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We have studied the spectral features of CI Ly j; resonant x-ray Raman scattering of HCI molecules in gas
phase both experimentally and theoretically. The theory, formulated in the intermediate-coupling scheme, takes
into account the spin-orbital and molecular-field splittings in the Cl 2p shells, as well as the Coulomb inter-
action of the core hole with unoccupied molecular orbitals. Experiment and theory display nondispersive
dissociative peaks formed by decay transitions in both molecular and dissociative regions. The molecular and

atomic peaks collapse in a single narrow resonance because the dissociative potentials of core-excited and final
states are parallel to each other along the whole pathway of the nuclear wave packet.
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I. INTRODUCTION

The creation and decay of excited states are fundamental
to all physical processes involving energy transfer on a mi-
croscopic scale. High-resolution resonant x-ray Raman scat-
tering (RXS) of free molecules provides an excellent tool for
investigating the finer details of the electronic structure,
which reflects different aspects of the intramolecular interac-
tion. In the case of resonant excitations below the ionization
threshold, utilization of RXS opens up new prospects [1-5].
One of the main advantages of RXS is the possibility to
study the same final state but making use of different inter-
mediate core-excited states. Such an opportunity makes the
interpretation of the molecular spectrum more accurate from
the point of view of both occupied and virtual molecular
orbitals (MQO’s).

The object of our combined experimental and theoretical
study is the CI Ly RXS spectrum of the HCI molecule.
This molecule was widely used in explorations of different
dynamical effects accompanying x-ray excitation using the
resonant Auger effect in the soft x-ray region [1,2] and RXS
near the Cl K edge [6,7]. One of the major difficulties is that
the core hole is in the 2p orbital of the chlorine atom, which
is affected by substantial spin-orbit (SO) splitting. This split-
ting, about 1.75 eV, can be comparable with the Coulomb
interaction between core and valence MO’s involved in the
scattering. This forces us to invoke the intermediate-coupling
scheme [8] and to solve the corresponding equations explic-
itly. From our simulations of the x-ray absorption (XAS) and
RXS spectra we are able to perform the theoretical assign-
ment of the spectral lines, based on ab initio self-consistent
field (SCF) and multiconfigurational SCF (MCSCF) calcula-
tions of the inner-shell excited states. Special attention is
paid to the RXS through the dissociative core-excited state.

The article is organized as follows. We begin with a brief
outline of the experiment in Sec. II. Section III includes the
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diagonalization of the molecular Hamiltonian with the chlo-
rine L-shell spin-orbit interaction included followed by a
derivation of the expression for the RXS cross sections of
randomly oriented molecules. Details of the numerical simu-
lations are described in Sec. IV. Analysis of simulations and
comparison to the experiment are included in Sec. V. Our
findings are summarized in Sec. VI.

II. EXPERIMENT

The experiments were carried out at beamline 7.0 at the
Advanced Light Source at Lawrence Berkeley Laboratories
[9]. The gas was contained in a sealed gas cell connected to
a manifold where we could refresh the gas sample and keep
a constant gas pressure. The pressure was monitored using
Pirani tubes and kept at between 1 and 10 mbar depending
on the excitation energy in order to avoid saturation and
maximize intensity in the RXS measurements. The windows
used were 1000-A-thick Siy,N; entrance windows and 1500
-A-thick polyimide film on a supporting mesh [10] as a win-
dow in the detection direction of RXS. The XAS was mea-
sured using a electrode measuring the current generated from
the secondary electrons from the excitation process with a
Kiethley picoamperemeter. The RXS was measured using a
grazing incidence spherical grating spectrometer [11]
mounted perpendicular to the incoming light and parallel to
the polarization vector of the synchrotron radiation light. The
slits on the monochromator were opened to get enough flux
for the experiments. The grating used was a 5-m-radius
spherical grating with 400 lines/mm with the slit set to
20 pum. The estimated spectral resolution is 500 meV in the
X-ray emission spectra.

III. SOLUTION OF EIGENVALUE PROBLEM FOR CORE-
EXCITED STATE

We start from diagonalization of the nonrelativistic many-
electron molecular Hamiltonian H for the core-excited state
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[2p.— ,) with c=x,y,z and the vacant MO ,, where i,

=i,(r)a and ,=,(r)B are the spin-orbital functions with
spin up (a) and spin down (B). The diagonalization of H
gives the following eigenvalues and eigenfunctions for the
singlet,

1 - —
E.(S), TCV(S)=E(|¢C¢V>+|¢V¢C>), c=x.y.z, (1)

and the triplet,

b,

E(T), WI(T)= |910ct/fy>,
E(|$L'&V>_|¢V‘Zc>)’ m=0,

2)

states. We choose the molecular bond along the z axis. Due
to the axial symmetry, E,,(q)=E,,(¢). The next step [8] is to
take into account the SO interaction in the L shell of chlo-
rine:

1 oV

H=H+ Vs, —,
50 26%r or

Vso=A(r)L-S, A(r)= (3)

where L. and S are the orbital and spin momentum operators
of the 2p shell of Cl, V is the potential of interaction of the
2p electron with the molecule, and c is the speed of light; we
use atomic units unless otherwise stated. The SO splitting

- Sy 3 N
Aso=EQpip) - EQp3) 254 ng RS A(r)rdr,
0

(4)

is treated here semiempirically. We used the experimental
value Agp=1.75 eV, which is in good agreement with our
four-component calculations (Agp=1.62 eV). The SO inter-
action mixes singlet (1) and triplet (2) states,

Ey|0oy= > [C£A><s>|~1fc<s>>+ > o)

c=x,y,2 m=1,0,-1
xlxlfcma»], (5)
where A=1,...,12. The coefficients are solutions of the
equations
[E(8) = EAICM(S)
+ 23 (VdS)Vsol Ve nMIC(T =0,
¢1=x,y,2 m=1,0,~

[E(T) - EAICOUT) + 2 (W, (D)|Vsol W () CV(S)

C1=XY.2
+

<\I,cm(T)|VSO|\I,c1m1(T)>C(A) (T)] =0. (6)
m;=1,0,-1

cpmy

The Hermitian SO operator has the following nonzero
matrix elements:
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FIG. 1. (Color online) Scheme of the studied transitions.
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(W(9)Vso| Ve, o(T) = é{{ P
1=,

-1, c=x,
<\I’C(S)|Vso|q'cl,1(T)> = <\I’C(S)|Vso|‘1’cl,—1(T)>*

== (W o(D)|Vso| ¥, .1(1))
= (W o(T)|Vso|Pe, (1))

-1, C=Yy, =%,
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2V2 | -1, ¢=x, ¢;=z,
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1 1, c=y, =X,
<\I’c,m(T)|VSO|‘Pc zn(T)> = _mg
! 2 -1, c=x, c;=y.

(7)

The solution of the coupled equations (1) and (2) produce
eight different eigenvalues with four doubly degenerated lev-
els, due to the symmetry of the molecule.

A. Inelastic x-ray Raman scattering

The amplitude of the resonant inelastic x-ray Raman scat-
tering (RIXS) is given by the Kramers-Heisenberg formula
(KH)

Fig)= 5 (Olfe DI (e - D)¥a))

Aol W) = @y g+

q=5S,T,

(8)

where I is the lifetime broadening of the core-excited state;
w, e and w,, e; are the frequencies and polarization vectors
of the incident and scattered x-ray photons, respectively;
) q)=Er—EfAq) is the resonant frequency of emission
transition from the core-excited to the final singlet [\Iff(q)
=W,(S)] or triplet [‘I’f(q)zllf}”(T)] states. The core-excited
state depends on the unoccupied molecular orbital i, (Fig.
1). The index v of this MO is skipped for brevity of notation.
It will be restored in Sec. III C to show the importance of the
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interference of the elastic scattering channels through differ-
ent unoccupied MO’s. The transition dipole moments of core
excitation (O|D|W.(S))~+2d,, are expressed through the
one-electron transition dipole moments between 2p,. and re-
laxed wunoccupied MO ¢,. The matrix elements
(¥ .(¢)|D|¥«(q))=d,; of the decay transitions ¢;— 2p, are
approximated by the one-electron transition dipole moments,
between the occupied MO ¢ and the 2p core hole. The SO
interaction in the core-excited state mixes singlet and triplet
states (5). Due to this, in addition to the S— S — S scattering
channels the triplet channel, S— T— T, become accessible.
The RXS amplitude of these channels reads

z [e- D<A><S>][e,~ DV(S)]

FAS
f() wAfS)+1F
e- DN e, - DV (T
PIT) = ,22[ (S)]le; - D}, ( )]_ ©)
: W) — a)A’fT)+lF
Here,
DY) = > cM©)d,,,
C=X,y,2
DVES)= X M), DRM= 2 ch(Dd,,.
c=X,).,2 C=X,9,2
(10)

The RXS cross section includes the scattering to singlet
and triplet final states,

o(ww) = [|Ff<s>|2<b<w1 W+ w507
f

X

m=1,0,-1

|F}’(T)|2<D(w1 - @+ 05705 v |,

(11)

where ) 0=EAq)—E, is the frequency of the transition
from ground to final singlet or triplet state. The spectral func-
tion of incident radiation is assumed to be a Gaussian

P(w,—w+ Of(g).00 v)

2
1 In2 W] — W+ W
=—\/—exp[—(l—ﬂqw) an}, (12)
yV 7 y

with 7y the half width at half maximum.
Let us tune an excitation energy w far below the absorp-
tion edge:

\‘”Qz + F2 > ASO’AST’ Q =w-— a)edge. (13)

Here, Agr is the singlet-triplet splitting of the core-excited
state. The partial scattering amplitudes (9) show for such
detuning collapse the multiplet structure in a single S—S
— S line:

J—
[
/

V2
Q+.T

Ff(S) = E (e ' dvc)(dcf' el)a

c=x,y.2

PHYSICAL REVIEW A 74, 062512 (2006)

FI(T) = 0. (14)

One can see complete quenching of the S— 7— T channel
and the absence of SO splitting. This effect is rather similar
to the collapse of vibrational structure studied earlier
[1,7,12,13].

B. Orientational averaging

The present experiment deals with gas-phase molecules
and fixed angle y between e and the wave vector of the
emitted photon, k;. The RXS cross section averaged over all
molecular orientations is given by the same Eq. (11) with the
partial contributions replaced by the averaged ones:

12 12

FOr=-3 3 1

9Am1 A=t (@1 = 0y g5+ D) (@) — 0y f5)— 1)

[{D(A () - DA (SHDIV(S) - DM(5))

+ %(1 —3cos? y) X ({D /(8) - DIV ()}
X{DA(8) - DV ($)} +{DA(S) - DYM(S)}

X{DA'(5) - DIV’ (s>}—§{D<A>(s>-D<Al>*<s>}

x{DIV(s) - D}Al><5)}> ] , (15)
212 |
|F’"(T)|2——E >
! 9Am1 A=t (@1 = @y gy +1D) (@) — @y gy = 11)

m

X {{DW(S) DA (DL (1) - DY)}

3 *
+o01-3 cos? x) X ({D(A)(S) D (1)}

X{DAV(S) - DT} +{DN(S) - DI(7)}

XD (5) - DS} - SIDIN(S) - DI (5))

X{DL)(T) - D<Al>(T)}>]. (16)

Here, we introduced the scalar product of the complex vec-
tors a and b without conventional complex conjugation of
the bra vector a: {a-b}=3,_ , a;b;.

C. Elastic x-ray Raman scattering

Elastic scattering (REXS) differs qualitatively from in-
elastic RXS because the final state coincides with the ground
state of the molecule. Due to this, only the §— S — S channel
is allowed. Another important point is that the unoccupied
MO’s, to which the core electron is promoted, are now the
intermediate ones in the scattering process 2p— i,—2p.
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FIG. 2. (Color online) Potential surface of the ground (GS), first
core-excited [18] 2p~'60!, and final 407 '60" states. The squares
display the final 407 '60" state potential shifted in energy to show
the parallelism of the potentials.

This means that the scattering amplitude (9) for elastic scat-
tering includes the sum over v [1,14,15]:

\ZEE

v A=l )

[e- D™(S)][e; - DAY(5)]
—wp, o+ '

(17)

Contrary to the inelastic scattering, the peak position of the
cross section of the elastic channel coincides with the exci-
tation energy:

|FPO (0, - w,7). (18)

Here we display the index of unoccupied MO’s in DXW(S)
—DW(S) and wpg— wy,, due to the importance of inter-
ference in the elastic scattering channels through different
intermediate unoccupied MO’s ¢,. The cross section of elas-
tic scattering averaged over all molecular orientations is
given by Eq. (18) with |F|? replaced by

2222 1

v A=1 v Al—l (wl wA,,0+lF)(w] wAlVl‘O_lF)

o(w,w,) =

FP =7

x [{D(M(s) DA (SHDAP(S) - DAI(S)}

+ 23—0(1 -3 cos? y) X ({D(AV)(S) -DA*(8)}
X DA (5) . DAI(S)} + {DA(S) - DAI(S)}

X{DM7(s) . DAV(S)} - %{Dw(s) DA (5)}

X{D(Av)*(s) . D(AlVl)(S)}>:| . (19)

IV. COMPUTATIONAL DETAILS

The DALTON [16] molecular electronic structure package
was used to compute the energies of the singlet and triplet
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core-excited and final states of HCl. We have applied the
MCSCEF level of calculation considering eight electrons in a
complete active space (CAS) (6, 5, 5, 2) on the C,, symme-
try (A;,B,,B,,A,), where, for example, 6 means six orbitals
of the A| symmetry. These calculations were performed with
the core-correlated aug-cc-pCVTZ basis set [17]. Figure 2
shows the potential surfaces of the ground and core excited
27 160" states [18], as well as our result for the final state
407'60". To take into account the SO interaction in the core-
excited state we solved Egs. (6) with Agp=1.75 eV. In order
to get the SO splitting value we performed relativistic calcu-
lations based on the four-component STEX technique [19],
as implemented in the DIRAC program [20]. For this calcula-
tion we decontracted the qaug-cc-pCVTZ [17] basis set and
added tight p and d functions. The exponents for these tight
functions were taken from a geometrical series of the two
most tight p and d exponents in the original basis set. The
RXS cross sections are computed for y=0, which correspond
to the experimental value.
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FIG. 3. (Color online) Theoretical Cl Ly x-ray absorption
spectrum of HCI. Solid lines in panel (a) show x-ray transitions to
the o levels, while the dashed lines show the XAS of 7 and 6
subsystems shifted by —0.85 eV. I'=0.0465 eV. Panel (b) shows the
results of four-component simulations for the first three peaks in the
Cl Ly iy XAS spectrum of HCI.
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FIG. 4. (Color online) Comparison of the experimental Lijyy
XAS spectrum of the HCI spectrum (dotted line) with theoretical
simulations (solid line) based on a rescaling of the transition dipole
moment (see the text). The dashed lines show the partial contribu-
tions. I'=0.14 eV for all states except dissociative 603, and 60,
states with half width at half maximum equal to 0.84 eV.

V. DISCUSSION OF EXPERIMENTAL AND SIMULATED
RESULTS

A. X-ray absorption

Our simulations of L x-ray absorption are based on the
following expression for the absorption cross section aver-
aged over all molecular orientations:

12

2
o(w) = 52 > DN PA(w - wppT),  wpo=Ep — E.
v A=l

(20)

In the MCSCF simulations of XAS we take into account
the following transitions: 2p—60,70,80,90 and 2p
—3ar,4,18 [Fig. 3(a)]. The relativistic calculations based
on the four-component STEX technique [19] show rather
similar intensities of the components of the first spin doublet,
and it gives Ago=1.62 eV [Fig. 3(b)], which is close to the
experimental spin-orbital splitting Agg=1.75 eV. The under-
estimation of Agg is due to the use of the Dirac-Coulomb
Hamiltonian, which neglects spin-other-orbit effects. Both
MCSCF and STEX calculations show the fine structure of
each component of the spin doublet caused by the molecular-
orbital splitting of the core shell, as well as by the Coulomb
interaction between the Ly shell and the vacant MO. We
see mainly triplet and doublet fine structure of bands 603,
and 60, respectively. We label the core-excited state
|2p]71v1> as v;, with j=1/2, 3/2. The accuracy of our MC-
SCF simulations of ¢ and 7 subsystems is very sensitive to
the CAS. To get better agreement with the experiment, we
shifted the 77 and & peaks to a lower-energy region by
0.85 eV [Fig. 3(a)]. A rather similar displacement of the 7
levels relative to the o subsystem was observed earlier in
XAS of the OCS molecule [21]. The first spin doublet related
to core excitation to 60 MO (marked in Fig. 3 as 603, and
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FIG. 5. (Color online) Partial contributions |F AS) 2, Eq. (15),
and |F}"(T) 2, Eq. (16), for the core excitation of the 7¢ level (Fig.
3). The inset shows the spin of the final state under scattering. Agr
is the singlet-triplet splitting of the final state.

60,),) is computed taking into account only lifetime broad-
ening I'. However, the transition to the 60 MO is essentially
broader because the first core-excited state is dissociative
(Fig. 2). We simulated the dissociative broadening of the first
spin doublet using the wave packet technique [18]. The re-
sults of the simulations are shown in Fig. 3(a) by the dot-
dashed line. Figure 3(a) reproduces all experimental features
in the XAS spectrum (Fig. 4) after the above-mentioned shift
of the 7 and & resonances. However, the intensity ratio ob-
tained from the MCSCEF calculation is far from being perfect.
For instance, the 70 intensity is severely underestimated
compared to the experiment and also compared to the STEX
calculation. The difference between the intermediate-
coupling MCSCF and four-component STEX calculations is
not mainly due to a different treatment of relativistic effects,
but rather due to basis set differences and because of the way
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FIG. 6. (Color online) RXS spectra of HCI for different excita-
tion energies. w=206.9 eV and w=205.2 eV correspond to excita-
tion of the 703/, and 70, states, respectively [Fig. 3(a)]. Incident
x-ray photons with different excitation energies “cut off” different
parts of the partial contributions (Fig. 5) according to Eq. (11).
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FIG. 7. (Color online) Experi-
mental and theoretical RXS spec-
tra of HCI for different excitation
energies. The label below the ex-
citation energy shows the corre-
sponding resonant peak in the
x-ray absorption, Fig. 4. The the-
oretical spectra were computed
using the data from Fig. 4. The 40
and 5o bands obtained by MC-
SCF calculations were shifted to
higher energy regions by 2.28 eV

(305, z
g it

and 1.3 eV, respectively. The in-

®0=2039eV 70,, tensity of all theoretical elastic
[705),] peaks is reduced by a factor of 5
b A AN - times compared with inelastic
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resonances. Theoretical spectra in
the two upper panels were in-
creased by 10 and 3 times,
respectively.
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electron correlation is treated in the these two methods. Due
to this, we rescaled the transition dipole moments by fitting
our theoretical MCSCF profile to the experiment (Fig. 4). In
this fitting we have modified all the transition dipole mo-
ments used in Eq. (6) and shifted the whole spectral profile,
Fig. 3(a), to a lower-energy region by 1.25 eV.

B. X-ray Raman scattering

Let us start by illustrating the formation of the RXS pro-
file upon excitation to 7o MO. According to Eq. (11), the
RXS profile is the product of the spectral function and of the
. Eq. (15), and [F}(
(16). Figure 5 displays the spectral shape of the partial con-
tribution for final states containing holes in the 40 and 5o
occupied MO’s. These bands include sidebands related to

transitions to the final singlet and triplet states. The scattering
to the final triplet state is allowed due to the SO interaction
in the core-excited state. Each of these sidebands is split due
to the SO interaction and the molecular-field splitting of the
core shell, as well as because of the Coulomb interaction of
the core hole with the 70 vacant level. The spectral function
for different excitation energies “cut off” different parts of
the partial contributions (Fig. 5) according to Eq. (11) (see
Fig. 6). One can also see the elastic peak.

Both experimental and theoretical RXS spectral profiles
for different excitation energies are shown in Fig. 7. The 40
and 50 bands obtained by MCSCEF calculations were shifted
to higher-energy regions by 2.28 eV and 1.3 eV, respec-
tively.

The peaks 603, and 60y, deserve a special comment.
The origin of these resonances is the scattering through the
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dissociative core-excited state 2p~'60 (see Fig. 2). Simula-
tions show that the intensity of the band 5o is much smaller
than the intensity of the 40 peak. Due to this, let us focus our
attention only on an analysis of 40— 2p fluorescence. The
ground-state nuclear wave packet is promoted to the poten-
tial of the core-excited state and moves from the point of the
vertical transition to the region of higher bond lengths (Fig.
2). During the dissociation in core-excited states, the mol-
ecules continuously decay to the final dissociative state
[2p~'40). A previous study of the resonant Auger spectra of
HCI suggests that hydrogen has the time to approach the
region of dissociation [22]. As is well known [1,18,23], the
RXS profile in general consists of two qualitatively different
bands. Decays near the equilibrium geometry form the mo-
lecular band while decay transitions in the dissociative re-
gion (where the potentials of the core-excited and final states
are parallel) result in the so-called atomic peak. Contrary to
the molecular band the peak position of the atomic peak does
not depend on the excitation energy o (except in the hard
x-ray region [7]). However, the final- and core-excited-state
potentials in the studied case are parallel to each other along
the whole pathway of the wave packet (Fig. 2). This means
that the molecular and atomic bands coincide with each other
and they form a single nondispersive atomic peak, as one can
see clearly from our wave packet simulations of the RSX
channels 603/, and 60,,. Nondispersive behavior of the cor-
responding experimental peaks confirms our simulations and
interpretation (Fig. 2).
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To conclude let us discuss shortly the elastic band. Figure
7 shows that the simulations give the relative intensity of the
elastic peak approximately 5 times larger than the experi-
ment. One of the reasons for this can be the self-absorption
which is strong for resonant elastic scattering [1,15]. Another
source of this disagreement with the experiment is the Th-
omson scattering [15,24] ignored in our simulations.

VI. SUMMARY

We were able to measure the Cl Ly j; resonant x-ray Ra-
man scattering spectra of HCl in a broad region of excitation
energies. Both the experiment and theory, based on the
intermediate-coupling scheme, show a strong dependence of
the RXS profile on excitation energy. We observed that the
excitation to the first dissociative core-excited state results in
a narrow nondispersive resonance without any molecular
band. The origin of this effect is that the dissociative poten-
tials of the core-excited and final states are almost parallel to
each other along the whole pathway of the nuclear wave
packet. Our measurements and simulations show that the hy-
drogen has time to approach the region of dissociation due to
the rather long lifetime of the core-excited state. This is in
agreement with resonant Auger studies of the HCI molecule.
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