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

Faris Gel’mukhanov,* Timofei Privalov,* and Hans Ågren
Institute of Physics and Measurement Technology, Linko¨ping University, S-58183, Linko¨ping, Sweden

~Received 15 November 1996!

Extreme narrowing, or collapse, of electron-vibrational bands is predicted as a new phenomenon in resonant
radiative and nonradiative x-ray scattering~RXS! 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 frequencyv away 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.
@S1050-2947~97!00707-5#

PACS number~s!: 33.20.Rm, 33.20.Tp
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I. INTRODUCTION

Due to a rather intense combined experimental and th
retical research effort, many general aspects of radiative
nonradiative resonant x-ray scattering~RXS! have become
quite well understood by now@1–16#. At this time, the re-
search direction seems to focus on studies of fine structu
band shapes, and the role of nuclear dynamics in the R
spectra. In this respect, one can mention works on gen
vibronic broadening of RXS spectral lines@7,8#, vibronic
lifetime interference effects@7,8,17–19#, nonlinear disper-
sion of the RXS resonances induced by nuclear motion@20#,
the implementation of selection rules in nonadiabatic R
@21,22#, and several effects caused by nuclear dynamics
dissociative potential surfaces involved in the x-ray scat
ing process@9,23,24#, as a few out of many examples in th
field.

The actual spectral shape of electron-vibrational R
bands appears, in general, to be quite complicated. The
cept of moments@9# of the RXS cross section is therefo
helpful to simplify the analysis of observed spectral featur
Recently, investigations were carried out on the freque
dispersion for the peak maxima@25# and for the center of
gravity @20#, i.e., the first moment of the RXS band, fo
atoms @20,25#, and for molecules@20#. Armen and Wang
@25# investigated numerically the full width at half maximu
~FWHM! for atoms and computed the frequency depende
of the spectral width of atomic RXS in a three-level mod
These authors@25# found a nonlinear dependence of th
width on the frequency and, for some frequencies, additio
broadening caused by the coexistence of two spectral
tures in RXS, given by the condition for an absorption re
nance and the Raman-Stokes law~Stokes doubling effec
@5,15,26#!.

*Permanent address: Institute of Automation and Electrome
630090 Novosibirsk, Russia.
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In this publication, we generalize previous work on spe
tral moments for RXS@20,25# and present a theory for th
second spectral moment of RXS in molecules and solids.
investigate the dependence of the second moment on
frequency of exciting radiation and show that the vibration
structure yields qualitatively new features for the frequen
dependence of the width of RXS bands, which are absen
atoms. One intention of the paper is to find precisely h
band sharpening can be achieved in resonant x-ray emis
of molecules and solids. We show that the detuning of
incoming x-ray photon frequency sufficiently far from th
absorption spectral band leads to a narrowing of vibratio
structure, or even to a collapse to a single resonance with
spectral shape equal to that of the incoming x-ray radiati

The paper is organized as follows. A general tim
independent description of RXS in the Franck-Condon
proximation, also taking into account the temperature of
sample, is given in Sec. II. Section III contains our ma
result, namely, the general investigation of the narrow
effects in electron-vibrational bands of elastic and inelas
RXS. The time-dependent representation is used in Sec
to provide a physical interpretation of the narrowing of t
RXS profiles. This interpretation is based on the concep
the duration time for the RXS process introduced in the s
tion. The quantitative characteristics of the narrowing of t
spectral profile is given in Sec. V, where the second mom
G(v) of RXS bands is investigated analytically and nume
cally. Here, the analytical expressions forG(v) are obtained
for ‘‘fast RXS,’’ i.e., for large detuning frequencies and fo
incoming photon frequencies close to the adiabatic abs
tion transition~0-0 transition!. It is shown how the width of
the RXS spectral band is formed by atomiclike and mole
larlike contributions. The first contribution, investigated ea
lier in Ref. @20#, depends on the lifetime broadening and t
width of the spectral function of incoming radiation, where
the molecular contribution is expressed through the vib
tional frequencies and the equilibrium distances of the sta
involved in the RXS process. The results of this section de
y,
256 © 1997 The American Physical Society
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56 257COLLAPSE OF VIBRATIONAL STRUCTURE IN . . .
onstrate the strong influence of nuclear dynamics on
asymptotic behavior of the second spectral moment.
possibility of observing narrowing of RXS profiles in oth
systems, such as solids or atoms with complex multile
structure, is briefly discussed in Sec. VI. Our findings a
summarized in the last section, Sec. VII.

II. THEORY

For ordinary temperaturesT, the molecules are in the
ground electronic state and distributed over vibrational lev
El
0 of this state with the probability

r l5
exp~2El

0/kBT!

( l exp~2El
0/kBT!

, ~1!

wherekB is Boltzmann’s constant. By absorbing incomin
x-ray photons with the frequencyv, the molecule is excited
to the vibrational levelsEm

i of the intermediate electroni
state i . Due to the vacuum fluctuations, this intermedia
state decays, emitting x-ray photons with the frequencyv8
to the vibrational levelsEn

f of the final electronic state
f . Using the harmonic approximation, the vibrational en
gies of ground @El

05v0( l11/2)], core-excited @Em
i

5vi(m11/2)], and final @En
f5vf(n11/2)] states are ex-

pressed through the vectors of vibrational frequenciesv0
5(v01,v02, . . . ,v0N), vi5(v i1 ,v i2 , . . . ,v iN), vf5
(v f1 ,v f2 , . . . ,v fN) and through the vectors of vibrationa
quantum numbersl5( l 1 ,l 2 , . . . ,l N), m5(m1 ,m2 , . . . ,mN),
n5(n1 ,n2 , . . . ,nN), respectively. We will adopt here atom
units and the notationN for the number of vibrational mode
and the notation15(1,1, . . . ,1). Except for the radiative
scattering channel, the core-excited state can decay nonr
tively, emitting an Auger electron with the energye. A deep
connection exists between radiative and nonradiative R
@6#. The vibrational problem is essentially the same for
two processes and they are both covered by the theory
sented below.

The spectral properties of RXS are guided by the dou
differential cross section@5,6,27#

s~v8,v!5s0(
l,n

r luF lnu2F~V81vnl2V,g!, ~2!

convoluted with the unit-normalized spectral function of t
exciting radiationF centered at frequencyv and having the
width g. We have collected all nonessential quantities in
the constant s0 and introduced the detuningV5v
2@Ei(Ri)2E0(R0)# of the incoming x-ray photon frequenc
v, relative to the absorption electronic resonant freque
Ei(Ri)2E0(R0), and the detuning V85v82@Ei(Ri)2
Ef(Rf)] „or V85e2@Ei(Ri)2Ef(Rf)#… of the final x-ray
photon frequencyv8 ~or the Auger electron energye), rela-
tive to the emission electronic resonance freque
@Ei(Ri)2Ef(Rf)#. The electronic energies for the equilib
rium geometriesR0, Ri , andRf of the ground, intermediate
and final states are denoted here asE0(R0),Ei(Ri) and
Ef(Rf), respectively, while the difference between vibr
tional energies of the final and ground states is denote
vnl5En

f2El
0 .
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The scattering amplitude is given by the Krame
Heisenberg formula. According to the Franck-Condon~FC!
principle, the RXS amplitude can be written as@17,18#

F ln5(
m

^num&^mu l&
V82vmn1ıG

, ~3!

wherevmn5Em
i 2En

f andG is the lifetime broadening~half
width at half maximum!. The vibrational structure inheren
in the RXS cross section formula is formed according to
FC factors,̂ mu l& and ^num&, between the vibrational wave
functions of groundu l& and core-excitedum& states, respec
tively, between the vibrational wave function of core-excit
and final un& states. The FC factors in turn depend on t
equilibria and shapes of the potential surfaces for the grou
intermediate, and final states. According to the norm
Franck-Condon principle, vibrational broadening is abs
only in the exotic case where the three electronic states
volved in the absorption-emission process have the same
tential surface. Nevertheless, we show that for elastic RX
is possible to remove the vibrational broadening complete

III. NARROWING OF RXS BANDS BY DETUNING THE
FREQUENCY

Let us consider the limit of large detuningV or large
lifetime broadeningG in comparison with the width of the
exciting photon functiong and the effective widthD of the
vibrational band for the considered electronic absorpt
transition

~V21G2!1/2@D,g. ~4!

We will show in Sec. IV that this limiting case correspon
to a sudden or fast RXS process. The RXS cross section~2!
is at maximum when the final photon frequency follows t
Raman-Stokes law

V85V2vnl . ~5!

Because of Eqs.~4! and~5!, one can extract the denominato
from the sum in Eq.~3!:

F ln.
^nu l&

V1ıG
. ~6!

This expression coincides with the result obtained in
short lifetime limit @18,23#, G@D. Now the RXS cross sec
tion

s~v8,v!.
s0

V21G2(
ln

r lz^nu l& z2F~V81vnl2V,g! ~7!

does not depend on the vibrational structure of the interm
diate state. So whenuVu or G is large, the sum~7! of reso-
nances constitutes the RXS cross section, the spectral sh
of which copy the spectral function of the exciting radiatio
F(V,g). The strength of a single resonance is defined by
squared overlap integralz^nu l& z2 between vibrational wave
functions of the final and ground states. Contrary to the R
cross section~2!, the asymptotic cross section~7! is not
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258 56GEL’MUKHANOV, PRIVALOV, AND ÅGREN
broadened by the vibrational structure of the core-exc
state. The effective width of the fast RXS cross section~7! is
given only by the vibrational structure of the final state~and
of the ground state if the temperature is sufficiently larg!.
This means that the effective narrowing of the RXS pro
takes place for large detuninguVu or for large lifetime broad-
eningG ~4! @as in Fig. 1~c!#. Figure 1~a! demonstrates nar
rowing of the vibrational structure for small detuning als
V520.05 eV. The explanation of this effect will be give
in Sec. VA @see Eq.~21! and Fig. 6#.

Our main result follows directly from Eq.~7!. Indeed, one
can see that the vibrational structure of the RXS cross sec
~7! collapses to a single resonance@see Fig. 2~c!#,

s~v8,v!.
s0

V21G2F~V82V,g!, ~8!

when the potential surfaces of ground and final states c
cide: ^nu l&5d l,n . Here we took into account the condition o
completeness(um&^mu51 and the normalization ofr l ~1! to
unity: (r l51. This effect of narrowing of the electron
vibrational band to a single resonance, with the width eq
to the spectral width of incoming radiationg, occurs strictly
for elastic~Rayleigh! RXS. Such a collapse to a single lin
is, accidentally, possible also for inelastic RXS, for examp
when the potential surfaces of ground and final state
similar ~see discussion in Sec. VI!. It is necessary to mention
that the collapse effect is a direct consequence of vibro
lifetime interference@17,18#. Such interference may thus to
tally remove the contribution of the intermediate vibration
states to the RXS amplitude~6!. Equation ~8! shows that

FIG. 1. Narrowing of the vibrational structure in OK inelastic
RXS of the CO molecule. Inelastic RXS with final state (f ):
1p212p1 1D. Data for OK emission of the CO molecule~Table I!.
The calculation was performed in the harmonic approximation@see
Eqs.~2! and~3! and Appendix C# with only the lowest ground-state
level populated (r l5d l ,0) and using a Gaussian spectral functi
~18! with g50.1 eV. G50.01 eV. ~a! V520.05 eV. ~b!
V51.22 eV.~c! V55.5 eV.
d

,

on

n-

al

,
re

ic

l

elastic RXS can be used to measure the spectral functio
x-ray incident photons~see also@28–31#!.

IV. PHYSICAL INTERPRETATION OF THE NARROWING
EFFECT

To penetrate more deeply into the physics of the collap
effect discussed here, let us rewrite the scattering amplit
~3!:

F ln5^nuw l&5E dR8dRwn
f ~R8!GE~R8,R!w l

0~R!, ~9!

in terms of the wave packetuw l& and the Green’s function
GE :

uw l&5GEu l&, GE5
1

E2Hi1ıG
5(

m

um&^mu
E2Em

i 1ıG
,

~10!

with E5V81En
f , Hi as the nuclear Hamiltonian of the core

excited state,w l
0(R)5^Ru l& and wn

f (R)5^Run& as vibra-
tional wave functionsu l& and un& of the ground and final
states in a coordinate representation, andR as the set of
normal molecular coordinates.

The initial vibrational wave packetw l
0(R) is excited by

light from the ground-state potential surfaceU0(R) to the
intermediate-state potential surfaceUi(R) and arrives there
as the wave packetw l(R8)5*dRGE(R8,R)w l

0(R). The
space distribution and spectral composition of this wa
packet depend on the detuningV8 through the Green’s func-
tion @23#. The stationary lifetime-broadened Green’s functio
GE(R8,R) describes the propagation of nuclei on a decay

FIG. 2. Collapse of vibrational structure to single resonance
O K elastic RXS of the CO molecule~Table I!. The calculation was
performed in the harmonic approximation@see Eqs.~2! and~3! and
Appendix C# with only the lowest ground-state level populate
(r l5d l ,0) and using a Gaussian spectral function~18! with g50.1
eV. G50.09 eV.~a! V51.36 eV.~b! V51.6 eV. ~c! V55 eV.
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56 259COLLAPSE OF VIBRATIONAL STRUCTURE IN . . .
potential surfaceUi(R) from the normal coordinatesR,
where the molecule was core excited, up toR8, where the
emission transition takes place@see Fig. 3~a!#. The wave
packetw l(R) ~10! is formed according to two characterist
time scales. The first one is the duration of the RXS proc
~see Appendix A!,

tc5~V21G2!21/2, ~11!

while

t5D21;Fv0S UDRR0
U1UDv

v0
U D G21

~12!

is the time of deformation of the initial wave packetw i
0(R)

~eigenfunction of the ground-state nuclear HamiltonianH0)
on the potential surfaceUi(R) of the core-excited state~see
Appendix B!. Here,v0 andR0 denote the vibrational fre
quency and equilibrium internuclear distances of the gro
state, respectively, whileDv andDR denote the character
istic changes of these quantities upon core excitation.
concept of duration time of the RXS process is fundame
in this context; its frequency dependence~see Fig. 4! makes
it possible to control it externally~see discussion in Sec. VI!.

Let us now consider fast RXS~4!:

tc!t, g21 ~13!

In this limiting case, the denominator in the Green’s functi
~10! can be extracted from the sum overm @23#:

GE~R8,R!.
d~R82R!

V1ıG
. ~14!

Here, Eq.~5! was used. Equation~14! means that the mol
ecule has no time to change its geometry during the R
process. In other words, the condition~13! @see Fig. 3~b!#
implies a sudden or fast RXS process without change

FIG. 3. Qualitative picture for collapse of vibrational structu
under off-resonant core excitation~13!. Uf(R)5U0(R). ~a! Slow
RXS Resonant core excitation:tc;t. The molecule has time to
change its geometry (R8ÞR) so U0(R)ÞUi(R), and hence the
RXS cross section, has vibrational structure.~b! Fast elastic RXS
~13!: Sincetc!t andUf(R)5U0(R), the molecule has no time to
change geometry and the vibrational structure in the RXS c
section s(v8,v) collapses to a single resonance with wid
g/A2.
ss

d

e
al

S
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molecular geometry (R85R). Hence, the space distributio
of the nuclear wave packetw l(R) ~10! coincides with the
ground-state vibrational wave functionw l

0(R): w l(R)
.w l

0(R)/(V1ıG). In accordance with this fact, Eq.~9!
yields the sudden approximation~6! for the RXS amplitude
which leads directly to the collapse effect~8! @see Fig. 2~c!
and Fig. 3~b!#.

V. SPECTRAL WIDTH OF ELECTRON-VIBRATIONAL
RXS BAND

The quantitative characteristic of the collapse effect is
spectral widthG(v) of the RXS band. This width can b
introduced in two different ways: first, by definingG(v) as
the FWHM of the spectral band@25#; second, as propose
here, as the second moment of the RXS profile:

G~v!5S E
2`

`

dv8@v82e~v!#2
s~v8,v!

s0~v! D 1/2. ~15!

Here,e(v) is the center of gravity expressed in terms of t
first s1(v) and zeros0(v) moments of the RXS cross sec
tion:

e~v!5
s1~v!

s0~v!
, sn~v!5E dv8v8ns~v8,v!, n50,1.

~16!

The spectral features ofs1(v) ands0(v) were investigated
recently in Refs.@20,32#. The spectral shape of the integr
RXS cross sections0(v) coincides with the spectral shap
of the x-ray ‘‘absorption’’ cross section for a given electro
transition:

s0~v!5s0(
l

r lz^mu l& z2E
2`

`

dj
F~j,g!

~j1V2vml!
21G2 . ~17!

This equation generalizes the corresponding expressio
s0(v) @20,32# for the case of finite temperatures. The spe
tral features ofG(v), with a Gaussian spectral function no
malized to unity

ss

FIG. 4. Spectral dependence of the duration of RXStc @see Eq.
~11!#.
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F~V,g!5
1

gAp
expF2S V

g D 2G , ~18!

were investigated earlier for the three-level model relev
for atomic RXS@20#.

A. Diatomic molecules in the harmonic approximation

As an illustration, we calculateG(v) with a Gaussian
spectral function~18! for a diatomic molecule in the har
monic approximation~see Fig. 5 and Fig. 6!. These calcula-
tions were carried out with the help of Eqs.~15!, ~C1!, and
~C3!. We assume here temperatures for which only the lo
est ground-state vibrational level is populated (r l5d l ,0),
which is a good approximation for light molecules at roo
temperature. To show the dependence ofG(v) on the life-
time broadening, we used different values ofG in our nu-
merical simulations, including the experimental val
G.0.09 eV for OK emission of CO.

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

The one-dimensional harmonic approximation and E
~C4! yield an analytical expression forG(v) in the case of
fast RXS~4!, ~13!:

G~`!.F12H g21
mv f

4

v0
~R02Rf !

21S v0
22v f

2

2v0
D 2J G1/2,

~19!

where we also used the following asymptotic expression
the center of gravity@20#:

e~v!.v2S Ef~R0!2E0~R0!1
v f
22v0

2

4v0
D , ~20!

FIG. 5. Spectral width@second moment~15!# of inelastic RXS.
Inelastic scattering to the final state (f ): 1p212p11D. Data for O
K inelastic RXS of the CO molecule~Table I!. ~a! G50.09 eV,
g50.1 eV, G(`).0.308 eV. ~b! G50.01 eV, g50.1 eV,
G(`).0.308 eV. ~c! G50.01 eV, g50.01 eV, G(`).0.3 eV,
G(v00).0.21 eV.
t

-

.

r

with m denoting the reduced mass of the molecule, and wit
v0, v f and R0 , Rf denoting vibrational frequencies and
equilibrium internuclear distances of ground~0! and excited
( f ) states, respectively. Equation~19! confirms the general
result of Eq.~8!. Indeed, Eq.~19! shows that in the sudden
limit ~4!, ~13!, the spectral widthG(`) is larger than the
width g/A2 of the spectral function,G(`)>g/A2. The ad-
ditional broadening~to the widthg/A2) is caused by vibra-
tional structure. The collapse of this vibrational structure to
single resonance with the widthG(`)5g/A2 takes place
when the interatomic potentials of ground and final state
coincide:v05v i , R05Ri @see Fig. 6~c!#.

2. Spectral width of RXS for adiabatic x-ray absorption

Figure 5 shows that some suppression of the vibration
broadening also takes place for inelastic RXS of the CO
molecule. Contrary to elastic RXS~Fig. 6!, this suppression
is not complete when exciting at the wings of the x-ray ab
sorption profile, since the potential surfaces of ground an
final states do not coincide@see Eq.~19! and Table I#. The
shape of the second momentG(v) has an additional feature,
namely, some suppression of vibrational broadening near t
adiabatic 0-0 absorption transition (l50→m50) for the de-

TABLE I. Vibrational frequenciesv j , equilibrium internuclear
distancesRj ( j50,i , f ), and lifetime broadeningsG for ground
(0), core-excited (i ), and final (f ) states of the CO molecule@41#.

State v j ~eV! Rj ~Å! G ~eV!

ground~0!: X 1S1 0.27 1.128 0
core-excited~i!: O 1s212p1 1P 0.18 1.280 0.09
final ~f!: 1p212p1 1D 0.14 1.399 . 0

FIG. 6. Spectral width@second moment~15!# of elastic RXS.
Data for OK elastic RXS emission of the CO molecule~Table I!.
~a! G50.09 eV,g50.1 eV,G(`)5g/A2.0.071 eV.~b! G50.01
eV, g50.1 eV, G(`).0.071 eV. ~c! G50.09 eV, g50.01 eV,
G(`).0.071 eV.
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56 261COLLAPSE OF VIBRATIONAL STRUCTURE IN . . .
tuningV520.043 eV@see Fig. 5~c!#. This numerical value
falls close to the theoretical prediction ofV5(v i
2v0)/2.20.045 eV. The numerical experiment@Fig. 5~c!#
prompts us to look for a minimum ofG(v) for small widths
(g,G!v i) and for the 0-0 absorption transition wit
V5(v i2v0)/2. With a small lifetime broadening, the inte
ference between different vibrational levels can be neglec
whereas a small width of the Gaussian spectral func
makes it possible to tune exactly to resonance with the
absorption transition. By means of these two assumpti
and by means of Appendix C, we find directly an express
for the RXS second momentG(v00) of the 0-0 absorption
transition. Likewise, Eq.~19! indicates that this expressio
can be separated into atomicGat and molecularGmol contri-
butions:

G~v00!.@Gat
2 ~v!1Gmol

2 #1/2. ~21!

The RXS second moment of the free atom~without vibra-
tional structure!,

Gat5S gG

ApRew~z!
2G2D 1/255

~gG!1/2

p1/4 , if G!g

g

A2
, if G@g

,

~22!

depends only on the interplay betweeng andG through the
parameterz5ıG/g and coincides with the corresponding e
pression ofG(v) of the three-level atom given in Ref.@20#
~for zero detuning:V50). Here,w(z) is the error function
with a complex argument@33#. The molecular contribution
caused by vibrational broadening is

Gmol5F12H mv f
4

v i
~Ri2Rf !

21S v i
22v f

2

2v i
D 2J G1/2. ~23!

Contrary to Eq.~19!, the vibrational broadeningG(v00) ~21!
is defined by the difference of the potential surfacesUi(R)
andUf(R) of the core-excited and final states. The compa
son of this expression with the corresponding molecular c
tribution for fast RXS~19! indicates that this spectral widt
refers to a sudden emission transition:i→ f . The physical
intuition does not contradict this statement. Indeed,
choice of detuning frequencyV5(v i2v0)/2 and smallg
andG leads to core excitation exclusively to the lowest
brational levelm50 of the intermediate state. The accomp
nying vertical emission transitioni→ f yields the vibronic
broadening of Eq.~23!. Figure 5~c! shows that the narrowing
of the inelastic RXS profile in the region of strong photoa
sorption (V.20.043 eV! can be stronger@G(v00).0.16
eV for g,G→0# than at the wings of x-ray absorption profi
@G(`).0.3 eV#. It is necessary to note that the same d
crease ofG(v) for smallV takes place in the elastic case
well @see Figs. 6~b! and 6~c!#. But for elastic RXS, this effec
is smaller in comparison with the narrowingG(`)5g/A2
obtained by excitation at the wings of the absorption ban
d,
n
-0
s
n

i-
-

r

-

-

-

.

VI. DISCUSSION

The present theory refers to both radiative and nonra
tive RXS spectra. In the radiative case, the theory lead
the most conspicuous result, namely, a total collapse of
vibrational structure to a single line for elastic, Rayleig
scattering. In general, in the inelastic radiative case, th
will not be a total collapse, but a distortion that can be qu
substantial and which in most cases leads to narrowing
the nonradiative case the ground and final potential surfa
will in general be different and the collapse will not be com
plete. In the case of nonradiative participator decay, syno
mous with resonant photoemission, the final state is ident
with the nonresonant ultraviolet photoemission spectrosc
~UPS! final state, and the present theory describes
frequency-dependent relation between the vibrational b
envelopes of these two spectroscopies. Apart from the de
ing frequency, the actual narrowing depends on the interp
of the bonding characters of core, unoccupied, and occu
orbitals, and the accompanying shifts in equilibria of the p
tentials. The first unoccupied levels are mostly antibondi
and the occupied levels bonding, while the core orbital c
be both bonding and antibonding, using the traditional d
nition of a bonding character@34#. An interesting case is
given by a nonbonding occupied level, where the nonre
nant UPS band shows a single vibrational level, while
corresponding resonant photoemission band shows m
level structure due to the involvement of the core-state
tential. The C 1s212p1 core-excited state of CO, ending a
the X 2S1 state of CO1 with the nonbonding
5s orbital as ionized, provides such a case. We can t
expect the multiple structure of theX 2S1 band@19# to col-
lapse into this single-line feature for large detunings frequ
cies @35#.

Large frequencies can affect the RXS bands not only c
cerning the vibrational~Franck-Condon! profiles. We have
already demonstrated that electronically symmetry-forbidd
RXS transitions appearing at resonant excitations
strongly dependent on the excitation frequency when
narrow-bandpass excitation source is used, and that detu
leads to a quenching of the symmetry breaking, making
‘‘forbidden’’ peaks weaker@22#. The detuning effectively
quenches the symmetry breaking of vibronic coupling, ba
cally for the same reason it quenches the vibrational exc
tions demonstrated in this work. The total collapse of vib
tional structure in elastic RXS to a single resonance with
spectral shape coinciding with the spectral shape of exci
radiation allows the possibility of actually measuring t
spectral shape, even in experiments involving molecules~see
also Refs.@28,30#!.

Although the main finding of the present work refers
conditions for band narrowing in resonant x-ray scattering
is relevant to mention that narrowing effects are also
served in the microwave and optical regions, but with co
pletely different physical origins, for example: exchange n
rowing of spectral lines in nuclear magnetic resonance
solids@36#, pressure narrowing of optical absorption spect
lines in gas phase~Dicke effect @37,38#!, collapse of rota-
tional structure and narrowing of spectral lines caused
radiation fields@38#. The narrowing effects in optical spectr
of gaseous samples are caused by collisions between a
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or molecules. The collisional broadening of spectral lines
the x-ray region is negligibly small with respect to the lif
time broadening, and so the mechanisms responsible for
lapse of spectral lines in the optical region must be con
ered irrelevant for x-ray spectroscopy.

Our theory also takes into account temperature effe
According to Eq.~7!, the finite temperature leads to add
tional broadening by;kBT of the RXS profile caused by th
ground-state vibrational structure~if kBT is on the order of or
larger thanv0). This temperature broadening takes place
solids and molecules with heavy atoms and for light m
ecules when the temperature is sufficiently high.

The collapse effect was investigated here under the
sumption that the resonant contributions dominate the s
tering amplitude. This assumption is valid with high acc
racy for radiative inelastic RXS, while the nonresona
contribution ~Thomson scattering! can be significant in the
case of radiative elastic RXS@10,39#. Numerical simulations
of radiative elastic RXS of the CO molecule indicate that
Thomson scattering becomes comparable to the reso
contribution when the incident photon frequencyuVu is
tuned below the lowest (1s→p* ) transition by about 1.5–2
eV @39#. However, as one can see from Fig. 6, the vibro
profile collapses to a single line much earlier:uVu&.0.2 eV.
One can show that the electron-vibrational RXS profile c
lapses to a single line also if the nonresonant scatterin
essential@39#. As is well known from the theory of Fano
resonances, the nonresonant scattering~direct photoemis-
sion! is more important in the case of nonradiative RX
@11–13,6#. The direct photoemission can change quant
tively ~but not qualitatively! the dependence of the spectr
width G(V) on detuningV. In the very recent measuremen
of the resonant C 1s212p1 photoemission spectrum of CO
by Sundinet al. @35#, a collapse phenomenon was demo
strated for detuning at.0.3 eV, i.e., far from the detuning
energies for which the direct photoemission becomes sig
cant.

Related narrowing effects of the RXS profiles can be
ticipated also for many-level systems, where fine structu
may appear due to different types of perturbing interactio
e.g. spin-orbit and open-shell electrostatic interactions le
ing to spin-sublevel and multiplet splittings. We can th
foresee quenching of such structures as an effect of
quency detuning. To understand this, let us consider the
eral treatment of RXS withu0&, u i &, and u f & as the ground,
intermediate, and final states, respectively. For comp
many-level spectra, the FC factors must be replaced
^mu l &→^ i uDu0& and^num&→^ f uQu i &. Here,D andQ denote
the excitation and deexcitation operators, the latter being
Coulomb operator in the nonradiative cases@6#. As men-
tioned above, the structure of the scattering amplitude in
cates that the effective widthG(v) of the RXS band can be
decomposed into the spectral widths of absorption (D) and
emission (D i f ) transitions:G(v);D1D i f . When the detun-
ing is large~fast RXS:tc!D21), the asymptotic Eq.~7! can
be replaced by

s~v8,v!.
s0

V21G2(
f

z^ f uQDu0& z2F~v81v f02v,g!.

~24!
n
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One can see that only the final states contribute to the ef
tive broadening of the RXS profile whenuVu is large. As a
result, the second moment of the RXS band in general
creases when the magnitude of the detuninguVu increases.
This narrowing effect can occur, for example, in solids or
heavy atoms with expanded multiplet structure of co
excited and final states. The narrowing effect can take pl
for smallV, too, if g andG are small in comparison with the
multiplet splitting. Indeed, only one of the multiplet suble
els is core excited in this case, and the intermediate st
will then not contribute toG(v).

We considered here x-ray scattering involving only o
intermediate core-excited electronic state. Both ‘‘red
(V,0) and ‘‘blue’’ (V.0) frequency detunings lead t
narrowing of the RXS band in this case. However, a r
distribution of core-excited electronic states is inhomog
neous, with the density often rising steeply toward high e
citation energies, and lowering toward low excitation en
gies ~being zero in the ‘‘band gap’’!. The best conditions
under which to observe the collapse effect in elastic R
thus prevails for the detuning on the long wavelength side
the first electronic x-ray absorption resonance, while narro
ing of the RXS profile can be absent for blue detuning due
the many overlapping absorption resonances.

VII. SUMMARY

We have presented a theory for the second moment
for vibrational broadening of spectral bands for resonant
elastic and elastic x-ray scattering. The effect on these qu
tities of detuning the frequency from the absorption re
nance was studied in detail. It was shown that the effec
spectral width can increase for some frequencies but th
will decrease when the detuning frequency is sufficien
large. The duration of the RXS processtc and the time of
deformation of the wave packett of the core-excited state
constitute the important concepts of the investigated pr
lem. It is shown that the RXS duration timetc can be moni-
tored by means of detuning the incoming photon freque
from the absorption resonance.

The narrowing of the RXS spectral profiles is shown
qualitatively differ between inelastic and elastic RXS. T
width of the RXS band is determined in the general case
the structure of vibrational levels of ground, core-excite
and final states. When the RXS process is fast~large detun-
ing or large lifetime broadening!, the molecule has no time to
execute vibrations in the intermediate core-excited state,
narrowing of the RXS profile will take place, since the co
tribution of the core-excited-state potential in forming t
RXS band is removed. The RXS profile is then broaden
only by vibrational excitations from the direct transitio
from the ground state to the final optical state. This narro
ing effect is typical for inelastic RXS when the potenti
surfaces of ground and final states differ substantially. T
total removal, or collapse, of vibrational broadening tak
place if the potential surfaces of ground and final states
incide, as is the case for elastic Rayleigh RXS. Our findin
are illustrated by some numerical calculations of RXS sp
tral profiles and second moments for a diatomic molecul
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APPENDIX A: DURATION OF RXS

The RXS process has two characteristic time scales.
first one is the duration time of RXS,tc ; the second one
t, characterizes the deformation of the initial wave packet
the potential surface of a core-excited state. The relation
tween these characteristic time scales strongly influences
RXS spectral shape.

It is natural to introduce a time-dependent representa
for the RXS amplitude, Eq.~3!, to describe the notion of the
duration of RXS:

F ln5E
0

`

dtFln~ t !, F ln5ı(
m

^num&^mu l&exp@ ıf~ t !2Gt#.

~A1!

The phasef(t)5(V82vmn)t can be replaced byf(t)
5(V2vml)t in the case of narrow-band excitation in acco
dance with Eq.~5!. A molecule is core excited due to
photoabsorption att50. The integral~A1! over emission
times t sums all partial RXS amplitudesF ln(t) to the total
RXS amplitudeF ln . Apparently, the probability of emissio
of final x-ray photons is different for different times. Th
finite lifetime G21 of the core-excited state constitutes t
primary reason for this strong correlation between times
absorption and emission. Indeed, the delay time between
sorption and emission cannot essentially exceedG21, as fol-
lows from Eq. ~A1!. The second reason for the delay
emission relative to absorption is related to the phase dif
encef(t) between the ‘‘sudden’’ partial amplitudeF ln(0)
and the amplitudeF ln(t) @see Eq.~A1!#. The contribution of
F ln(t) to a total scattering amplitudeF ln is significant only
for delay timest&uV21u due to the interference of partia
RXS amplitudesF ln(t). It is natural to unite both reason
behind the finite duration of the RXS process and cons
tc @see Eq.~11!# as the correlation time or duration of th
RXS process.

APPENDIX B: CHARACTERISTIC TIME OF
DEFORMATION OF THE WAVE PACKET

It is convenient to consider the evolution of the vibr
tional wave packetw l on the potential surfaceUi(R) for the
core-excited state in the interaction representat
w l
I5exp(ıH0t)w l @40#. The wave function in this representa

tion is the solution of the equation

ı
]

]t
w l
I5Vw l

I , V5eıH0t~Hi2H0!e
2ıH0t. ~B1!

The dynamics ofw l
I is described by the operatorV, defined

by the difference between the nuclear HamiltoniansHi and
H0 of the core-excited and ground states, respectively.
-

he

n
e-
he

n

f
b-

r-

r

n

s

follows directly from Eq.~B1! for w l
I , the timet of defor-

mation of the initial wave packet is defined byV21. One can
see that the small perturbationV deforms the initial wave
packet quite weakly. The timet of this deformation can be
introduced as@40#

t215D5S (
l

~^ luV2u l&2^ luVu l&!2D 1/2. ~B2!

The parameterD denotes an effective width of the vibra
tional envelope for the considered electronic x-ray abso
tion transition. One can see from Eq.~B2! that D50 and
t5` if the potential surfaces of the core-excited and grou
states coincide:V50, sinceHi5H0. This fact immediately
allows us to receive the estimation@Eq. ~12!# that is valid for
a sufficiently small difference betweenUi(R) andU0(R).

APPENDIX C: RXS SECOND MOMENT
IN THE HARMONIC APPROXIMATION

To calculate the second moment of the RXS profile o
diatomic molecule in the harmonic approximation, we u
the following formulas. The FC factor between vibration
wave functionsum& and un& of electronic statesi and f ,

^num&5~2nn!2mm! !21/2~12x2!1/4expS 2
1

2
f 2~12x! D

3 (
k50

min~n,m!
n!m!

k!
@2~12x2!1/2#k

3S 2 f
~12x!

21/2 D n2kF f S 12x2

2 D 1/2Gm2k

3hn2kS 2 f
~12x!

~22x!1/2Dhm2kF f S 12x2

2x D 1/2G , ~C1!

is expressed in terms of the even function@hn(j)
5hn(2j)],

hn~j!5
j2n

n!
Hn~j!,

hn11~j!5
2

n11S hn~j!2
1

j2
hn21~j! D , ~C2!

with h0(j)51, h1(j)52, h2(j)5221/j2, and Hn(j) as
Hermite polynomials. The functionhn(j) with the recursion
formula ~C2! is more convenient thanHn(j) in numerical
calculations of the FC factors, sincehn(j) as depending on
j2 is well defined in Eq.~C1! for both positive and negative
x. The parameters

f5S mv f

2 D 1/2~Rf2Ri !, x5
v f2v i

v f1v i
~C3!

in Eq. ~C1! depend on the reduced massm of the molecule,
on the vibrational frequencies (v f , v i), and on the equilib-
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rium distances (Rf , Ri) of the electronic statesf and i , re-
spectively.

To evaluateG(v) in the case of fast RXS@see Eqs.~4!
and ~13!#, the following summations are needed@33#

(
n50

`

nz^nu0& z25
1

2S mv f~R02Rf !
21

~v02v f !
2

2v0v f
D ,

~C4!
Y
n-

, J
E.

or
.

n,

y

.

ro

nd
B
a

s.

e

o,
(
n50

`

n2z^nu0& z25S 12mv f~R02Rf !
2D 21 m~R02Rf !

2

4v0

3~v0
213v f

222v0v f !1S v02v f

4v0v f
D 2

3~3v0
213v f

212v0v f !,

wherev0 andR0 are the vibrational frequency and equilib
rium internuclear distance of the ground state.
F.

P.
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n,
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