 5 is
the energy of the 4 electron. All unessential constants are
collected in

g(w' - w+we|a’&)
(w- wels)z rz’

Texd 0, @) = Egl

models phonon broadenlng of the excitonic photoabsorption Oconf @', @) = 2 d (0 — w19?+T7?
. . . . . i i,1
resonance, 4—e, while the continuum distributiorc(e)
mimics the quasicontinuum part of the photoabsorptEse One can see two contributions,. and o, Which follow

Fig. 2). The widthy, describes the vibrational broadening of the Raman dispersion law. The “continuum” pagt,: copies
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approximately the inverted continuum part of the x-ray ab-opportunity for a complete structure determination of gas-
sorption spectrum. Howevew,,,; decreases faster than the eous or amorphous systems.

photoabsorption profiler(w—w’+¢;) due to the Lorentzian Here we would like to point out the qualitative distinction
1/[(0' = w; 19?+T2]. It is important to note thatreo,{w’, ®) of this discussion from our previous theoretical studies of
has the Raman dispersion behavior only when the excitatioEXAFS 16 Only now we see clearly how one can get EXAFS
energy is tuned below the absorption edgel w1 The — from RIXS. Our experimantal results and measurement in
cross sectiono,,,{w’,») becomes narrow and copies the Ref. 10 evidence that the x-ray photoabsortion prafiled,
Lorentzian 1[(w'-w; 19?+1'?], when w crosses the edge hence, EXAF$can be measured directly as the low energy
w-w.01s>T. This is seen from the identitP(w—w’'+g; ~ Part of the RIXS spectrum.

—£9)=0[w-wy 15— (0'—wj )]  Such  behavior  of

Oconl®@’, w) is confirmed by numerical simulations as well as L . - .

by the experimentsee the discussion of peak C in Sec).IV The spectral distribution of the incident radiation can in-

So we see thatr, (o', ) resembles the inverted photoab- fluence significantly the RIXS profie!®>1718The spectral
function of the incident radiation is formed by the monochro-

sorption profile for large negative detunings from the con- .
P b g g g mator and consists of two parts; a narrow Bragg liEeg.

tinuum edge antr.y,(w’,w) transforms into a Lorentzian _ o X o9 L
when o exceeds Ci?]ne edge of continuum photoabsorptior{gr)]]. Vr\]"t.h peak p((j)StI)tIOI’tr;) ag(_jﬁa broad stra_ly-llgr;t ﬂ'Str'bgt'?n
" , which is caused by the diffuse scattering of the undulator
g)ﬁo('ﬁ [here the peak position @fon{«’, ) does not depend spectral distributionb,(w; - w,) by the dispersive optical el-
A c.omparison with the experimental RIXS profileig. 1) ement(the grating.’® Here o, Is the peak position O.f a cer-
shows that Eq(10) reconstitutes the inverted photoabsorp-ta'n undulator harmonic. Evidently, the spectral distribution
ther monochromator is proportional to the probability of

tion. However, it does not describe the nondispesive peal . :
near 678 eV. Let us now to discuss the origin of the nOndis;‘,cattermg by monochromator and to the undulator function

persive resonance. B(wy - 0) = [Py(wr - 0) + WPy~ 0) Py - 0),

C. Stray light contribution

EXAFS measured in RIXS mode (13

The results of our experiment as well as thewherey expresses the strength of the diffuse scattering. The
measurement® point out the strong contribution of the in- origin of the diffuse scattering is given b (w,—w) and
verted photoabsorption in RIXS. Apparently, the measuredepends on the monochromator. It can be thermal diffuse
ments of this contribution in the low energy wing of the scattering caused by thermal fluctuations of the atomic den-
RIXS profile allows to map the x-ray absorption fine struc-Sity in the dispersive element. The surface roughness of the

ture (EXAFS). The EXAFS contribution ta(e) (10) read$®  optical elementcrystal or gratingalso gives rise to the dif-
fuse scattering of the light. For example, the thermal diffuse

2 +9 istributi idgpo
CEXAFS (7 ) ot = 3mMS) gk () exp 'E)F;;n )] spectral distribution has a typié&P
n

1
(11) q)diff‘x?v g=k'-k-G (14)

with the momentum _ of the photoelectromp= \Z falloff of the diffuse wings, whereg is the change of the
=y2(w-o'+¢). Here, § is the central-atom phase shift of wave vector of a photon under scatteri@js the reciprocal
the photoelectron wavd,,() is the backscattering ampli- lattice vector.

tude of photoelectron bgth atomyén:Rn/Rn- Equation(11) Equation(14) results in the Lorgntzian spectral s_hape of
shows that the EXAFS measured in the RIXS mode give&Puit(w1—®)<1/(w-w)® in the wings under elastic and
qualitatively different and much richer information on the specular scattering of light by crystal or grating. The diffuse
geometric structure of a system compared to the converScattering caused by the roughness of the reflecting surface
tional EXAFS measurement. Indeed, we see the strong dé by the inhomogeneities of the grating structure would also
pendence of the cross sectidii) on the mutual orientations result in a similar law for the diffuse scattering—however,
of the polarization vectors, €', transition dipole moment of With a different behavior in the wing® > 1/q". Here we

the emission, and internuclear radius vector between corépproximate the diffuse distributionbys(w;-w) by a
excited atom an neighboring atoRy,; Lorentzian

AZ
(01— w)?+ A%

3 A~ A

—>§[2 —cod 9+ (die- R (Bcos ¥-1)]. (12 we estimated HWHM of the diffuse pedestal for grazing
incident angle®) asA = w- 6B/ 6. The angular distribution of

Hered is the angle between polarization vectors of the inci-the scattered x rays is characterized by the wigghof dif-

dent and the emitted x-ray photons. The last expression iacted light. We estimatég/ #~0.03 making use the results

valid for randomly oriented systems like amorphous solidspf measurements of Ref. 21. This resultsAir= 20 eV.

liquids or gases. This expression shows the strong anisotropy According to the current experimental conditigitise un-

of EXAFS measured in RIXS mode, which gives an uniquedulator peak maximum was always tuned to the excitation

pin = (di - €)2(R, - €)° Dyi(wy— ) = (15)
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(21)

V=w-wej, Y=oy~ we, Q Zw— o, ;.

[\
T

Finally, we get the following estimate for the ratio of the
nondispersive and Raman bands for large detunings

-
T

y
e
13~<Q) Yo L

In_2+l§ ‘y
N 7 al

r
When the excitonic photoabsorption peak is weak in com-
parison with the continuum part of photoabsorption, we see
strong enhancement of the nondispersive Stokes peak

ORrR

Spectral function (arb. units)

2
FIG. 3. The spectral functions of the third undulator harmonic Os _ (9) 7, €>1. (23)
&, the diffuse scatterin@is, and stray lightbg=d 4P, for o OR '

=wy.

For example forQ=-2 eV, I'=0.15 eV, andp=1072, we

. get os/og~1. This rough estimation is in a qualitative
energy we assume below thab=w, and thaty is much agreement with the experimeffig. 1).

smaller than the widths of the undulator and the diffuse dis-
tributions. This results in the following representation for the Satellites and the role of higher order radiation

spectral functior(13): The origin of the nondispersive peak could in principle

B(w; - 0) = Py(wy - ©) + PP w; - ) (16) also lie in excitation by higher undulator harmonics which
pass the monochromator in higher orders of diffraction, and
with a normalized to unit distribution of stray light from stray light contributions from higher undulator harmon-

@ o) =D WD B 17 ics. The onset of the latter lies at lower energies and there-
s(@1~ @) = i@y~ 0)Py(w1 ~ w). (17 fore these are more intense prior to the monochromator. Be-

The dimensionless paramequ)( is the ratio of the areas of cause the hlghel’ harmonics lie well above the threshold of

the broad Stray ||ght pedesta' and narrow monochromati@XCitation of Sate”iteS, this radiation is Capable of Cl’eating
distribution 7=Sg/Sy. The spectral functiond,, @4, and  the satellite structure. On the other hand, the undulator har-

® are depicted in Fig. 3. monics which lie between the diffraction orders of the mono-

The experimental daté give the following ratio of the ~Cchromator are suppressed due to the rather small character-

peak intensities of the stray light and monochromatic distriiStic width of the diffuse scattering distribution described
butions: earlier: A=20 eV [see Eqs(15) and (17)]. Therefore, it is

not unexpected that the experimental spe(fig. 1) do not

o contain any visible trace of the satellites for near threshold

Ts Y 40 (18) S o . .
DIy ' excitationw <720 eV. This indicates that the intensity of the
higher order radiation is weak. Thus, the weak higher order
We get the following estimation: radiation can not explain the strong nondispersive peak.
n= % ~ 102 (19) IV. SIMULATIONS
The calculations are based on E(®, (8), and(15—(17)
for y=0.15 eV and HWHM of the stray lighys=20 eV. with

Let us neglect for a while the vibronic broadening of the _
excitonic statez,=0. The spectral functiofiEq. (16)] says P(0' — w0+ wej) = g(0' — 0+ we;,7) + P’ — 0 + we)),
that the RIXS cross section can be divided into the Raman (24)
part(o' =w—wgj, OFf © =w—w,;):
’ ’ wherey is defined by Eq(10). This formula follows directly
from the latter part of Eq(8), because in the experiment
Yer Y<7Yys We assumed in the simulatior$s)=const and
used the following input data:

or= S SO0 +cleq)) 10]>eomco (20

and a nondispersiveStokes”) band(w’ = wj 19): =015 eV-T.= 0 0.15 eV
=0.15eV;I'1=0; y=v,=0.15 eV,

e
gszE;[qm(— O) + 7®y(- Q) £=30, 7=0.01,A =20 eV,

_ 2
+o(e VN 24 )], Q] >y, ;15= 677.4 Vw15 = 689.75 eV;w, 1= 691 eV.
where (25)
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) ' ' ' does not depend am, while peaks C and E increase strongly

o, .
AR, when w approaches resonant frequencigss and w,_4s.
: et - S ' g

: Figure 4 shows that the resonance near677.8 eV is
nondispersive only approximately. Indeed, Figsc)4and
4(e) shows a slight deviation of the peak position frasm
=677.8 eV. The reason for this is that the origin of the peak
nearw’=677.8 eV is different for different excitation ener-
gies. For large negative detunings it is peak S induced by
stray light, while for higher excitation energies it is peak E
and C.

The spectral profiles in the simulated spectra are seen to
be somewhat narrower than in the experimental data. To
some extent the increased width in the experimental spectra
can be attributed to phonon broadening in the sample and to
the molecular field splitting. Such broadening was mimicked
by the convolution of the calculated RIXS profile with a
gaussian with HWHM of 0.4 e\see dashed lines in Fig).4
The simulation is seen not to reproduce the low energy
shoulder in the emission spectra, which has been generally
attributed to the covalent character in the cation-fluorine

670 673 676 679 bond!* and should therefore be attributed to the valence
X-ray emission energy (eV) states with cationic origin. These states are not taken into
account in our simulation where the XE final state is treated

FIG. 4. Calculated RIXS profiles for different excitation ener- g5 g single level.
gies. The calculated total RIXS profiles are given as solid lines; Because the final state of the XE process is a valence
open and filled circles show thee,dw’, ) and theoeon{®’ @)  hole, which should mainly originate from the [ 8tates, the
contributions, respectively; the dashed lines show the total RIXSxg spectrum should be similar to the valence band photo-
prOfi|e convoluted with a HWHM=0.4 eV gaussian; the experimen'electron Spectra In our expe”ment, howe\(as |ndlcated
tal results are drawn as stars. The pariajs(g) correspond to the  eyen in an earlier report, see Ref.)lthe XE spectra are
same excitation energies as the lett@s{(g) in Fig. 1. significantly narrower than the corresponding photoelectron
4spectra?.2 This observation refers to the atomic-like nature of

The results of the simulations are collected in Fig. he XE process: A plausible reason for this broadening is that
which shows the fluorescence spectra for different excitatiortl p AP . 9
due to the localization of the valence states mainly at the F

energies. Figure(4) shows that the RIXS profile consists of . X SN .

three peaks C, E, and S. The asymmetrical band C is main n, the XE becomes essentially an intraionic process, which
(7 . T s weakly influenced by the relaxation effects in the vicinity

the part ofoeon(w’, @) [Eq. (8)] caused monochromatic light of the core hole site. This suggestion can be supported by the

P, [see Eq.(10)]. Both theory and experiment show that F KLL spectra in alkali fluoride$,which show the sharp

band C copies inverted photoabsorption profile for large,, " \yith atomic multiplet structure despite the final state
negative detuninggsee discussion in Sec. IlI)BA similar

' holes being valence holes.
-T-];f,zc\t,\,vggi %télfvEe ?Sr?ﬁgnégnﬁrbﬁgéﬁ (f)rfOCu f(lz)(,j ':l')') nggls' For resonant XE, one might speculate upon the possibility
o', ) X ;
8)] related only tod,, [Eq. (10)]. The origin of peak S is that, at least in part of the absorption events, the coherence

e : X : ; between the absorption and emission events can be lost, e.g.,
qualitatively different. This peak is related mainly to the con-y, e 1o phonon scattering. In the noncoherent case the result-
tinuum part of photoabsorption,,; and is caused by the

. ing emission spectrum should then reflect tpartial) den-
stray light ®g [EQ. (16)]. . : L
U . . . sity of the valence states on the core hole site, similarly to
When the excitation energy increasegFigs. 4b)-4(d)] r{ﬁe case of nonresonant excitation. Following this trail of

the peaks C and E become stronger and they move to t h hat th latively wid
high energy flank. The intensity of peak E grows faster be0Ught, one may suggest that the relatively wide nonzero

cause here the photon frequency is closer to excitonic pedkckground under the sharp main emission peak can be ex-

RIXS cross section (arb. units)

than to the edge of continuum photoabsorption. plained as a result of these noncohereatsorption and
When w=w,1s=689.75 eV, the positions of peaks E and €Mission events(A similar approach has been previously
S coincide[Figf 4d)]. elaborated on carbon and carbon compouids.
Peak E is suppressed strongly for> we;s=689.75 eV However, even in this case the states with F origin are

because the excitonic levelis not now in resonance with ~ preferred in the XE process due to the partial density of
[Figs. 4e)-4(g)]. Now the intensity of the peak C grows fast states effects, and thus they should be even more strongly
becausew approaches the continuum edge ;=691 eV reflected in the coherent part of the emission. However, the
[Figs. 4e) and 4f)]. The intensity of peak C stops to grow mixing between the different states allows transitions from
when o> w, 15=691 eV. Figures @)-4(g) show the nar- valence states with cationic origin which, however, will take
rowing of the peak C to the Lorentzian with HWHM=  place only after the loss of coherence due to phonon scatter-
This effect was explained at the end of Sec. Il B. ing.

The contribution of peak S in the total profile decreases Our RIXS spectra indicate the presence of only a single
when w increases because the intensity of this peak almostore excitonic state at 689.8 eV excitation energy. This is
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similar to the results obtained using nonresonant x-rayhree gross features when the excitation energy is tuned far
scattering’, where only one exciton was observed at an enbelow the photoabsorption edge: first, a broad asymmetric
ergy transfer value of 692.5eV. From the momentum-band resembling the photoabsorption spectrum and a small
transfer dependence and with the help of calculations, it wasxcitonic peak; both follow to the Raman dispersion. The
shown that this exciton has atype final state. On the other third component arises when the excitation energy is tuned
hand, two core excitons were detected by resonant Augdar below the absorption edge: then the high energy peak is
spectroscopy, correspondingly at excitation energies 690.8aused by the stray light and its position as well as intensity
and 691.7 eV and it was suggested that these excitons areloes not depend on the excitation energy. The position of this
due to transitions to the final states with the p &1d 4  peak coincides with the frequency of off-resonant emission.
origin. When the excitation energy approaches the photoabso-
In the present study, we suggest that the exciton observeaattion edge, two dispersive peaks are enhanced strongly. The
at 689.8 eV excitation corresponds to the exciton, which inrsecond peak intensity drops when the excitation energy
resonant Auger spectroscopy appears at 690.5 eV excitationfosses the excitonic photoabsorption resonance.
and propose that the minute energy differences emerge from When the excitation energy crosses the edge of continuum
energy-scale calibration issues. This explanation is supportgohotoabsorption, the broad asymmetric band dominates and
by the similarity of the spectral shapes of the nonresonandevelops into a symmetric Lorentzian. The RIXS spectrum is
inelastic(hard x-ray scattering in Ref. 9 and the x-ray pho- then formed only by this symmetric Lorentzian, the position
toabsorption presented in Ref. 7. A comparable study of phoef which stops to depend on the excitation energy and coin-
toabsorption of NaF crystaf;? clusters?® and molecule$  cides with the line of off-resonant emission. Thus, we see
supports the idea that the exciton is constituted by transitionslearly that the origin of the nondispersive high energy peak
to states ofs symmetry. Although thes— s transitions are is different for large negative detuning and for excitation
forbidden in dipole approximation, we believe that the pres-near the photoabsorption edge.
ence of local distortions of the symmetry of higher-lying  Apart from the description of electronic structure and dy-
levels(particularly at surface and near defgatsay relax the  namics, our results call attention to two features of RIXS.
selection rules to propensity rules, and allow such transition§or the first, RIXS gives a possibility to investigate the na-
nevertheless to be seen in the absorption spectra. ture of photoabsorption in insulators, in which case the reso-
The discord with the resonant Auger spectra, which showsant Auger spectroscopy is not usable due to charging effects
a distinguishable pair of excitons can be rationalized if wein monocrystals and in the absence of thin samples with
assume that the higher energy core exciton state in resonastfficiently high quality. For the second, our study shows
Auger spectroscopy is a result of postcollision interactionthat RIXS can effectively be used as a tool to estimate details
(PCI) induced recapture of a slow photoelectron. This(e.g., intensities at tailof the photon energy distributions of
mechanism has been previously discussed in the case of Neamline monochromators.
1s excitations in NaF2 right above the 4 ionization limit, Furthermore, for the RIXS profiles obtained for excita-
the outgoing photoelectron can be recaptured into bountlons sufficiently far below the photoabsorption threshold,
state by PCI with a fast Auger electron. As a result, thethe theory holds that EXAFS oscillations should become ob-
resonantKLL Auger decay spectrum shows a new feature servable experimentally. Although the intensity of such sig-
which is shifted to higher kinetic energies as compared to th@al is weak using available light sources, the extra cost of
normal Auger peak?® Because such interaction is not ob- time doing such measurements may well be balanced off by
servable in the case of radiative decay we indeed do ndhe additional polarization dependence which contains infor-
observe it in RIXS, and on the other hand it also explaingmation not accessible by the conventional EXAFS method.
why the second exciton was either not seen in the nonreso-

nant x-ray inelastic scattering spectra of EiF.
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