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Raman, non-Raman, and anti-Raman dispersion
in resonant x-ray scattering spectra of molecules
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The character of Raman dispersion is investigated for radiative and nonradiative resonant x-ray scattering of
systems with vibrational degrees of freedom. It is shown that the center of gravity of the resonantly scattered
x-rays and electrons of such systems is strongly dependent on frequency and spectral shape of the incoming
x-ray radiation and on the parameters defining the potential surfaces of the states involved in the scattering
event. Contrary to nonresonant x-ray and Auger emission, narrow band resonant excitation leads to a strong
nonlinear dependence of the center of gravity, with an asymmetrical frequency dependence for this quantity.
Contrary to atomic systems it is shown that resonant x-ray scattering of molecules often is guided by an
anti-Raman dispersion lafS1050-294®6)09611-4

PACS numbds): 33.20.Rm, 33.50.Dq, 33.70w

[. INTRODUCTION focus on the center of gravitfCG) of the emission bands.
... The main aim of our paper is thus to investigate how these

RXS b . I %uantities depend on the frequency and spectral distribution
resonant x-ray scatterin@RXs) are by now quite well un- ;¢ o citing radiation and on the potential surfaces of the elec-
derstood on an electronic structure level of theory, see, €.0yqnic states involved in the RXS process.

Refs.[1-7]. The experimental progress in this field using  The strong dependence of the RXS spectral shape on the
synchrotron radiation and high-resolution spectrometergpectral function of the exciting radiation has previously
[8-12] has advanced to a point where the vibrational bantheen postulated3,20,6,11. The numerical experiment by
shapes and even individual vibronic transitions can be studarmen and Wang6] demonstrated the nonlinear dispersion
ied. The situation for RXS thus matches the situation somef the peak maxima and how the full width at half maximum
20 years ago for nonresonant x-rg$3] and Auger[14] (FWHM) of the RXS resonances developed in the frame-
emission, when vibrational structure was resolved in thesevork of a three-level, atomic model. Cederbaum and Taran-
spectroscopies. However, the manifestation of vibrationatelli [5] used a time-dependent ansatz to investigate the first
structure and of the nuclear dynamics is qualitatively verytwo momentgCG and band widthof the nonresonant x-ray
different between the resonant and nonresonant speémission complicated by vibrational structure. Since the
troscopies. This goes not only for the build-up of the Franck-spectral distribution in Ref5] was assumed to be constant
Condon envelopes and for the special electronic interferencée center of gravity and the width of nonresonant emission
effects, but most important is thgronadiabatig vibronic ~ bands did not depend on the frequency of the exciting x-ray
coupling between resonant core-excited states of differerfif10ton. Taking into account results from the investigation of
symmetries that influences the RXS spectral shape quite si€@k maxima dispersiof6] one can expect that also the
nificantly [15—17 and that is strongly frequency dependent\cl:vi:;/ter of gravity of RXS will depend om in a nonlinear
[17,18. : _ . .

In the present work we investigate yet another feature of The paper is organized as follows. A general time-

resonant radiative or nonradiative emission, with no counter'—ndependem description of the CG is given in Sec. Il. To

art in the nonresonant case. namelv. the Raman dispersi understand the main spectral features of the CG and the sec-
P ' Y, PETSIT 4 moment of RXS bands a three-level model is considered

OT energies' of the ;cattergd particles, more precise‘!y how thiﬁ Sec. Ill. We show here that the spectral dependence of CG
dispersion is manifested in molecules. Like other “Raman”; i1is three-level system reminds one qualitatively of the
related effects, such as resonance narrowit§,2] and  gispersion of the peak maxim@], except for the region
Stokes doubling3,20,8, the Raman dispersiofl9,2] has  \yhere Stokes doubling operaté8,20,6,11. Contrary to
been predicted and firmly established by observations "ﬂ)eak maxima and width"WHMs) the spectral dependence
atomic system$1,12,11. In contrast to atomic systems, for of the CG and the second moment can be given a fully ana-
which the Raman dispersion in general is lingfar inelastic  |ytical description. The following sections are devoted to the
scattering with narrow band excitatiprthe presence of vi- investigation of the center of gravity of RXS signals for
brational degrees of freedom and closeness of many vibraelectronic-vibrationalvibronic) transitions in the framework
tional sublevels make the energy dispersion of the scatteresf the harmonic approximation. In Sec. IV A we reproduce
particle a complicated function of the exciting photon en-by means of a time-independent approach the result in Ref.
ergy. In molecules there is thus a strong complication of thé5] for broad band excitation. We show that the Raman dis-
RXS spectral shape by the vibrational structure, and it ipersion of CG appears in this case only for tail excitation.
convenient to study only a few quantities characterizing thefhe narrow band excitation investigated in the following
spectral band that can be determined by experiment; here waection(Sec. IV Q demonstrates the strong nonlinear char-
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acter of the CG dispersion. In particular, the frequency de- 5

pendence of the center of gravity shows oscillatory behavior o(w,0")= 2 [Fi*® (0" + 05— 0,7), 1)

if the incoming photon frequency is within the frequency

range given by Fhe absorpuon bqnd a'nd |f.the litetime br(.)""dfzonvoluted with the unit normalized spectral function of the
ening 1s smal! in comparison with VIbrat|on§1| frequenc'es'excitation radiationd centered at frequency and having
These oscillations are quenched when the lifetime broadeq e width . We will use here atomic units and the notation
ing increases. All parameters for the CG are expressed, ) for the double differential cross sectiomy; denotes

through the I.if_eti_me br_oadening, the vibration.al frequenciesthe frequency for a resonant transition between molecular
and the equilibrium distances of the states involved in thestatesi andj:

RXS process. A time-dependent approa@ec. IVC ]
demonstrates the strong influence of nuclear dynamics on the ; ©

asymptotic behaviour of the CG. Our findings are summa- wi;=Ej(Rj)+ > (ni+%)—Ej(Rj)— ?' (nj+%). (2)
rized in the last section, Sec. V.

Here E;(R;) is the electronic energy of thigh state at the
Il. CENTER OF GRAVITY OF RXS BANDS equilibrium geometryR; . In the following we leto, m, n

We consider in the following a RXS process taking p|aced_enote vibrational quantum nu_mbers of the ground, interme-
in a diatomic molecule. This does not limit the generality for diate, and final states, respectively.
the approach and the obtained results, but allows for crucial The scattering amplitud&; is given by the Kramers-
simplifications in notation and tractability of expressions. Heisenberg formula. According to the Franck-Condon prin-
For ordinary temperatures the diatomic molecule is assumegiPle the RXS amplitude can be written 821,22
initially to be in the lowest vibrational leveb,/2 (vibrational
wave function|o)) of the ground stated). By absorbing Ffzz X
incoming x-ray photons with frequency the molecule is m o -+l
excited to the vibrational leveb,(m+ %) of the intermediate
electronic statei) with the vibrational wave functiofm). ~ wherel is the lifetime broadeninghalf width at half maxi-
Nuclear dynamics will be considered in the harmonic apmum (HWHM)]. For the sake of transparency we have
proximation. Due to the vacuum fluctuations this intermedi-dropped the nonessential constant multipliers on the right-
ate state decays emitting x-ray photons with the frequencfand sides of Eqgl) and(3).
o’ to the vibrational level(n+ 3) with the wave function The position of the vibrational band in the RXS spectrum
In) of the final electronic statef}. Except for this radiative is given by the center of gravityCG) of the band:
scattering channel, the core excited state can decay, nonra-
diatively emitting an Auger electron. The vibrational prob-
lem in radiative and nonradiative RXS is essentially the same
and both cases are covered by the theory presented below.
The spectral properties of RXS are guided by the doubléhe CG is expressed through the zerg{w) and firsto;(w)
differential cross sectiof3] and moments of the RXS cross sectidn:

(n[m){m|o)

)

_ o1(w)

- oo(w)’

4

e(w

(won—ReS S [ (elm(muin)nim(mlo)(¢tw - wr)

0’1((0)=J do’w’o n=0 mm;=0 J - (5""w_wilo_ir)(§+w_wio+ir)

O (&,7)dé. ®)

The area of the emission band(w) has an important prop- To see this in detail we consider two cases important in
erty, namely, that the interference contribution to the zeraapplications: broad band excitation and narrow band excita-
moment is equal to zerf23]. This means that the integral tion.

RXS cross section for a given electron transition

Ill. THREE-LEVEL MODEL

Uo(w):j do’o(w,0’) To start we would like to understand the general proper-
. ties of the frequency dependence of the CG. To do this we
=> 2" P(£.7) neglect for a moment the vibrational structure of the elec-

T & Kmlo)| f_w (é+w—w;x)°+T? d¢ (6) tronic states, i, andf and consider RXS for a three-level

molecule with level, i, andf (Fig. 1). It is convenient to
present CG in the following form:

coincides with the absorption cross section. As one can see

from Egs.(4) and (5) the CG depends strongly on the fre-

guency of excited radiatiom and on the spectral functich. e(w)=wi;+ (), (7
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FIG. 2. The dispersion of center of gravify), (8) for the three-
FIG. 1. Three-level model for RXS. level model. The relative CG and relative detunings are
[e(w) — wis]/ ¥y and Q/y. The broad band case was calculated ac-

where Q) = w— wj, is the detuning of incoming photon fre- cording to Eq.(8) for I/y=0.1, while the narrow-band excitation
quencyw relative to the absorption resonant frequengy. was calculated fol/y=2. The dispersion of CG for a frequency
sion transition —f has the meaning of the center of gravity The _slope of CG under broad band excitation was calculated ac-
for broad band excitatiofiy/I—). The functiong(Q)) de- ~ cording to Eq.(1D).
scribes the deviation of exact C&w) from w;; for broad

band excitation and is defined by the following equation: 2r i
wif—‘l_Q_\/— = wj¢ , if |Q<y
F ge £2ED e(w)= " (11)
L S (E+Q)%4T2 L it 0>
(,D(Q):Q+ wif-l-Q—ﬁ,—wiﬁ—Q, | Y-
” D(¢,7)
% e
- Equation(11) shows that the slope @fw) increases strongly
RezW(2)] from 2I'/(\/7y) to 1 if |Q| passes througl)|~y (see solid
=Q0+vy Rawz " (8) lines in Fig. 3. When|Q|<y, the center of gravity is very
qw(z)] close to the resonant emission frequengy, and will follow

Herez=(iT'—Q)/. This function is antisymmetrigy(—Q) "€ Raman law

=—¢(Q) (Fig. 2). As the most important limiting case we
approximated in Eq(8) the spectral function of incoming
x-ray photons by a Gaussia®(Q),y)<exd —(Q/y)?]. Prop-

erties of the error function for a complex argumenie) [24]  if || considerably exceedg. The linear dispersioil2) is
then yield the following asymptotic values for téQ) func- known as the Raman-Stokes or the Raman law. The center of

tion: gravity is independent on the frequeneynly if the spectral
function ®(€),v) is constant,y/'—~ (dotted line in Fig. 2

e(w)=wii+Q=w—w;, (12

2r

; 2,72
mzo, if VQ+T<y B. Narrow band excitation
¢(Q2)=0Q 2 ©) The frequency dependence of CG is qualitatively different
1— 27 ,=1, if \/W> y. when x-ray fluorescence is induced by a narrow band x-ray
Q°+T beam
This allows us to understand the general spectral features of v<TI. (13

the center of gravity(w).

In the considered limit CG follows the second equat{én
A. Broad band excitation with the following asymptotic behavior:

We will refer to broad band excitation when the width of

the spectral function is large in comparison with the lifetime Y
broadening e(w)= i+ Q| 1= 577
2
>T.
> (19 9{1—(%) } if |Q|<T
Contrary to intuition the CG depends on the frequetcin = wjs+ (14)

this limiting case. Indeed, in accordance with E¢8. and a0— Y

2
(9), this dependence is given as Q’ it |Q[=T.
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The slope of CGe(w) increases slowly when the magnitude For broad band excitatior( Q%+ T?<y) the second mo-

of detuning|Q)| increases. In the considered limit CG follows ment of the RXS band diverges &% when y tends to in-
closely the Raman lawl2) (dashed line, Fig. 2 So both finity (17). This divergency is caused by the slowly decaying
broad band and narrow band excitations lead to the sameoprentzian tail of the scattering amplitud®) [5]. Contrary
result, namely, to the Raman la&2), when the incoming to the second moment this divergency is absent for the
photon frequency is tuned sufficiently far from the x-ray ab-FWHM. As is well known the FWHM tends to the lifetime

sorption resonancg)>T',y. broadening P for broad band excitation.
Going to thenarrow band excitatior{ Q%+ T'?>y), Eq.
C. Spectral width of RXS bands (17) and Fig. 3a) show thatI'(w) depends slowly on the

The spectral widtH'(w) of the emission band is the sec- d€tuningQ2 and thatl'(w) tends to zero as/v2 when y 0.
ond important characteristic quantity of the RXS profile. 1S is the basis for “resonance narrowing” of RXS spec-
This quantity can be introduced in two different ways. First,trOSCOpy, when the spectral resolution goes below the lifetime
by definingT'(w) the FWHM of the spectral bani®]. Here ~ Proadenind19,2.
we use the second alternative, namely, we ddfiq® as the

second moment of the RXS profile IV. CENTER OF GRAVITY OF VIBRONICALLY
BROADENED RXS RESONANCES
Mw=| | doTo- o ole.w)) 15
(0)=| | dolo’=el@)]” =75 (19 The presence of vibrational structure complicates the

RXS cross sectior{l) quite considerably. The concept of
The main advantage of using the second moment comparedoments of the cross section is very useful for the analysis
to the FWHM is given by the simpler analytical properties of of spectral features of RXS given by experiment and for
this quantity. The three-level model with a Gaussian spectraleceiving information on potential energy surfaces of states
function ®(Q, y)=exd — (Q/y)?] allows to calculate the spec- involved in the RXS process. In the spirit of the “atomic”
tral width (15) explicitly as three-level model we will calculate CG for a many-level sys-
tem (Fig. 4) that simulates molecules, using the general Egs.
I’

\/; Rew(z)_

The dependences of the second momd® on detuning
and on width of the spectral function are depicted in Fig. 3.
To understand the properties Bfw) it is useful to consider
the limiting cases of narrow band and broad band excita-
tions. As for the CG we can use the properties of the
function and the error function for a complex argument. The
following asymptots are then obtained:

T'(w)=

1/2
20)-12| . 16
(P( ) ) ( ) Ei(R)

1_, 1/2
(%) if 021 T2<y
Fwy={ ' 17

%, if JOZ+12> . FIG. 4. Scheme for electronic and vibrational levels involved
2 in RXS.
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(4)—(6). Also, in this context we analyze the two important This condition allows us to consider the spectral function as

limiting cases of broad band and narrow band excitations. constant[® (e’ + w;,— w,y)=consi. Thus, according to
Egs.(5) and(6) the center of gravity does not depend on the

A. Broad band excitation frequencyw
We first consider the case with a photon function having a
large widthy e(w)=const (19)
> esr, |w_wio|- (18

Herel ' is the effective width of the envelope formed by the under broad-band excitatiof18) [5]. According to Eq.(6)
vibronic transitions within the x-ray absorption resonancenow o,(w)=7®/I". Thus the center of gravity4) reads

0

ojmqy){m Ei Ri —E«R +Hi_H m){m|o
do)=ar2 3 (olms){m( E) ?<)m— rfrgl)ng olmy(mlo)

. (20

The vibrational Hamiltoniand$d; and H; of the electronic  + xw?(R—R;)?/2. Itis relevant to point out that> defined
states andf are connected with each other in the harmonicby Eq.(23) is the center of gravity of the vibronic absorption
approximation by the equation bando—i.

Hi=Hi+3u0i(R—R)?+V, B. Tail excitation

(21) Let us now tune the incoming photon frequeneyfar
B o o ) from the x-ray absorption resonance:
V= > (0f =) &+ pof(R—Rp)E,
lw—wie[>y, T, (24)

where {=R—R; is the displacement from the equilibrium jn which case the x-ray photons core excite the molecule by
internuclear distance of the core excited state anid the  the tails of the absorption line. For tail excitati¢®4) the
reduced mass. denominators on the right-hand side of E(S.and(6) can

Taking into account Eq(21) and the sum rule¢44) one  pe removed from the integrals ové&rand hence we obtain
finally obtains the following expression for CG under broad

band excitation(18)

e(w)= 2, (o|m)(w—wro)(nlo). (25
e(w)=eﬁ+ei[¥. (22
o _ A method outlined in the preceding subsection leads to the
Two qualitatively different terms Raman law
2
W —w
€7 =Ei(Ro) ~Ef(Ro) + ———, e(w)=0—ep. (26
Wo
2 2 2 2 2 (23 A comparison with Eq(23) shows that the frequency
epzwf Wi »Z(R “R)2+ Wi~ Wq Wi
if 4wi2 H@OERo™ 20, wi2+ I? wa_wg
) €10=E(Ry) ~Eq(Ro) + —— (27
2 (.Ui 4('00
+pof(Ry—R)(Ri—Ry) wltar?

has the meaning of the center of gravity of a sudden or ver-
contribute both to the center of gravit22). The first term  tical “absorption transitiono—f. .
€ is due to the vertical or sudden transition, while the sec- Comparing with the general expression for the RXS am-
ond onee? is purely of dynamical origif5]. Indeed the Plitude (3) one receives now a deeper interpretation of this
dynamical contributiore? tends to zero when the core ex- result. Indeed, according to conditi¢@4) the RXS ampli-
cited state is short-livedI>w;). Equations(22) and (23)  tude is proportional to the overlap integ(alo) between the
were received first by Cederbaum and Taran[ﬁ]iin the ground- and final-state vibrational wave functions, which
framework of a time-dependent approach_ Here we used tH@adS directly to the fO”OWing result for the RXS amplitude:
connection between the electronic eneEjyR) at the point
R and its equilibrium value E;(R;): E;(R)=E(R;) Fix(n|o). (28
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Thus a suddefvertica) transition from the initialo) to the C. Narrow band excitation
final |f) states takes place. This expressionFgrcoincides
with the short lifetime limit(I'—~) [22]. As it was shown for the three-level modeee Sec. I

The time-dependent representation for the RXS amplitudéhe frequency dependence of the center of gravity under nar-
[4] leads to the same resuy28) when the core excited state row band excitation
is short-lived(1/T" is smal) or if the detuning}, is large(see
also Sec. IV C 1 Indeed, the wave packet excited from the y<T o (29)
ground statgo) at timet=0 decays to the final molecular
state|f) at different times (8t<c). The partial RXS am-

plitude corresponding to the timeis proportional to the  qyajitatively differs from the case of broad band excitation.
phase factor exp(l,t—I't). When the lifetime broadening | this subsection we consider the corresponding narrow
or detuning(},= w - wj, is large, only a partial amplitude of a4 case for a system with vibronic transitions. Since the
the sudden transitiont€0) gives a significant contribution spectral function now can be approximated by function

to F;. Indeed, the contributions of decay events-a0 are [D(Q,7)=8Q)] the area of the RXS bar() associated with

negligibly small due to the damping factor expl't) if I'is  he particular electronic transition is given by
large or when the exp().t) factor oscillates strongly, as it

does when the frequency is tuned far away from the absorp-
tion resonance. In the latter case the RXS process can also be %

2
considered as a sudden process because the interference sup- ool@)= > MH_ (30)
pression of the decay contributions Fg for different times =0 (Q—mw)“+T

t. The same effect is given also by the three-level mpsiet

lower Eq.(11)]. So contrary to Eq(22) the detuning ofw

outside of absorption bar|€|<y restores the frequency de- Here Q=w—[E;(R) —E,(R,) + (w;— w,)/2] is the detun-

pendence of CG according to the Raman (@6). ing of incoming photon frequency from the resonant fre-
Figure 2 gives a qualitative summary of the results ob-quency of the adiabatic transitiam—i. This adiabatic fre-

tained in Secs. IV A and IV B. When the detuning from the quency constitutes the lowest one for the absorption

absorption resonance is smaller than the width of the spectraédansition, and() has therefore also the meaning of a fre-

function, [(2|<y, the center of gravity22) depends slowly quency of detuning from the bottom of the corresponding

on o for broad band excitation. Strong frequency depen-emission band.

dence appearing ne#2|~y tends to become lined®6) if In accordance with Eq(2), the first moment5) of the

|Q>. absorption cross section is changed to

- <O| m1><m1|{w_ [E+(Rf) —Eo(Ro) — %wo] - Hf}|m><m|o>

a'l(w)=Rem’mzl:O (Q—mow;—il)(Q—mao;+il) ,

(31)

It is convenient to preserdw) (4) relative to the frequenc?,f of the sudderior vert|ca) emission transitiomn— f from the
lowest vibrational level fi=0) of the core excited staie€;;=E;(R) —E{(R) + (w0 2— w ?)/(4w;). The replacement of the
final-state vibrational Hamiltoniahkl; by that of the core exmted staké (21) yields the following final result:

e(w)—€;=0+ de(w),
Se(w)=—A f(w)—Afj(w)—A_fyw), (32
where
zi 2 2 1/2
A:_wfzwlw, A=(f) WA(Ri—Ry). (33

The nonlinear frequency dependence of (33) originates entirely from the functions

[

m|(m|o)|?

(@)= o) & @ mapZiT?

i ym+1{o|m){m+ 1|o}{(Q—mw)[Q— (M+1)w;]+T?

[(Q—mw)2+TZ{[Q— (m+1)w;]?+T?} ' (34)

i V(m+1)(m-+2){o|m){m-+2|0){(Q—mew;)[Q— (m+2)w.]+T2}
=0 [(Q—Me)®+T?H[Q—(M+2)w]*+T7}
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FIG. 5. Dependence of center of gravity on lifetime broadening
for narrow band excitatiof29). Input data correspond to K emis- FIG. 6. Influence of vibrational structure on CG slope. X-ray
sion of the CO moleculéTable ). absorption profile is given foF =0.001 eV.(a) Data for OK emis-

sion of CO moleculgTable |). Slope(37) is positive. (b) Anti-
The typical frequency dependence of CG is shown in Fig. 5aman behavior¢;> ;). Input data are the same with) except
for different lifetime broadeningE. The parameters used in ®;=0.23 eV. Slopg37) is negative.
these calculations correspond to oxygeremission of the
CO molecule. Spectroscopic constan® (w;,I") collected  region of photoabsorption one can roughly approximate the
in Table | are given for the following electronic states of CO: behavior of the center of gravity in this region by a straight
loy=X 3%, [iy=0 1s 27! U1, [f)=17""271 A [25]. line,
At this and forthcoming figures the center of gravity is given

as a function of a shifted detuning relative to “vertical” 2= w2
emission frequency¥; (32): e(w)—'EiszQ( '2w2 f) (37
I
O=0-A,
but with a slope that is different from the Raman 1426)
©g— 0] wfz Mfz (we note Fhat this estir_nation for the slope is good only for a
Az( 7 )(1— o +7[(R0—Rf)2—(Ri—Rf)2]. small lifetime broadening
[0 had]

Figure b) demonstrates thanti-Ramanbehavior of the
dispersion law. In this case, contrary to Figathe vibra-
With this definition for the detunint_fz the relative CG tional frequency of the final state is larger than the one for
e(w)—¢;7 (32) is equal to zero whef)=0 in the Raman the core eXC'tEd.Stat.e"(f>‘f)‘) and the slope37) becomes
limiting case(26). Now the true dispersion line is no longer negatve. Numerical investigations show t_hat_the slope OT Eq.
antisymmetrical relative to the Raman dispersion lifg); (37) IS useful a_nd leads to correct qua_ll!tatlve conclusions
compare Figs. 2 and 5. only if the functionp [see Eq(40)] is positive.

When the lifetime broadening is small,

(39

1. Asymptotic behavior of CG. Time-dependent approach

l'<w,, o, o (36) Numerical resultgFigs. 5 and § obtained with help of
Egs. (32) and (34) clearly demonstrate that the frequency

the CG oscillates in the region of photoabsorption but fol-dependence of CG is strongly nonlinear and that this depen-
lows closely the Raman law outside of this regi#ig. 5. A dence qualitatively differs from the three-level modElg.
comparison of these oscillations with the photoabsorptiorp). Unfortunately, the strict Eq$32) and(34) are too com-
profile (Fig. 6) shows that the minima of the CG positions plex to obtain simple rules useful for a qualitative analysis of
correspond approximately to the maxima of the absorptionhe dispersion. However, one useful parameter was found in
cross section. When the lifetime broadeningncreases, the Sec. IV C, namely, the slope defined by E§7). The as-
oscillations of the CG disappear and the deviation from the/mptotical behavior of CG gives another useful parameter
Raman law (26) also disappears in the limit/Q%>+T?  for the qualitative analysis of the dispersion in the photoab-
>T (Fig. 5. If one ignores the oscillation of CG in the sorption region.

TABLE |. Vibrational frequenciesw;, equilibrium internuclear distance®; (j=o,i,f), and lifetime
broadeningd” for ground ©), core-excited i), and final ) states of the CO molecule.

State wj (eV) R; (A) T (eV)
Ground @):X 13+ 0.27 1.128 0
Core-excited(i):01s™ 27! I 0.18 1.280 0.09

Final (f):17~ 1271)1A 0.14 1.399 =0
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Let us investigate how the exact dispersion l&82) re- 3.0 - >
lates to the Raman layd2) when the frequency detunirg e @ by s
is large or when the lifetime broadenidgis large. To ac- 2.0 g
complish this we start from a time-dependent representation £
of CG given in the AppendiXEqg. (A6)]. According to the =
method of stationary phagé8) the frequency dependence 5 °
of CG follows very closely the ordinary Raman lad2) -
:g 0.0 I /s
s Qwi 3 10 £ &6"9
e(w)%w—efo—wp, (38) '
v
when the lifetime broadening and/or the detuning frequency -20 00 20 -20-10 00 1.0 20 30
is Iarge, Detuning (eV)
FIG. 7. Influence of nuclear dynamics on the CG spectral shape.
|Q|wi <1 (39) Thick solid curves show exact calculations according to E8@).
Q%+717? ’ and (34). Raman law(12) is depicted by dashed lines. Thin solid

curves show asymptotical behavior of the center of gra@g).

. . . S . I'=0.09 eV.(a) p>0. Data for OK emission of CO molecule
Equation(48) shows directly that in this limit the main con- (Table ). (b) p=0. Input data are the same as far except data for

tribution to the frequency dependence of CG is given by fnal state which coincide with the ground-state data
sudden transitionst&0). The nuclear dynamics influences wi=w,=0.27 eV,R;=R,=1.128 A.(c) p<0. w,=w;=0.27 eV
strongly the asymptotic behavior of CG through the param-wizo_zz eV Ro=’1.128 OA R=1.05 A Rf=1.3§9 A '
eter

3. Elastic scattering

poto; (Ro—R)(Ro—Rp)+ (05— 0f) (05— of) Until now we considered inelastic x-ray scattering with
w, o Ti/Ao T 4w§wi ) different initial- and final-state potential surfaces. In the case
(40) of elastic RXS these potential surfaces coincide. The disper-

sion law for elastic RXS is depicted in Figdby and 9 using

I%ata for the CO molecule. Since hevg> w; this dispersion

Aaw shows anti-Raman behavisee Eq.(37)]. The conver-
ence of the dispersiof82) with respect to the Raman law
12) when the detuning tends teis presented in Figs. 7 and

8. As can be seen in these figures the convergence is slow

r(ocllﬂ) in the general cas@=ig. 7) but quite fast(«1/0?) in

pe case of elastic scatteririgig. 8).

p=

This parameter can be positive, negative and equal to ze
depending on the precise relation between frequencies a
positions of the potential surfaces of the electronic state
involved. The asymptot of CG is antisymmetric relative to
the Raman-Stokes layl2) if p#0. Whenp=0 we have to
take into account a correction to the Raman law of highe
order. One can understand that this correction is proportioné
to 1(Q2+T1?), and, therefore, that the asymptot of CG de-
fines a symmetrical function of detuning for the case0 V. SUMMARY

[see Fig. T)]. Figure 7 shows that knowledge of the asymp-  \ye have presented theory for Raman frequency disper-

totic behavior allows a prediction of the behaviour of CG in g of x-ray scattering spectra of molecules. Analytical ex-

the photogbsorption region using a very simp|e.ana|y5i3 Of)ressions for the frequency dependence of the center of grav-
the p function(40). The change of sign of thefunction(40)  j and the width of RXS bands for electron-vibrational

leads to inversion of the CG frequency dependence relativgyngitions have been given and numerically evaluated for
to the Raman dispersion lijeompare Figs. @ and 4b)]. jtferent limiting conditions. It has been demonstrated that
Let us note two special important cases for whieh0. This w6 RXS dispersion strongly depends on the spectral distri-

function is equal to zero for example if the potentials ofy tion of the incident light beam and that the RXS dispersion
ground and core excited states coindilBg=R;, wo=w;) Or jtfers qualitatively for broad band and narrow band excita-
if the potentials of ground and final states coinci®=Ry,  {jons. In the first case the Raman dispersion of the center of
wo=wy). The last case takes place for elastic scattering, a§yayity appears only for tail excitation, while for narrow
further discussed below. band excitation the dispersion can adopt several characteris-
tic features depending on the precise relation between the
parameters of the interatomic surfaces of the electronic states
Let us now look at the structure of the expression for thanvolved.
CG (32 from the point of view of interference effects. The  Our investigations thus show that the RXS dispersion is
functionsf;(w) andf,(w) [Egs.(32) and(34)] are caused strongly influenced by nuclear dynamics when the spectral
by lifetime-vibrational interference contributions to the RXS width vy of the incident light beam is small. We found that
cross sectior]19,21,26,22 while f(w) is the direct term. this influence is important in a broad region of incoming
Figure 8 shows that the lifetime-vibrational interference ef-photon frequenciesw. When w lies outside the absorption
fect plays a very important role in the dispersion law for theband the RXS dispersion follows closely the ordinary Raman
x-ray Raman effect. law for linear dispersion. The convergence to this Raman

2. Role of interference
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2,0 T 4.0
10} . 30}
£
A
.*.E.' 0.0 E 2.0
g FIG. 8. Influence of lifetime-vibrational inter-
5 ference on center of gravity. Input data fortO
¥ 1O 1.0 emission of CO moleculé€Table |).
t
@
o
-2,0 0.0 .

-3.0 y . -1.0 X 2:0 -2.0 3:0
Detuning (eV)

law for tail excitation depends, however, strongly on the pathe elastic band, which may strongly disturb the predicted

rameters of the potential surfaces of the states involved in thdispersion law. To observe the true dispersion for an elastic

RXS event. In general, the nuclear dynamics leads to a qualband it will thus be necessary to use an optically thin target.

tatively different convergence to the ordinary Raman law in

comparison with the atomic case, anddiflies within the ACKNOWLEDGMENT

region of photoabsorption, it totally dictates the spectral Thjs work was supported by the Swedish Natural Science

shape and the CG. Contrary to the atomic three-level apresearch CounciNFR).

proximation of RXS with an antisymmetrical dispersion law,

the vibrational structure leads to an asymmetrical frequency APPENDIX

dependence of the CG.

The behavior of the CG in the region of photoabsorption
depends strongly on vibrational frequencies and equilibriun{
geometries of the states involved in RXS. It then shows os-
cillatory behaviour when the lifetime broadening is small in (my|V|m)=
comparison with vibrational frequencies. These oscillations
are quenched when the lifetime broadening increases. The wfz—wiz
slope of the CG is a striking manifestation of the nontrivial M+ Lo, mea]+ —7—— [(2M+1) 6y m
behavior of this quantity. The slope is positive for the ordi- !
nary Raman dispersion, but as shown here it can be equal to +Vym(m—1)6,, m—»
zero or be negativéanti-Ramandispersion, directly corre- v
lating with the sign of the difference between vibrational +V(M+2)(M+1) 8y m+2] (A1)
frequencies of the core-excited and final statesws).

There is another parameter except for the slope that gov-
erns the dispersion of the CG, namely, the “potential” pa-
rameterp (40), which depends in a simple way on the vibra- .
tional frequencies and equilibrium distances of the potentials 40 | w‘?"/_
involved. We found three qualitatively different dispersion
dependences of CG that correspond to three different values
for this parameterp<0, p=0, andp>0. Thep parameter is
exactly equal to zero for elastic RXS, while for inelastic
RXS it is usually different from zero. The dispersion rela-
tions for elastic and inelastic RXS bands are, therefore,
qualitatively different.

In addition to the width of the spectral function of excit-
ing radiation, the experimental possibilities to observe the -20 |
proposed dispersion laws evidently also depend on the reso-
lution of the spectrometer. This resolution is guided by a
convolution function that must be tested in each particular 4005 15 25 35 a5
experimental situation. At present it seems that the compara- Detuning (eV)
tively high intensity of nonradiative RXS gives a better pos-
sibility than radiative RXS to reach sufficient resolution in  FIG. 9. Influence of nuclear dynamics on the center of gravity of
order to test the dispersion effects. In radiative RXS there iglastic RXS. Data for K emission of CO moleculéTable ).
also the serious experimental problem of self-absorption foPotential surfaces of initial ground and final states coincide.

To calculate the center of gravity we use the following
ormula for the matrix elements of the operair(21)

1/2
wf(Ri—R)[VMSyy -1

il
2(,Ui

6.0

g
=)

e
o

Center of gravity (eV)

Sloge
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and the expression for the Franck-Cond{C) factors Time-dependent representation of the center of gravity
(m[o) between the ground-state vibrational wave function Hare we give some equations which are necessary for the

|0) and the vibrational wave functidm) of the core excited g4 ation of the asymptote of the center of gravity for large
intermediate stateof the diatomic molecule. This FC factor detuning(39). For this purpose it is more natural to use a

is expressed in the harmonic approximation through the Herﬁme-dependent representation of CG. From the time-
mite polynomialH ,(z): dependent representation for the absorption cross section

mi2 oo(w) (30) and the functions(w), f,(w), fo(w) (34) one
(m|o)y=¢ —— Hpn(2). (A2) can receive with a help of EGA5),
Vmt .
— i(Q+il
The parameters defining the FC factor oo(w)= Re fo dte @Dt (7),
(4wow) " Mo 2
_(wo"‘wi)lzex _wo+wi (Ro=R%). 4 ® Tx(1) 1-27
flw)== Ref dte@FiNh (1) z° +1
1o (A3) r 0 1-47% " \1+27 ’
1l ow,—o; —(R—R H; (A6)
= 2 agra 2 R RN (G Ty
1 o0
depend on the vibrational frequencies,(w;) and the equi- f1(@)=22\q Im o —iT fo dt

librium internuclear distance®R(,R;) of groundo and core
excitedi states.

Coaime X g oe XT()
To evaluate the asymptotic behavior of the CG the fol- X| @@ eitiDt 2ot g gl mi2lt 2

ell

1+2 1+27)
lowing summations are needed: 7 7
= 5 | MO ™R 20o0; |’ folw)=qIm w—iT Jo dt
* o . x(1) 1-27
i((Q—2w;+iD)t 2
mE:O (m+1)(m+2){o|m){m+2|o) x1e 1—4+° [22 1+27 1
o x* (1) 1-27*
1 (wo_wi)Z +e—|((l—|F)t Z2 +1
= — . —R. 2_ 279 "V 1_4 * 2 l+2 * )
2 (/‘LwI(RO Ri) 20,0, , (A4) T T
* Lo where
2, \(m+1){olm)(m+1]0)=(Ro=R) \/ 5~
. o . i 5
These expressions are obtained in accordance with the fol- r=qe 't x(t)= ex . (A7)
lowing equation[27]: V1-47 1+27
* k
2 t_ Hys mOOH s n(X) The high-frequency asymptote for the center of grav&g)
k=0 k! can be received by a direct, but somewhat lengthy, evalua-

i) tion of Egs.(A6) using the method of stationary phase,
L )

X > 22k ( r:)

2

(l—2t
X
(A5)  applied to the limiting casé€39).

4tx
1+2t

1/2

— (1_4t2)7(m+n+1)/2 eXF{

1-2t
X\ 152t

. i¢(0)  ¢'(0)
JO e|(Q+IF)t¢(t)dt~Q+iF— (Q—I—IF)Z (A8)

X

")tk H
k| Hm-« n—k X| 7521
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