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Collapse of vibrational structure in spectra of resonant x-ray Raman scattering

Faris Gel’mukhanoV, Timofei Privalov* and Hans Agren
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Extreme narrowing, or collapse, of electron-vibrational bands is predicted as a new phenomenon in resonant
radiative and nonradiative x-ray scatterifigXS) spectra. It is shown that in the inelastic scattering case, that
is, when the potential surfaces of ground and final states are different, a considerable narrowing of the vibronic
RXS band results from detuning the excitation photon frequem@way from the absorption resonance. By
fine tuning the frequency, this may under special circumstances also occur in the region of strong photoab-
sorption. In the case of elastic Rayleigh scattering, that is, when the potential surfaces of ground and final states
are identical, the narrowing results in a total collapse to a single resonance by detuning the frequency. The
theory predicts how the differencies in vibrational structure of resonant and nonresonant photoemission spectra
depends on the excitation frequency. The effect of frequency detuning on complex spectral multilevel struc-
tures due to multiplet and spin-orbit splittings is discussed qualitatively. It is shown that the notion of duration
time for the x-ray scattering process plays a crucial role in the understanding of RXS spectra.
[S1050-294{@7)00707-3
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[. INTRODUCTION In this publication, we generalize previous work on spec-
tral moments for RX§20,25 and present a theory for the
Due to a rather intense combined experimental and thessecond spectral moment of RXS in molecules and solids. We
retical research effort, many general aspects of radiative andvestigate the dependence of the second moment on the
nonradiative resonant x-ray scatterii@XS) have become frequency of exciting radiation and show that the vibrational
quite well understood by noyl—16]. At this time, the re- structure yields qualitatively new features for the frequency
search direction seems to focus on studies of fine structuredgpendence of the width of RXS bands, which are absent for
band shapes, and the role of nuclear dynamics in the RX&toms. One intention of the paper is to find precisely how
spectra. In this respect, one can mention works on generéand sharpening can be achieved in resonant x-ray emission
vibronic broadening of RXS spectral lingg,8], vibronic  of molecules and solids. We show that the detuning of the
lifetime interference effect$7,8,17—19, nonlinear disper- incoming x-ray photon frequency sufficiently far from the
sion of the RXS resonances induced by nuclear mdiaai, absorption spectral band leads to a narrowing of vibrational
the implementation of selection rules in nonadiabatic RXSstructure, or even to a collapse to a single resonance with the
[21,22, and several effects caused by nuclear dynamics ompectral shape equal to that of the incoming x-ray radiation.
dissociative potential surfaces involved in the x-ray scatter- The paper is organized as follows. A general time-
ing procesd$9,23,24, as a few out of many examples in the independent description of RXS in the Franck-Condon ap-
field. proximation, also taking into account the temperature of the
The actual spectral shape of electron-vibrational RXSsample, is given in Sec. Il. Section Il contains our main
bands appears, in general, to be quite complicated. The conesult, namely, the general investigation of the narrowing
cept of momentg9] of the RXS cross section is therefore effects in electron-vibrational bands of elastic and inelastic
helpful to simplify the analysis of observed spectral featuresRXS. The time-dependent representation is used in Sec. IV
Recently, investigations were carried out on the frequencyo provide a physical interpretation of the narrowing of the
dispersion for the peak maxini@5] and for the center of RXS profiles. This interpretation is based on the concept of
gravity [20], i.e., the first moment of the RXS band, for the duration time for the RXS process introduced in the sec-
atoms[20,25, and for molecule§20]. Armen and Wang tion. The quantitative characteristics of the narrowing of the
[25] investigated numerically the full width at half maximum spectral profile is given in Sec. V, where the second moment
(FWHM) for atoms and computed the frequency dependenc€(w) of RXS bands is investigated analytically and numeri-
of the spectral width of atomic RXS in a three-level model.cally. Here, the analytical expressions fofw) are obtained
These authorg25] found a nonlinear dependence of the for “fast RXS,” i.e., for large detuning frequencies and for
width on the frequency and, for some frequencies, additionaihcoming photon frequencies close to the adiabatic absorp-
broadening caused by the coexistence of two spectral fedion transition(0-0 transition. It is shown how the width of
tures in RXS, given by the condition for an absorption resothe RXS spectral band is formed by atomiclike and molecu-
nance and the Raman-Stokes l&®tokes doubling effect larlike contributions. The first contribution, investigated ear-
[5,15,29). lier in Ref.[20], depends on the lifetime broadening and the
width of the spectral function of incoming radiation, whereas
the molecular contribution is expressed through the vibra-
*Permanent address: Institute of Automation and Electrometrytional frequencies and the equilibrium distances of the states
630090 Novosibirsk, Russia. involved in the RXS process. The results of this section dem-
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onstrate the strong influence of nuclear dynamics on the The scattering amplitude is given by the Kramers-
asymptotic behavior of the second spectral moment. Théleisenberg formula. According to the Franck-CondBr)
possibility of observing narrowing of RXS profiles in other principle, the RXS amplitude can be written [d¥,18]
systems, such as solids or atoms with complex multilevel

structure, is briefly discussed in Sec. VI. Our findings are (n[m){ml[l)

summarized in the last section, Sec. VII. F'“:§ Q — @+ 1T’ €

Il. THEORY wherew,=E!,—E! andT is the lifetime broadeninghalf
width at half maximuny The vibrational structure inherent
in the RXS cross section formula is formed according to the
¥C factors,(m|l) and(n|m), between the vibrational wave

For ordinary temperature¥, the molecules are in the
ground electronic state and distributed over vibrational level

Ey of this state with the probability functions of groundl) and core-excitedm) states, respec-
0 tively, between the vibrational wave function of core-excited
_ exp(—E/kgT) 1) and final|n) states. The FC factors in turn depend on the

p= > exp(— E,°/kBT) ' equilibria and shapes of the potential surfaces for the ground,
intermediate, and final states. According to the normal
wherekg is Boltzmann’s constant. By absorbing incoming Franck-Condon principle, vibrational broadening is absent
x-ray photons with the frequenay, the molecule is excited only in the exotic case where the three electronic states in-
to the vibrational levelsE!, of the intermediate electronic Vvolved in the absorption-emission process have the same po-
statei. Due to the vacuum fluctuations, this intermediateteéntial surface. Nevertheless, we show that for elastic RXS it
state decayS, em|tt|ng X-ray photons with the freque‘aéy is pOSSibIe to remove the vibrational broadening Complet6|y.
to the vibrational levelsE! of the final electronic state

f. Using the harmonic approximation, the vibrational ener- Ill. NARROWING OF RXS BANDS BY DETUNING THE

gies of ground [EP=wy(l+1/2)], core-excited [E', FREQUENCY

_ , f_
_wi(m(;r 1?42)], ?nci] fmal[E“_w;(n.; 1/2)] ‘T[afltes are ex- Let us consider the limit of large detunirng@ or large
piresse through the vectois of vibrationa requenau_@s lifetime broadeningl’ in comparison with the width of the
=(wo1,002, .. won), W =(wi1, Wiz, ... WiN),  @F=  oyiiting photon functiony and the effective width\ of the

(@i1, 012, . .. @py) and through the vectors of vibrational \;pational band for the considered electronic absorption
quantum numberb=(l,12, ... In), m=(mMy,Mz, ... M\),  ansition

n=(nqy,Nn,, ... Ny), respectively. We will adopt here atomic

units and the notatioN for the number of vibrational modes (Q2+T2)V2 A y. (4)
and the notationl=(1,1,...,1). Except for the radiative

scattering channel, the core-excited state can decay nonradigte will show in Sec. IV that this limiting case corresponds
tively, emitting an Auger electron with the energyA deep o a sudden or fast RXS process. The RXS cross se¢@jon
connection exists between radiative and nonradiative RX% at maximum when the final photon frequency follows the
[6]. The vibrational problem is essentially the same for thergman-Stokes law

two processes and they are both covered by the theory pre-

sented below. Q'=0-w,. (5)
The spectral properties of RXS are guided by the double
differential cross sectiofb,6,27] Because of Eqg4) and(5), one can extract the denominator
from the sum in Eq(3):
(0 ,0)=002 plFn’®Q '+ oy, () (1)
"= QT ©

convoluted with the unit-normalized spectral function of the

exciting radiationd centered at frequenay and having the This expression coincides with the result obtained in the
width y. We have collected all nonessential quantities intoshort lifetime limit[18,23, I'>A. Now the RXS cross sec-
the constanto, and introduced the detuningl=w  tion

—[&(Ry) — &(Rg)] of the incoming x-ray photon frequency

w, relative to the absorption electronic resonant frequency , o 90 2 ,

£(R)—E(Ry), and the detuning Q' =w’—[&(R)— o(0'0)= gz pNIDFRQ +ou=0,7) ()
E(Rp)] (or Q'=e—[&(R)—&:(Rf)]) of the final x-ray

photon frequency’ (or the Auger electron energ), rela-  does not depend on the vibrational structure of the interme-
tive to the emission electronic resonance frequencyliate state. So whelf)| or I is large, the sunt7) of reso-
[&(R))—&(Rf)]. The electronic energies for the equilib- nances constitutes the RXS cross section, the spectral shapes
rium geometrieRy, R;, andR; of the ground, intermediate, of which copy the spectral function of the exciting radiation
and final states are denoted here &tR).&(R;)) and  ®(Q,y). The strength of a single resonance is defined by the
&(Ry), respectively, while the difference between vibra-squared overlap integrd{n|1)|* between vibrational wave
tional energies of the final and ground states is denoted dsinctions of the final and ground states. Contrary to the RXS
wnle;—EP. cross section(2), the asymptotic cross sectiofT) is not



258 GEL’MUKHANOV, PRIVALOV, AND AGREN 56

6x10° 1.6x10°
<105k
@ ()
3x10°t ] 0.8x10°
92 0 2 4 92 6 2 4
=z 6x10° ~
A =
& b ?
=~ ax10°f ® < 4 ®
L S 0.6x10°)
T 2x10°f =
e . s 02x10°}
© ' ©
2 0 2 4 5 5 5 T
1200F " j ) © 6000
900 f ] (©
4000+
600
300} : 2000
0 . .
- 2 4 0 : ‘
? ’ Q' (eV) 2 0 2 4
Q' (eV)

FIG. 1. Narrowing of the vibrational structure in K inelastic
RXS of the CO molecule. Inelastic RXS with final staté):(

17 27! A. Data for OK emission of the CO molecul@able . _ _ 18 an
The calculation was performed in the harmonic approximdiee ~ Performed in the harmonic approximatipsee Eqs(2) and(3) and
Appendix d with only the lowest ground-state level populated

Egs.(2) and(3) and Appendix Gwith only the lowest ground-state _ : i
level populated =3, o) and using a Gaussian spectral function (1= 9,0 and using a Gaussian spectral functid8) with y=0.1

0=1.22 eV.(c) 2=5.5eV.

FIG. 2. Collapse of vibrational structure to single resonance in
OK elastic RXS of the CO molecul@able ). The calculation was

elastic RXS can be used to measure the spectral function of

broadened by the vibrational structure of the core-excitedT@ incident photongsee alsq28-31).
state. The effective width of the fast RXS cross secfidris
given only by the vibrational structure of the final stéaad V. PHYSICAL INTERPRETATION OF THE NARROWING
of the ground state if the temperature is sufficiently large EFFECT
This means that the effect.ive narrowing Of. th? RXS profile To penetrate more deeply into the physics of the collapse
tak_es place for 'f”“ge_ detumd1(j!_| or for large lifetime broad- effect discussed here, let us rewrite the scattering amplitude
eningI” (4) [as in Fig. 1c)]. Figure 1a) demonstrates nar- 3):
rowing of the vibrational structure for small detuning also, "
0 =-0.05 eV. The explanation of this effect will be given
in Sec. VA[see Eq(21) and Fig. 6. F|n=<n|cp,>=f dR’dchL(R’)GE(R’,R)(p,O(R), (9)
Our main result follows directly from Ed7). Indeed, one
can see that the vibrational structure of the RXS cross sectiog, torms of the wave packédtp)) and the Green’s function
(7) collapses to a single resonarieee Fig. )], Ge:

o L |m){m|
U(wlvw):QT()]-ﬂZ(D(Q,_va)l (8) |(P|>:GE|I>7 GE:E—H-HFZE E_EI +|F,
! m

m

(10

when the potential surfaces of ground and final states coin- . - I
cide: (n[1y= 4, ,. Here we took into account the condition of With E= +En0’ H; as the nucleaeramlltonlan of the core-
completenes&|m)(m|=1 and the normalization qf, (1) to ~ €XCited statee, (R)=(RIl) and ¢,(R)=(R|n) as vibra-
unity: Sp,=1. This effect of narrowing of the electron- tional wave functiongl) and |n) of the ground and final
vibrational band to a single resonance, with the width equa$tates in a coordinate representation, &ds the set of

to the spectral width of incoming radiatiop occurs strictly ~normal molecular coordinates.

for elastic(Rayleigh RXS. Such a collapse to a single line ~ The initial vibrational wave packep/(R) is excited by

is, accidentally, possible also for inelastic RXS, for exampleight from the ground-state potential surfatiy(R) to the
when the potential surfaces of ground and final state arétermediate-state potential surfadg(R) and arrives there
similar (see discussion in Sec. VIt is necessary to mention as the wave packetp(R')=fdRGg(R’,R)¢P(R). The
that the collapse effect is a direct consequence of vibronispace distribution and spectral composition of this wave
lifetime interferencg17,18. Such interference may thus to- packet depend on the detunifly through the Green'’s func-
tally remove the contribution of the intermediate vibrationaltion [23]. The stationary lifetime-broadened Green’s function
states to the RXS amplitude). Equation(8) shows that Gg(R',R) describes the propagation of nuclei on a decaying
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FIG. 3. Qualitative picture for collapse of vibrational structure Qr
under off-resonant core excitatidd3). U;(R)=Uy(R). (a) Slow )
RXS Resonant core excitation,~ 7. The molecule has time to FIG. 4. Spectral dependence of the duration of RiX$see Eq.

change its geometryR’ #R) so Uy(R)#U;(R), and hence the 1]

RXS cross section, has vibrational structuft®. Fast elastic RXS

(13): Sincer,<7 andU¢(R) =Uy(R), the molecule has no time to molecular geometryR’=R). Hence, the space distribution

change geometry and the vibrational structure in the RXS crosef the nuclear wave packet;(R) (10) coincides with the

section o(w’,w) collapses to a single resonance with width ground-state vibrational wave functionp?(R): o(R)

2. =@ (R)/(Q+1T'). In accordance with this fact, E¢9)
yields the sudden approximatid6) for the RXS amplitude

potential surfaceU;(R) from the normal coordinate®,  which leads directly to the collapse effe@ [see Fig. 2c)

where the molecule was core excited, upR6, where the  and Fig. 3b)].

emission transition takes pladsee Fig. 83)]. The wave

packety|(R) (10) is formed according to two characteristic

time scales. The first one is the duration of the RXS process

(see Appendix A

V. SPECTRAL WIDTH OF ELECTRON-VIBRATIONAL
RXS BAND

o o1 The quantitative characteristic of the collapse effect is the
Te=(Q°+T7) 775 (11D spectral widthI'(w) of the RXS band. This width can be
introduced in two different ways: first, by definidy(w) as
ol 5+

the FWHM of the spectral banf®5]; second, as proposed
is the time of deformation of the initial wave pacl@,‘f(R)

1 here, as the second moment of the RXS profile:
(12
(eigenfunction of the ground-state nuclear Hamiltoniy)
on the potential surface;(R) of the core-excited statesee  Here,e(w) is the center of gravity expressed in terms of the
Appendix B. Here, wy and R, denote the vibrational fre- first o;(w) and zerooo(w) moments of the RXS cross sec-
quency and equilibrium internuclear distances of the groundion:
state, respectively, whilA » and AR denote the character-

while

AR

+Aw
Ro| | wo

o

=A"1~

o) ! 1/2
F<w>=<fwdw'[w'—e(w>]2M) . (15

oo(w)

istic changes of these quantities upon core excitation. The _oy(w) _ P on _
concept of duration time of the RXS process is fundamental '~ & ()" ""("’)_f do’wo(w’,0), n=01.
in this context; its frequency depender(see Fig. 4 makes (16)
it possible to control it externallgsee discussion in Sec. VI

Let us now consider fast RX@!): The spectral features of;(w) andoy(w) were investigated

recently in Refs[20,32. The spectral shape of the integral
RXS cross sectiowrg(w) coincides with the spectral shape

R . . , . _of the x-ray “absorption” cross section for a given electron
In this limiting case, the denominator in the Green'’s function;, . cition:

(10) can be extracted from the sum owar[23]:

<1, Y ! (13

= * D(&,7)
J(R'—R _
GE(R,.R)zﬁ- (14) O-O(w)_0-02l p||<m||>|2f_md§(§+ﬂ_wm|)2+1—*2 . (17)

Here, Eq.(5) was used. Equatiofii4) means that the mol- This equation generalizes the corresponding expression of
ecule has no time to change its geometry during the RXSo(w) [20,32 for the case of finite temperatures. The spec-
process. In other words, the conditi¢h3) [see Fig. &)] tral features of"(w), with a Gaussian spectral function nor-
implies a sudden or fast RXS process without change ofmalized to unity
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FIG. 5. Spectral widtisecond momentl5)] of inelastic RXS.
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FIG. 6. Spectral widtHsecond momen(15)] of elastic RXS.
Data for OK elastic RXS emission of the CO molecu[€able |).
(@ I'=0.09 eV, y=0.1 eV,T'() = y/2=0.071 eV.(b) I'=0.01
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['()=0.071 eV.

with u denoting the reduced mass of the molecule, and with
wgy, ws and Ry, R; denoting vibrational frequencies and

were investigated earlier for the three-level model relevanequilibrium internuclear distances of grou(® and excited

for atomic RXS[20].

A. Diatomic molecules in the harmonic approximation

As an illustration, we calculaté’(w) with a Gaussian

spectral function(18) for a diatomic molecule in the har-

monic approximatior{see Fig. 5 and Fig.)6 These calcula-
tions were carried out with the help of Eq45), (C1), and

(C3). We assume here temperatures for which only the low-

est ground-state vibrational level is populateg < J) o),

which is a good approximation for light molecules at room

temperature. To show the dependencd’¢&) on the life-
time broadening, we used different valuesIodfin our nu-
merical simulations,
I'=0.09 eV for OK emission of CO.

1. Spectral width of RXS for excitation at the wings
of the x-ray absorption band

(f) states, respectively. Equati@h9) confirms the general
result of Eq.(8). Indeed, Eq(19) shows that in the sudden
limit (4), (13), the spectral widthH () is larger than the
width y/\/2 of the spectral functiorl ()= y/\2. The ad-
ditional broadeningdto the widthy/+/2) is caused by vibra-
tional structure. The collapse of this vibrational structure to a
single resonance with the width()=y/\2 takes place
when the interatomic potentials of ground and final states
coincide: wg= w;, Ry=R; [see Fig. &)].

2. Spectral width of RXS for adiabatic x-ray absorption
Figure 5 shows that some suppression of the vibrational

including the experimental valuebroadening also takes place for inelastic RXS of the CO

molecule. Contrary to elastic RX&ig. 6), this suppression

is not complete when exciting at the wings of the x-ray ab-
sorption profile, since the potential surfaces of ground and
final states do not coincidesee Eq.(19) and Table ]. The

The one-dimensional harmonic approximation and EqShape of the second momdntw) has an additional feature,

(C4) yield an analytical expression fdf(w) in the case of
fast RXS(4), (13):
wg_wa 2) 11/2
2(1)0 ’

19

4
i

Y+ ——(Ro—Rp)*+
@o

1
F(W)Z[E

where we also used the following asymptotic expression fobtate

the center of gravity20]:

2 2

(0N (ON)

@

€(w)2w_<5f(Ro)—€o(Ro)+

namely, some suppression of vibrational broadening near the
adiabatic 0-0 absorption transitioh<{ 0—m=0) for the de-

TABLE |. Vibrational frequenciesy; , equilibrium internuclear
distancesR; (j=0.i,f), and lifetime broadeningd’ for ground
(0), core-excited (), and final ) states of the CO molecu[d1].

ground(0): X 3" 0.27 1.128 0
core-excited(i): O 1s~ 12+ 11 0.18 1.280 0.09
final (f): 17 127t A 0.14 1399 =0
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tuning Q= —0.043 eV[see Fig. &c)]. This numerical value VI. DISCUSSION
falls close to the theoretical prediction of)=(w;

— wg)/2=—0.045 eV. The numerical experimeifiig. 5(c)] The present theory refers to both radiative and nonradia-

prompts us to look for a minimum df(w) for small widths tive RXS spectr.a. In the radiative case, the theory leads to
(v.T<w) and for the 0-0 absorption transition with the most conspicuous result, namely, a total collapse of the
’ ' vibrational structure to a single line for elastic, Rayleigh,

Q= (w;— wg)/2. With a small lifetime broadening, the inter- s . : . -
ference between different vibrational levels can be neglectecattering. In general, in the inelastic radiative case, there

whereas a small width of the Gaussian spectral functiofVill not be a total collapse, but a distortion that can be quite
makes it possible to tune exactly to resonance with the 0-§ubstantial and which in most cases leads to narrowing. In
absorption transition. By means of these two assumptiont€ nonradiative case the ground and final potential surfaces
and by means of Appendix C, we find directly an expressiorill in general be different and the collapse will not be com-
for the RXS second momerit(wqg) of the 0-0 absorption plete. In the case of nonradiative participator decay, synony-
transition. Likewise, Eq(19) indicates that this expression mous with resonant photoemission, the final state is identical
can be separated into atoniig, and moleculafl’,,,, contri-  with the nonresonant ultraviolet photoemission spectroscopy
butions: (UPS final state, and the present theory describes the
frequency-dependent relation between the vibrational band
F(woo)=[F§t(w) + Fﬁwl]l/z_ (21) _envelopes of these two spectrospopies. Apart from tk_le detun-
ing frequency, the actual narrowing depends on the interplay
of the bonding characters of core, unoccupied, and occupied
orbitals, and the accompanying shifts in equilibria of the po-
tentials. The first unoccupied levels are mostly antibonding,
and the occupied levels bonding, while the core orbital can

The RXS second moment of the free atgwithout vibra-
tional structurg

(yD)¥2 be both bonding and antibonding, using the traditional defi-

r vz | T LIAT it <y nition of a bonding characte34]. An interesting case is
.= V—_FZ) - ' given by a nonbonding occupied level, where the nonreso-
\/;RGN(Z) Y nant UPS band shows a single vibrational level, while the

if I'sy ; S .
corresponding resonant photoemission band shows multi-

(22)  level structure due to the involvement of the core-state po-
tential. The C $ 127! core-excited state of CO, ending at
the X 23% state of CO with the nonbonding

50 orbital as ionized, provides such a case. We can thus

E,

depends only on the interplay betwegrandI" through the
parametez=11"/y and coincides with the corresponding ex- expect the multiple structure of the 23 band[19] to col-

pression ofl'(w) of the three-level atom given in Ref20] lapse into this single-line feature for large detunings frequen-
(for zero detuningQ)=0). Here,w(z) is the error function ciss[35]. g g g g

with a complex argument33]. The molecular contribution

. ; L Large frequencies can affect the RXS bands not only con-
caused by vibrational broadening is g a y

cerning the vibrationalFranck-Condoh profiles. We have
already demonstrated that electronically symmetry-forbidden
w?—w?\?]]¥? RXS transitions appearing at resonant excitations are
P (23)  strongly dependent on the excitation frequency when a
narrow-bandpass excitation source is used, and that detuning
leads to a quenching of the symmetry breaking, making the
Contrary to Eq(19), the vibrational broadeninb(wog) (21)  “forbidden” peaks weaker[22]. The detuning effectively
is defined by the difference of the potential surfatgéR)  quenches the symmetry breaking of vibronic coupling, basi-
andU¢(R) of the core-excited and final states. The compari-cally for the same reason it quenches the vibrational excita-
son of this expression with the corresponding molecular contions demonstrated in this work. The total collapse of vibra-
tribution for fast RXS(19) indicates that this spectral width tional structure in elastic RXS to a single resonance with the
refers to a sudden emission transition:f. The physical spectral shape coinciding with the spectral shape of exciting
intuition does not contradict this statement. Indeed, oufadiation allows the possibility of actually measuring the
choice of detuning frequenc2 = (w;—w)/2 and smally  spectral shape, even in experiments involving molec(ses
andI" leads to core excitation exclusively to the lowest vi- glso Refs[28,30).

brational leveim=0 of the intermediate state. The accompa-  Although the main finding of the present work refers to
nying vertical emission transition—f yields the vibronic  conditions for band narrowing in resonant x-ray scattering, it
broadening of Eq(23). Figure §c) shows that the narrowing s relevant to mention that narrowing effects are also ob-
of the inelastic RXS profile in the region of strong photoab-served in the microwave and optical regions, but with com-
sorption (2=—0.043 eV can be strongefI'(wo)=0.16 pletely different physical origins, for example: exchange nar-
eV for y,I'—0] than at the wings of x-ray absorption profile rowing of spectral lines in nuclear magnetic resonance of
[[(=)=0.3 eV]. It is necessary to note that the same de-solids[36], pressure narrowing of optical absorption spectral
crease of ' (w) for small() takes place in the elastic case aslines in gas phaséDicke effect[37,38), collapse of rota-
well [see Figs. @) and &c)]. But for elastic RXS, this effect tional structure and narrowing of spectral lines caused by
is smaller in comparison with the narrowidg(=)=y/\2  radiation fieldd38]. The narrowing effects in optical spectra
obtained by excitation at the wings of the absorption band. of gaseous samples are caused by collisions between atoms

1 pof
Fmolz{z{ (Ri_Rf)2+

Wi
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or molecules. The collisional broadening of spectral lines inOne can see that only the final states contribute to the effec-
the x-ray region is negligibly small with respect to the life- tive broadening of the RXS profile whef| is large. As a
time broadening, and so the mechanisms responsible for colesult, the second moment of the RXS band in general de-
lapse of spectral lines in the optical region must be considcreases when the magnitude of the deturjflg increases.
ered irrelevant for x-ray spectroscopy. This narrowing effect can occur, for example, in solids or in
Our theory also takes into account temperature effeCtieavy atoms with expanded multiplet structure of core-
According to Eq.(7), the finite temperature leads to addi- gxcited and final states. The narrowing effect can take place
tional broadening by-kgT of the RXS profile caused by the ¢, small(), too, if y andT" are small in comparison with the

lground-hstate vibrﬁ.tional structufié kgT is on the ?(rderlof orf multiplet splitting. Indeed, only one of the multiplet sublev-
ar?grt a:“O)'IT 'T temﬂﬁr‘?ure brotadenlngdtaf esl'ptice ?rels is core excited in this case, and the intermediate states
Solids and molecules with heavy atoms and Tor Ight Mok then not contribute td"(w).
ecules when the temperature is sufficiently high. . L .
; . We considered here x-ray scattering involving only one

The collapse effect was investigated here under the aShtermediate core-excited electronic state. Both ‘“red”
sumption that the resonant contributions dominate the scak—Q<0 d “blue” (Q>0) f det " lead t
tering amplitude. This assumption is valid with high accu- ) an ue” ( ) frequency detunings lead to
racy for radiative inelastic RXS, while the nonresonan

tharrowing of the RXS band in this case. However, a real
contribution (Thomson scatteringcan be significant in the distributiqn of core—e.xcited elgc.tronic states is inhqmoge-
case of radiative elastic RX@0,39. Numerical simulations N€0Us, with the density often rising steeply toward high ex-
of radiative elastic RXS of the CO molecule indicate that thecitation energies, and lowering toward low excitation ener-
Thomson scattering becomes comparable to the resona8i€s (being zero in the “band gap! The best conditions
contribution when the incident photon frequen{f| is under which to observe the collapse effect in elastic RXS
tuned below the lowest - 7*) transition by about 1.5—-2 thus prevails for the detuning on the long wavelength side of
eV [39]. However, as one can see from Fig. 6, the vibronicthe first electronic x-ray absorption resonance, while narrow-
profile collapses to a single line much earligk|)=0.2 eV.  ing of the RXS profile can be absent for blue detuning due to
One can show that the electron-vibrational RXS profile col-the many overlapping absorption resonances.
lapses to a single line also if the nonresonant scattering is
essentiall39]. As is well known from the theory of Fano
resonances, the nonresonant scattelfjdigect photoemis- VIl. SUMMARY
sion) is more important in the case of nonradiative RXS
[11-13,§. The direct photoemission can change quantita- We have presented a theory for the second moment and
tively (but not qualitatively the dependence of the spectral for vibrational broadening of spectral bands for resonant in-
width I'(Q) on detuningf). In the very recent measurements elastic and elastic x-ray scattering. The effect on these quan-
of the resonant C 4 127! photoemission spectrum of CO tities of detuning the frequency from the absorption reso-
by Sundinet al. [35], a collapse phenomenon was demon-nance was studied in detail. It was shown that the effective
strated for detuning a&=0.3 eV, i.e., far from the detuning spectral width can increase for some frequencies but that it
energies for which the direct photoemission becomes signifiwill decrease when the detuning frequency is sufficiently
cant. large. The duration of the RXS process and the time of
~ Related narrowing effects of the RXS profiles can be angeformation of the wave packet of the core-excited state
ticipated also for many-level systems, where fine structuregonstitute the important concepts of the investigated prob-
may appear due to different types of perturbing interactionsiem_ |t ijs shown that the RXS duration time can be moni-
e.g. spin-orbit and open-shell electrostatic interactions leadgred by means of detuning the incoming photon frequency
ing to spin-sublevel and multiplet splittings. We can thusfrom the absorption resonance.
foresee quenching of such structures as an effect of fre- The narrowing of the RXS spectral profiles is shown to
quency detuning. To understand this, let us consider the gegpajitatively differ between inelastic and elastic RXS. The
eral treatment of RXS with0), |i), and|f) as the ground, width of the RXS band is determined in the general case by
intermediate, and final states, respectively. For complehe structure of vibrational levels of ground, core-excited,
many-level spectra, the FC factors must be replaced agn( final states. When the RXS process is f&sge detun-
(m[1)—(i|D|0) and({n|m)—(f[Qli). Here,D andQ denote ing or large lifetime broadeningthe molecule has no time to
the excitation and deexcitation operators, the latter being thexecute vibrations in the intermediate core-excited state, and
Coulomb operator in the nonradiative cagés As men-  narrowing of the RXS profile will take place, since the con-
tioned above, the structure of the scattering amplitude inditribution of the core-excited-state potential in forming the
cates that the effective widtfi(w) of the RXS band can be RxS band is removed. The RXS profile is then broadened
decomposed into the spectral widths of absorptia) @nd  only by vibrational excitations from the direct transition
emission Q) transitionsT (w) ~A+Aj;. When the detun-  from the ground state to the final optical state. This narrow-
ing is large(fast RXS:7.<A ™), the asymptotic Eq7) can  ing effect is typical for inelastic RXS when the potential
be replaced by surfaces of ground and final states differ substantially. The
total removal, or collapse, of vibrational broadening takes
place if the potential surfaces of ground and final states co-
rov 90 2 , _ incide, as is the case for elastic Rayleigh RXS. Our findings
(0, 0)= 0%+ FZZ KAQPIO)F P (0" +wro=w,y). are illustrated by some numerical calculations of RXS spec-
(24)  tral profiles and second moments for a diatomic molecule.
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APPENDIX A: DURATION OF RXS T l=A= EI VA =IVin?] . (B2)

The RXS process has two characteristic time scales. The
first one is the duration time of RXS-,C; the second one, The parameterA denotes an effective width of the vibra-
7, characterizes the deformation of the initial wave packet oriional envelope for the considered electronic x-ray absorp-
the potential surface of a core-excited state. The relation bdion transition. One can see from E({2) that A=0 and
tween these characteristic time scales strongly influences the= > if the potential surfaces of the core-excited and ground
RXS spectral shape. states coincideV =0, sinceH;=H,. This fact immediately

It is natural to introduce a time-dependent representatio@llows us to receive the estimatipiq. (12)] that is valid for
for the RXS amplitude, Eq3), to describe the notion of the a sufficiently small difference betweés (R) andUy(R).
duration of RXS:

F'“:J dtFn(t), Frn=1>, (nmy}{m|lYexd1p(t)—TIt]. APPENDIX C: RXS SECOND MOMENT
0 m (AL) IN THE HARMONIC APPROXIMATION

) To calculate the second moment of the RXS profile of a
The phaseq(t)=(2"—wmn)t can be replaced bys(t)  diatomic molecule in the harmonic approximation, we use
=(1— oyt in the case of narrow-band excitation in accor-the following formulas. The FC factor between vibrational

dance with Eq.(5). A molecule is core excited due to a wave functiongm) and|n) of electronic states andf,
photoabsorption at=0. The integral(Al) over emission

timest sums all partial RXS amplitudeis,(t) to the total 1
RXS amplitudeF,,. Apparently, the probability of emission (n|m):(2”n!2mm!)1’2(1—x2)1’4ex;< - Efz(l—x))
of final x-ray photons is different for different times. The
finite lifetime I'~ of the core-excited state constitutes the min(n.m o m
primary reason for this strong correlation between times of X > k—|[2(1—x2)1’2]k
absorption and emission. Indeed, the delay time between ab- k=0 ’
sorption and emission cannot essentially excéed, as fol- (1—x)\"7K [1—x2|M2m-k
lows from Eq.(Al). The second reason for the delay of x| —f o172 ) [f( 5 ) }
1_X2 1/2
5] ] e
Fin(t) to a total scattering amplitudg,, is significant only
for delay timest<|Q ™| due to the interference of partial is expressed in terms of the even functidi, (&)

emission relative to absorption is related to the phase differ-

ence ¢(t) between the “sudden” partial amplitude,,(0) (1—x)
RXS amplitudesF,(t). It is natural to unite both reasons —h, (- &)]

behind the finite duration of the RXS process and consider " '

and the amplitud& () [see Eq(A1)]. The contribution of Xh”k( —f(_z—x)m) Nm-k

7. [see Eq.(11)] as the correlation time or duration of the £n
RXS process. ha(§)= WH“(S)’
1
APPENDIX B: CHARACTERISTIC TIME OF hnia(6)= 77 hn(§)—?hn-1(§) : (C2

DEFORMATION OF THE WAVE PACKET

It is convenient to consider the evolution of the vibra- With ho(£)=1, h;(§)=2, hy(§)=2-1/&%, and Hy(§) as
tional wave packep, on the potential surfacd;(R) for the ~ Hermite polynomials. The functioh,(£) with the recursion
core-excited state in the interaction representatioformula (C2) is more convenient thahl,(£) in numerical
@) =exp(Hot) ¢, [40]. The wave function in this representa- calculations of the FC factors, sintg(¢) as depending on
tion is the solution of the equation & is well defined in Eq(C1) for both positive and negative

X. The parameters

1/2
MWt
T) (Ri—Rj), x=

W™ Wi

J
@l =Vel, V=e"(H—Hge ™. (Bl f ( .

(OF; + Wi

The dynamics ofgol' is described by the operatdf, defined

by the difference between the nuclear Hamiltonidhsand  in Eq. (C1) depend on the reduced magssof the molecule,
H, of the core-excited and ground states, respectively. Asn the vibrational frequencieso¢, w;), and on the equilib-
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rium distancesR;, R;) of the electronic statef andi, re- * 1 2
spectively. > n2|<n|0)|2=(E,uwf(Ro—Rf)z) +
To evaluatel'(w) in the case of fast RX$see Eqs(4) n=o

m(Ro—Ry)?
4(,00

and(13)], the following summations are needgg8| wo— wy 2
X(wé-‘r- 3w?—2w0wf)+( )
4(1)0(1)f
o 5 ><(3wg+ 3wf2+ 2wqwy),
S, nlIO)= ] pon(Ro— Ry 2+ 0
= 2| HertRo R 20w |’ wherew, andR, are the vibrational frequency and equilib-

(C9 rium internuclear distance of the ground state.
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