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‘Dynamics of Inner Shell Resonant Raman SCattering

Hans AGREN!, Faris GEL’MUKHANOV? and Pawel SALEK!

¥ Theoretical Chemistry, Royal Institute of Technology
2Institute of Automation arid Electrometry

Somie recent advarces in the theory of the resonant Raman process for atoms, molecules and solids in-

volving inner shell electrons are reviewed. Special emphasis is put on the dynamical aspects and on the no-
tion of a duration time for the x-ray Raman process (RXS), which brings about a distinction of processes:

. with different time scales responsible for the formation of the spectral profile. This notion has been useful

3 44

for actual predictions of various phenomena associated with RXS such as ‘‘symmetry restoration’’, ‘‘vibra--
tional collapse’’, and ‘‘control of dissociation’’. The temporal theory of RXS is based on the wave packet.

formalism. The increase of the broad ‘‘molecular’’ parts relative to the atomic, or fragment; decay upon
frequency detuning is demonstrated. The atomic-like resonance and molecular parts are proved to show
different dispersion relations. Under certain conditions the interference between the molecular and atomic
parts produces conspicuous ‘‘spectral holes’’. These conceptual tools are applicable also in the case of
solids; there is an analogous restoration of momentum selection rules and a collapse effect upon detuning
‘the frequency. Thus when the duration of the scattering is shortened by a large detuning, the role of elec-
tron-phonon coupling of the core excited states is suppressed. The shortening of the RXS duration in a cer-

tain sense leads to a delocalization of the core hole in a solid. We describe also some new features that der-
ive from the Doppler effect on ejected Auger electrons. :

1. Introduction

Contemporary experiments in the x-ray region using syn-
chrotron radiation sources are stationary, and the many new
phenomena obtained in synchrotron laboratories have there-
fore up to this time received interpretations mostly by means
of time-independent theory!-3), However, even if time-depen-
dent interpretations do not follow naturally from the experi-
ment, and even if they principally do not provide new infor-
mation compared to the time-independent ones, they have re-
cently gained increased popularity owing to their inherent
interpretability and our inclination to relate spectral features
to processes rather than to states.

One of the important characteristics of the dynamics of a
resonant x-ray Raman scattering process is the ‘‘duration
time’’24-%), which presents a pure quantum notion based on
the interference, or dephasing, suppression of large time con-
tributions to a scattering amplitude. This notion has provid-
ed a deeper insight into the formation of the RXS spectral
profiles7-12, With the variation of the duration time through
detuning the energy one can monitor and ¢ven control differ-
ent microscopic dynamical processes responsible for the
RXS spectral shape. Thus central concepts as symmetry and
momentum selectivity, the formation of band profiles and
the competition between dissociation and decay, have been
shown to possess truly ‘‘dynamic’’ features in that they de-

pend on both excitation frequency and on lifetime broaden-
ing- and therefore on the RXS duration.

The notion of a duration time is also associated with some
profound contradictions!®; For example, to reach the fast
limit for the RXS amplitude (short duration of RXS) the
wave packet evolution must exceed the lifetime by several
times. The RXS duration can be presented as a complex
quantity, with the real and imaginary parts responsible for
the irreversible decay and reversible dephasing processes, re-
spectively. It also provides a counterintuitive relation be-
tween the time of the evolution of the wave packet at the
core excited state and the duration time of the scattering
process. The effective duration of RXS strongly depends on
the detuning of the frequency of incident radiation from the
photoabsorption band, while the relaxation time of the wave
packet does not, but is instead characterized by the time of
flight and the lifetime of the core excited state, both of
which can considerably exceed the RXS duration time. The
concept of the RXS duration can thus be applied directly
only to the RXS process with the ‘‘time of measurements’’
larger than the lifetime of a core excitea state!3),

The time dependent representation for the scattering am-
plitude allows to make a direct connection between the RXS
amplitude and the RXS duration. Special emphasis is paid
on cases when the core excited states are dissociative with
spectral features containing both so-called atomic-like (AL)
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resonances*!4 and ‘“‘molecular’’ backgrounds?. It is shown
that the interference between these two contributions give
rise to new, and quite unexpected, effects. Also the mapping
effect of the wave packet and the interatomic potentials,
proposed in ref. 4, 15, is a ““useful’” aspect of the wave pack-
et theory. This mapping has been used to reproduce the
square of the vibrational wave function of core excited state
in very recent resonant Auger experiments!®,

We further review aspects of the space distribution of the
wave packet and the role of the excitation energy on this
space distribution, which also is of particular consequence
for the interpretation of the resonant x-ray scattering experi-
ment. We also shortly go through the theory for Doppler
effects, which emerge as interesting spectral features associ-
ated with x-ray Raman scattering involving dissociative
potential surfaces and AL resonances. It was predicted that
the spectral shape of these AL resonances are strongly
influenced by the Doppler effect for the ejected Auger
electrons!”, something that was recently experimentally
confirmed in resonant Auger spectra of 0,8,

The time-dependent approaches are o: importance also
for interpreting RXS of solids and polymers, especially in
cases with phonon coupling and momentum exchange be-
tween electrons and photons. Electron-phonon coupling is
probably more the rule than the exception due to the de-
generacy of the core shells which often leads to strong
vibronic mixing of the core excited states with different sym-
metries. This may result in a violation of the electronic selec-
tion rules for the scattering process?. Such effects are most
easily analyzed for n-electron polymers, for which analytical
solutions of the phonon coupling problem can be achieved!?.
The electronic selection rules (in particular the momentum
conservation law) are restored when the RXS duration is
shorter than the period of vibrations and when the photon
momenta are neglected, something that takes place for large
detuning and short duration times of the RXS process®19-2D),
The detuning thus quenches the electron-phonon interaction
in the core excited state and leads to a narrowing (collapse)
of the electron-vibrational bands both in molecules and
solids®719. So the electron-phonon interaction in x-ray Ra-
man spectra is strongly dynamic, and the shortening of the
duration time through frequency detuning allows an active
manipulation of the strength of the electron-phonon interac-
tion.

Thepresent review is a written account and an elaboration
of the talk given by one of the authors (H.A) at the 1999
year meeting of the Japanese society for synchrotron radia-
tion research held in Tsukuba 7-9 January 1999. For the bas-
ic mathematical formulations of the theories we refer to four
publications that are central to this review;!3.15.17.19),

2. Duration Time
The time-dependent representation for the scattering am-
plitude is simply obtained as!?

F=F (), F)=—if| *Fr(r)>=f aF@n.

0
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where the wave packet ¥7(7) describes all photoabsorption-
decay paths up to the time 7 and the amplitude F(7) of all
decay events up to this time; & (#)=—i{Qlw(#)) exp (—t/
T). In a stationary experiment the RXS cross section collects
all the decay events up to 7=00. Here

| P (1)) =Sr dte T Qly(t),
lw@»=e"*'9lo) #=H,—E, (2

H is the molecular Hamiltonian, and E is the average energy
of a core excited state. Atomic units are used unless other-
wise stated. We note that |w(?)?, | (7)), and F(z) can not
be measured in current stationary RXS experiments due to
the small intensity of the x-ray beam and the insufficient time
resolution. Fast measurements would in principle allow to
find the squared wave packet |w(¢)12. One can measure this
squared wave packet as well as | P7(7)12 (and | F(7)1?) if the
signals in the time domain 0 <7=<7 are collected. The wave
packet | ¥r(0)) and stationary RXS amplitude F=F(c0)
correspond to measurements for a long duration time (7>
I'~1) or to the ordinary stationary RXS experiments.

A. Complex duration time: Decay and dephasing times
The complex time

T= TT+ ng:I‘_ iQ=TCei¢’
; Q 1 3
an g=-——, ===

T o+

characterizes the time scale of the RXS process, and can be
referred to as a duration time of the scattering process.
Q=w—® is defined here as the detuning of w relative to the
characteristic frequency @=F—E; of the x-ray absorption
band.

The duration time is complex and consists of two different
contributions!3

0
T+

Q417 @

Tr To

The real, Tr, and imaginary, Tg, parts of the RXS duration
time refer to the irreversible and reversible contributions, re-
spectively, and depend differently on the detuning and the
lifetime broadening I'. Indeed, the dephasing is a reversible
process contrary to the decay which is irreversible. To
originates mainly from detuning and can be named as the
‘‘dephasing time”’ due to that contributions to the scattering
amplitude interfere destructively owing to the phase differ-
ence Q(#,—1;). This destructive interference suppresses the
long-time contribution to the scattering amplitude if detun-
ing is large and if a damping I" exists. Only decay transitions
in the time domain 0<7< | T'| contribute significantly to F.

To put the subject of the RXS duration in a proper per-
spective, we give a qualitative discussion of this duration
time for large detunings which results in fast oscillations of

A
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Figure 1. Formation of the scattering amplitude F(7)= [} dr# (1)
(1) in short and long time domains. The case of 3-level system
(ground, core excited, and final states). The fast oscillations with
the frequency equal to £2 cancel each other only for long times of
“measurement” 7> /I, This results in the limit of the fast RXS.
For smaller times, 7<1/7, this cancellation is not complete.

F (1) (1). Fig. 1 shows that these fast oscillations (**+"" and
“¢—'" domains) with the detuning frequency £ cancel each
other only for large times 7>»//I. In such a case only small
time intervals (shorter than the RXS duration 7 < 7..) contrib-
utes to the scattering amplitude F(r). For time intervals
shorter than the lifetime broadening, t<1/7, the cancella-
tion of ““+" and ““—"" regions is not complete and the
times, 0=<¢=r1, give comparable contributions to F(7) (1).
Fig. 1 explains the somewhat paradoxical situation that the
fast limit for the RXS amplitude is obtained only when % (1)
can go through the long time evolution (longer than I"~1).
This fact reflects the qualitative distinction between the RXS
duration time and the characteristic time I"~! of the wave
packet evolution, something that is related to the interfer-
ence of the intermediate core excited states. The destructive
interference in the time domain stresses the quantum nature
of the notion of the RXS duration.

One can see from Fig. 1 that time-resolved RXS measure-
ments make it possible to obtain stronger signals than in the
stationary RXS experiment!®, It should be mentioned that
the more exact definitions of the duration time as “‘mean”
or “‘average'’ times of the scattering imply strong asymmet-
ry of the RXS duration as a function of the detuning!¥,

B. Formation of space distributions of wave packets
Decay channels with dissociation preceding electronic
decay were first identified more than 10 years ago, in mea-
surements of HBr by P. Morin and I. Nenner??. These chan-
nels as well as core excitation above the dissociation
threshold lead to AL narrow resonances in the spectra*8.14),
A qualitative picture of the formation of AL resonances
with broad short- and long-wave wings*8:1%.19) is given in Fig.
2. We remind that the AL resonances are caused by decay
transitions in one of the fragments of the dissociation. If
this fragment is an atom one observes AL single line
resonances, Fig. 2. It is natural to attribute the notions
““molecular band’’ or ‘‘molecular contribution’’ to the red
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"red" wing

“blue" wing

E

Figure 2. Formation of the atomik-like resonance with ‘‘blue”
and “‘red”’ wings.

and blue wings of the AL resonance since they are formed by
decay transitions close to the equilibrivun geometry of the
molecule. In general, the RXS amplitude will be the sum of
AL and molecular contributions

F=Fnr+Fmol- (S)

The AL contribution has a spectral shape close to a
Lorentzian*!¥

1

Fﬂ I—A ]
" E—w (o) +il”

Wy (RP)=U 0)—Up(®). (6)

Here E is the energy of the emitted particle (x-ray photon or
Auger electron). One can see that contrary to the dispersion
law for the molecular contribution®? the position of the AL
resonance does not depend on the excitation energy*'¥

E= wd(OG) (7)

It is illustrative to consider the space distribution of wave
packets as a function of detuning and duration time. There
is a principal distinction between the wave packet evolution
for core excitation below and above the dissociation
threshold. Fig. 3 shows the space distribution for the bound
core excited state UT, of N; for three different detuning ener-
gies. As clearly seen in this figure the contribution of the
region outside of the ground state vibraticnal wave function
is suppressed when the detuning is large (short 7.). Indeed,
due to the fast RXS a ““direct’’ transition from the ground
to the final nuclear state takes place®#

{flo)

F:FMDO: iy d
" Q+ir

Te < Tyihy Tf! (8)

where {f|o) is the Frank-Condon (FC) factor between
vibrational wave functions of final and ground states, 7.
and 7y are the period of vibrations and time of flight, respec-
tively; 2=w—wep, Weo=U(0)—Us(Rp)—wo/2; Uj(R) is
the internuclear potential of electronic state j. This general
result shows that in the fast limit only the ““molecular®’ part,
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Figure 3. The space distribution of | ¥;(=)| versus the RXS dura-

tion (detuning) for the bound core excited state 'J7, of Ni*. The con-
tribution of the region outside of the ground state vibrational wave
function is suppressed when £ is large. '=0.065 eV. The RXS dura-
tions are: |T|=5.6fs, 0.73 fs, and 0.35 fs for the excitation fre-
quencies w=401 eV, 402 eV, and 403 eV, respectively.
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Figure 4. Time evolution of the absolute value of the wave packet
¥Yr(7) (2) for different excitation energies'®. The shape of the wave
packet behind the wave front does not change. Cl L (2p ~1¢*) dis-
sociative core excited state in the HCl molecule. '=0.045eV. a)
Q=0¢eV, IT1=14.6fs. b) @=4¢eV, |T|=0.16s.

F01, contributes to the RXS amplitude since the nuclear sub-
system in the core excited state has no time to vibrate and to
change equilibrium geometry. Another profound aspect of

BAR WI2EEAS  (19994)

eq. (8) is that the intensity of the AL peak is close to zero
when the RXS duration 7. is short?48,

Fig. 4 demonstrates the principal distinction between
wave packet evolutions in bound and unbound potentials!3),
The wave packet evolves in one direction in a dissociative
potential, in contrast to a bound potential where it moves
back and forth periodically. One can see also that the space
shape of the wave packet behind its front does not depend
on time, and that the amplitude of the flat dissociative contri-
bution to the wave packet is suppressed when the RXS dura-
tion decreases. This suppression takes place even for a life-
time broadening that goes to zero, an effect which is absent
for discrete vibrational states where the space distribution of
the wave packet oscillates without damping.

We see that when the wave front has left the molecular
region, only the intensity of the AL peak changes with time.
The wave front propagates for an infinitely long time when
I'=0, which results in a continuous increase of the intensity
for the AL peak.

C. Time dependent representation for the RXS cross sec-
tion
The above results demonstrate that the temporal language
allows a deeper insight into the physics of x-ray scattering.
The time-dependent representation is profitable also from
the computational point of view. The RXS cross section can
be evaluated for arbitrary spectral distribution of incoming

radiation @(w —w;, ¥) with the width y as the convolution
11,12,15,24)

a(E, w)=§dwlau(E. w)Plw=w, ),

1 ]
ao( E, w)=-; ﬁer dray(r)eteE+Er )
(1]

This reduces our problem to an evaluation of the RXS cross
section for monochromatic excitation o,(E, w) which can
be found in terms of the autocorrelation function!9

o (D)=CPO) | F(), | (@)= "7 P(0)),
| P(0)>= | ¥r(o0)). (10)

The solution is obtained in two steps; 1) the solution of the
Schrodinger equation in the core excited state i(d/a7) | w.(£)»
=H_.lw.(t)) for |y t)>=exp (—iH1)@ |o) with the initial
condition |w(0)>=%20», and 2) the solution of the
Schrodinger equation for | ¥(7)) with the final state Hamilto-
nian Hyand with the initial condition | ¥(0)>. Other time-de-
pendent techniques for evaluations of the RXS cross section
can be found in ref. 15.

3. Dynamical Wave Packet Calculations

The resonant Auger spectrum of HCI® has perhaps served
as the best demonstration case for ‘‘dissociation before
decay’” in x-ray Raman scattering and is also a good candi-
date for applications of the theoretical algorithms briefly dis-
cussed in the foregoing. Cl 2p core excitation to the a* level

_4_
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Figure 5. The RXS cross section for the unbound 2X- final state
of HCI for different excitation energies. The RXS cross sections are
normalized; the integral cross sections are the same for different exci-
tation energies. y=0".
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Figure 6. Isotope effect. Comparison of the RXS profiles for HCI
and DCL. The bound final state is 22+, the detuning =3 ¢V and
the lifetime broadening is I'=0.045 eV.

leads to a dissociative potential on which the molecule can
fragmentize before it decays®. Three final states can be sin-
gled out as representing the important states in the forma-
tion of the total spectrum: a *I7, a 2X'* and a %X~ state of
HCI1*, All of them produce AL lines due to dissociation, the
23+ state also some structure due to a bound part of the
potential. The molecular bands can origin from both the
short-wave (2.Z*) or the long-wave (22—, *IT) sides of the AL
resonance'®. The AL resonance for the same final state can
in general simultaneously have both blue and red tails*!?,
Figs. 2 and 5. The spectral shape of the molecular band
strongly depends on the shape of the potentials. If the final
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Figure 7. Isotopic effect. The RXS cross section for the unbound
417 final state of HCl and DCIL. The dip ine HCI spectra is absent for
DCI.

(or core excited) state is bound the molecular contribution
consists of a vibrational band and a smooth continuum-con-
tinuum tail (Fig. 6).

The fine structure of the molecular contribution can also
be understood with help of the reflection approximation in
which the RXS spectral profile maps the space distribution
of the wave packet*' Additional fine structure in the RXS
profile is caused by the inhomogeneous space distribution of
the core excited wave packet | ¥(0)} in the molecular region
(see Fig. 5).

The limit of fast RXS is reached for quite large 12|, The
simulations show that the RXS profile begins to copy the
photoabsorption profile (Fig. 5) of the o—f direct transition
only when 2=<—3 eV or when 2=4¢V. One can see that
the intensity of the AL profile tends to zero in this limit in ac-
cordance with equation (8).

Fig. 7 demonstrates the appearance of a striking spectral
feature of the RXS profile when the narrow AL resonance is
embedded in the smooth molecular background, namely
that the AL resonance converts into a spectral hole when the
frequency is tuned from the photoabsorption resonance.
This is the result of an interference between the broad
molecular background (8) and the narrow AL resonance
(6)!9). The ““hole’’ disappears for large detunings where the
RXS profile coincides with the photoabsorption band of the
direct o—f transition (see lower panel in Fig. 7). Contrary to
a naive picture, the narrow spectral hole is not blurred when
the width y of the incident radiation increases. The
simulations'® demonstrate that the hole can even be trans-

_5—
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formed into a peak when y increases. Fig. 7 shows that the
spectral dip disappears going from the HCI .to the DCl
isotopomers.

Apparently the dynamics of the formation of the RXS
profile depends on both the RXS duration 7. (3) and the inter-
nal characteristic times of nuclear motion (like period of
vibrations and time of flight 75)%1319, The role of the time of
flight from the photoabsorption site to a region of dissocia-
tion can be understood by comparing the RXS profiles for
different isotopomers like HCl and DCI. These have the
same potential surfaces and hence the corresponding RXS
durations are the same for the same detuning Q. However,
the lighter isotopomer HCI has shorter time of flight than
DCI, and reaches the dissociative region faster leading to a
larger relative intensity of the AL resonance, see Fig. 6.

Simulations demonstrate the strong dependence of the
spectral profile on the excitation energy- that is on the RXS
duration time, with a narrow AL peak and a broad molecu-
lar background*®, The center of gravity of the molecular
background follows approximately the Raman law when the
excitation energy is tuned out of the photoabsorption
band?2), while the position of the AL resonance does not
depend on the excitation energy®!4 (7). The dispersion rela-
tion in the photoabsorption region strongly differs from the
Raman law?), The numerical simulations also show this
clearly, Figs. 5 and 7. When the excitation energy is tuned in-
side the photoabsorption band the dispersion relation for
the center of gravity of the molecular pedestal shows non-Ra-
man behavior??, as observed recently by Piancastelli et al.29.
The AL resonance is suppressed, up to depletion, for fast
RXS corresponding to the excitation energies tuned out of
the photoabsorption band (see Figs. 5, 7 and results of ex-
perimental measurements, Fig. 8).

1.0
—— theory
® experiment

08
g
L
€l
bE

0.6 -

0.4 - .

-3 -2 -1 0 1

Detuning (eV)

Figure 8. Comparison of the experimental and theoretical relative
integral contribution of the molecular background®.
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4. Doppler Effects

The Doppler effect poses another dynamical problem in
RXS, which, at first sight, appears to be quite exotic.
However, in connection with the AL resonances!6:17:29), gne
can indeed expect large Doppler shifts due to a large release
of kinetic energy, 4E=1-10¢V. A comparison of the differ-
ent Doppler effects (Fig. 9) shows that the largest Doppler
shift corresponds to RXS involving ejected Auger electrons
in the spectral region with AL resonances. The reason of this
is twofold; the large momentum of the Auger electrons p,
and the large release velocity vs=Qu[2~{E—we()}]/
m%)!/2 of the dissociated atom.

It is interesting in this context to consider resonant Auger
scattering from a homonuclear diatomic molecule 4,!7. To
take into account the indistinguishability of the two atoms
one needs to sum the partial scattering amplitudes Fy ,=fi,
exp (*1gRy) for both atoms F=F,+F,, where g=0.5p cos
8, Ry has the order of magnitude of equilibrium internuclear
distance R!7. The phase factors in Fy , are consequential:
They lead to the generalized FC factors!” (for bound-
bound, bound-continuum, and continuum-continuum
nuclear transitions) both in photoionization and in RXS.
Due to the Doppler effect the partial scattering amplitudes f
and f, for atoms 1 and 2 are different!7.26)

(e-d.)a

fu:v:tD cos @+il"’

D=pv,, v=E—w;(o).

an

Here 6 is the angle between p and vy4. The case of nonradia-
tive RXS from heteronuclear molecules, AB, is straightfor-
ward; only one term in F=F|+F, must be kept.

Eq. (11) shows that the electron-ion coincidence signal
changes drastically if the Auger electron energy E lies in the
Doppler band —pvy <E—wy(0)<pvs. When I” is smaller
than the electron Doppler shift pv4 the photoions or neutral
fragments of dissociation propagate in the narrow angular
interval 60 =1I"/pv,4 close to the cone surface (Fig. 10) 0=0,

Classification of Doppler effects in RXS

Photon Electron
Doppler effect ||Doppler effect

thermal motion Doppler  broadening
p - 2k T ||k, T=0.03eV

kBT A e |V = B B
Ge "
k
v 107 ev pv v 102 ev

dissociation: atomic-
like resonance 210 AE||AE ~1-10 eV I
v =

-®@®— A omy

py v
0.1-05 eV

AE 0.01-0.05 eV

Figure 9. Classification of the Doppler effects. v, is the speed of
atom A in the dissociative region; # is the thermal velocity; k and p
are momentums of the x-ray photon and Auger electron, respec-
tively; AE is the energy released under dissociation. u is the reduced
mass.
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[Resonant _cone of dissociation |

Figure 10. Resonant cone of dissociation.

_0g(®)—E |y (0)—E

Dv4 Dvy

cos 6, =1. (12)

The appearance of the narrow resonant cone of dissociation
with a “‘resonant’’ angle 8,is an important result of the stud-
ied problem!7:26), Expression for 00 clearly demonstrates the
strong correlation between propagation directions of the Au-
ger electron and the ion A*.

The quantity of interest is the RXS cross section which is
the sum of direct, o+ o3, and interference, o;,, contribu-
tions

o(E, w)y=0,+0,+ 0

= 37 (AP 1 A12H2Re(f e ). (13)

J=gu

RXS measurements make it possible to distinguish “‘left’’
and “‘right’’ atoms in a homonuclear molecule 4, molecule.
We consider first the case when the interference can be
neglected (for example when |.D cos 81 »I"). The scattering
channels are then independent and the RXS cross section
can be written as the sum of only direct contributions!”

1
(v—D cos 8)*+1I*

1
+(v+D cos 9)2+F2)' (14

o(E, w)= I(e-dm)a12<

One can assume that the Auger electron is ejected along a
molecular axis: (#=0° or 180°). Two narrow Lorentzians
(14) correspond to two opposite directions of the dissociat-
ing atoms. The large Doppler shift D destroys the coherence
of the scattering channels ¢;,,/ 6(E, w)~I"/pvs«1 (Fig. 11).
One can distinguish these channels since one now can select
either of them through the ‘‘left propagating’’ and ‘‘right
propagating”’ atoms A. It is possible to do so due to differ-
ent “‘Doppler labels’’ (Doppler shifts): —puv4 and pv4. Thus
the “‘Doppler labels” allow to select contributions to the
RXS cross section from the core excited state with the core
hole localized at a certain atom!” (see also ref. 27).
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"left" atom

" "right" atom (a)

10

20

Cross section (arb. units)

-1 0 1
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Figure 11. The dependence of the total RXS spectral profile o(Z,
), on the relative kinetic energy v=E— (). E=500 eV, Q=5
eV, I'=0.09 eV!?, When 6=0° the ‘‘left’’ atom has red Doppler
shift, while the ‘‘right’” atom has blue Doppler shift. The equivalent
atoms can be distinguished by the the Doppler labels %kv,. One
can not distinguish these atoms when 6=90° since in this case the
Doppler shift is absent.

So the asymmetric measurements with the photoelectron
detector at a certain side relative to the ionization region vio-
late the symmetry of the partially oriented 4*4 +A4A4* sys-
tem and select only one configuration, 4 *4 or A4 *, depend-
ing on the Auger electron energy and the direction of p. The
change from the entangled to disentangled state representa-
tions, with an accompanying destruction of the quantum cor-
relation, is caused by the special measurement technique
employed?20),

When the Auger electron is emitted perpendicular to the
molecular axis the RXS profile collapses to a single Lorentzi-
an since cos 8==0 and the Doppler shift is then exactly equal
to zero (Fig. 11). Since the Doppler shift is absent when
#=90° one can not distinguish equivalent atoms in an A,
molecule. In this case both scattering channels are strongly
coherent and the interference term o, takes a maximal
value (see Fig. 11).

Egs. (13) and (14) correspond to oriented molecules. The
measurement of the Doppler effect is possible also for a ran-
domly oriented molecular target, as recently shown by Bjor-
neholm et al.!®, Indeed, the ensemble of core excited molec-
ules in a gas becomes partially oriented due to orientation
selective core excitation (o< (e-d,,)2)%28:29,

Finally, we point to the striking role of the interchannel in-
terference (13) in the narrowing of the RXS spectral
profile!” up to an HWHM of Av=D/pR which thus does
not depend on the lifetime broadening I, and can be smaller
than the lifetime broadening, I, and the spectral function
width, y.

_7__
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5. Dynamical Effects in Resonant X-Ray Scattering
by Solids and Polymers

The concept of the RXS duration for time selection of the
vibronic coupling in free molecules as well as special effects
like the restoration of the selection rules®%20:21) and the col-
lapse effects7:19:39 are also relevant for interpreting corre-
sponding spectra of polymers and solids. Other effects in
RXS from polymers’32, solids333-40) and transition metal
complexes*’-54 were reviewed recently. Just as for vibronic
coupling in free molecules, one can anticipate that electron-
phonon coupling is of primary importance to understand
spectral shapes of RXS by polymers and solids. Effects due
to vibronic coupling and momentum exchange between elec-
trons and phonons are in general large because the degenera-
¢y of the core shell leads to strong vibronic mixing of the
core excited states. The breaking and restoration of the sym-
metry selection rules in gas-phase systems can then be under-
stood as breaking and restoration of the momentum conser-
vation rule in the the context of solids.

A main conclusion is that the electron-phonon interaction
in x-ray Raman spectra is strongly dynamic, and that fre-
quency detuning, and thereby a shortening of the duration
of the scattering process, allows an active manipulation of
the strength of the electron-phonon interaction. As is well es-
tablished by now the momentum conservation law plays a
very important role in the formation of the radiative
RXSI9,40,55-58)

p=p +putqg+Ap+G. 15)

Here p and p’ are momenta of valence and conduction elec-
trons, g=k’—k is the change of the photon momentum k
under a scattering, pp; is momentum of the phonon, Ap is
the change of the electron momentum due to scattering at
the ‘““heavy’’ core hole or at other electrons. The extra
momentum G (a reciprocal lattice vector) is transferred to
the crystal as a whole. We ignore here the momentum ex-
change between the core hole and the x-ray photons (see in-
vestigations of these effects in Ref. 58). To extract the main
physics it is very useful to start out from eq. (8) which shows
that in the case of fast RXS (large detuning) a direct transi-
tion from ground to final nuclear states takes place. In other
words, the phonons ‘‘have no time’’ to disturb the electronic
subsystem of the core excited states, for example, to ex-
change momenta with electrons. This results in a suppres-
sion of the electron-phonon interaction and a restoration of
the electronic selection rules when the photon frequency is
tuned below the photoabsorption edge31%5759), The transla-
tional invariance which leads to the conservation law (15) is
a main element of symmetry of crystalline solids, and the
effect of the restoration of electronic selection rules means in
particular that eq. (15) reduces to the conservation of elec-
tronic momentum under RXS%5:5%)

pzp" Tc«Tvib:w.El (16)

with wp as the Debye frequency. This equation asserts that

e HI2EE LS (19995)

the RXS transitions are direct or vertical in the limit of fast
RXS.

There are some striking consequences of the approxima-
tion (16): In a two-band system with semi-empty valence
bands (like alkali metals) the direct RIXS transitions are for-
bidden when the excitation energy is smaller than Ig+4,
where Iy is the position of the photoabsorption edge’s:59), see
Fig. 12. Thus the unusual effect prevails, that when the ab-
sorbed x-ray radiation creates a core hole (w=Ix), x-ray
fluorescence is absent. The ‘‘vanished’’ RIXS intensity is
transferred to the elastic cross section. Another example is
given by RXS from one-band semi-empty systems, like 7
bands for linear polyenes: When the momentum conserva-
tion law (16) is valid the RIXS cross section is then exactly
equal to zero!®%®), Fig. 13. The electron-phonon interaction
has the effect to open the RIXS channel and to allow decay
transitions from all occupied levels, while the momentum ex-
change between electrons and soft x-ray photons allows emis-
sion only from the highest occupied levels!®5®, Fig. 14. We
note that all occupied molecular orbitals (all valence bands)
become active for RIXS in the hard x-ray region with large

Shift of RIXS threshold
threshold
/ \\ of RIXS
Al B8
ay absorption
2 3
T o
\l
P O

Figure 12. Shift of inelastic RXS (RIXS) threshold due to momen-
tum conservation law (16).

RIXS is allowed due to
momentum exchange with
photons

RIXS is aliowed due to
momentum exchange with
phonons

5 ¥ 5 F
= k3
Sz £ z
sl |3 s B
38 3 ]
-
photon momentum
—
q « kF phonon momentum (< P< kF
Figure 13. Formation of the RIXS profile due to momentum ex-

change with photons and phonons. Left panel: Small photon
momenta open the inelastic channels in the narrow region near the
Fermi level. Right panel: Large phonon momenta open the inelastic
channels for all occupied levels!?59,
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Figure 14. The RIXS cross section of a N=6 polyene versus the
momentum exchange of valence electrons with x-ray photons and
phonons!?. Here N is the number of carbons. (a) accounting only
for momentum exchange between electrons and photons; (b) ac-
counting only for momentum exchange between electron and pho-
nons; (c) accounting for momentum exchange of electron with both
photons and phonons. The cross section is decreased by 10° times.
I'=0.09eV, y=0.05eV, Ix=290eV, w,=0.5eV. The abbrevia-
tions HUMO and LUMO+1 mean the core excitation (2=w,) to
the highest unoccupied MO y, (v=6) and to the MO with v=35, re-
spectively. The arrows in panel (a) mark the positions of the zero-
phonon lines for the decay transitions from occupied MO y; with
J=1,2,3. The dashed lines in the panels (b) and (c) show the exciton-
ic bands. The energy corresponding to molecular Orbital y; is e;=¢&p
+w, epis the Fermi energy. Q=w — (Ix+é&r) and Q' =w’ —(Ix+¢p)
are detunings of initial and final x-ray photons.

photon momenta!?8),

Fig. 15 shows two effects: Collapse of vibrational struc-
tures7:19 and restoration of electronic selection rules’:19-2D,
When the excitation energy is tuned to resonance with the
first photoabsorption line (Fig. 15a) all three electron-pho-
non bands are active in RIXS due to strong electron-phonon
interaction with large phonon momenta. Figs. 15b, ¢ cor-
respond to fast RIXS with strong quenching of electron-pho-
non interaction. We see here a single line which is allowed
only due to the photon momentum (small photon momen-
tum opens only emission transitions from the highest occu-
pied MO close to the Fermi level). This is a clear manifesta-
tion of the restoration of electronic selection rules (here, the
restoration of the momentum conservation law (16)). It is
not hard to realize also a collapse of the vibrational struc-
ture: Fig. 15b, c. show clearly only a single resonance
without any vibrational structure,

The collapse effect is not complete in the case with differ-
ent interatomic potential surfaces of the ground and final
states!?), The RXS profile collapses strictly to a single
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Figure 15. Collapse of vibrational structure in RIXS of a N=6
polyene due to the detuning of incident x-ray radiation from the ab-
sorption band!. The potential surfaces of initial and final states are
the same. The momentum exchange with x-ray photon is taken into
account. The detuning of incident radiation from the LUMO (v=4)
is defined as @=£— wy,;, M=3. (a) The resonant excitation of the
LUMO (£2=w,,,) leads to the vibrational broadening of the RIXS
profile (the cross section is decreased by 10° times). Panels (b) and
(c) show the collapse effect corresponding to a detuning of incident
radiation below the LUMO with = —5 eV and Q= —8 eV, respec-
tively. The dashed line in panel (c) shows the RIXS cross section for
resonant excitation of the LUMO and without electron-phonon in-
teraction (2=0). The value of the VC parameter is the same, #,
=0.9, except for the RIXS profile shown by dashed line with 5,=
019, All other parameters are the same as for Fig. 14.

resonance for the elastic band since the potential surfaces of
the ground and final states are the same in such a case. The
collapse effect will in general be difficult to observe in solids
due to the nonparallel valence and conduction bands, except
maybe at the spectral region near the singularities of the
joint density of states!, The complete collapse in RXS from
solids thus takes place in the spectral region with parallel
conduction and valence bands.

So we see that symmetry restoration and collapse effects
are caused by the interplay of two different time scales in
RXS; the duration of scattering and the period of vibration,
Selection rules may also break down if vibronic coupling
mixes final electronic states of different symmetry. However,
for 7 systems it can be shown that this final-state symmetry
breaking is also suppressed upon detuning the excitation
frequency!?, and also in this case, detuning makes the RIXS
cross section close to zero.

These dynamic features are dependent on both the width
and the carrier frequency of the exciting radiation. Each
RXS electron-phonon band consists of a zero-phonon line
and red and blue phonon sidebands. The zero-phonon line
has specific selection rules for narrow band excitation!?. For

— 0§ —
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sufficiently small sample molecules (or long wavelengths) the
selection rules for the partial cross sections are maintained
since the dipole approximation over the molecular size can
be used!?.

The problem of core hole localization in RXS from solids
deserves a brief comment. It is easy to see that the electron-
phonon interaction mixes the electronic Bloch functions of
the core shell with different momenta. This results in a lower-
ing of symmetry of the core excited states up to the complete
localization of the core hole at one of the atoms. One
manifestation of this is the breakdown of the momentum
conservation law. We have seen that the violation of this law
and hence the core hole localization is strongest if the excita-
tion frequency is tuned in the region of strong photoabsorp-
tion. However, when the frequency is detuned below a pho-
toabsorption edge the momentum conservation law, the
selection rules and the symmetry of the electronic subsystem
are restored. We conclude that the shortening of the RXS du-
ration (increase of detuning frequency) in a certain sense
leads to a delocalization of the core hole (see also refs. 60,
61).
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