
IR-pump - X-ray-probe spectroscopy of vibrationally excited

molecules
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Abstract

In the present paper we propose and discuss infrared (IR) pump x-ray probe scheme for molecu-

lar studies. We illustrate advantages of the pump-probe x-ray spectroscopy by means of numerical

simulations employing vibrational wave-packet dynamics. Our study focuses on theoretical descrip-

tion of x-ray absorption (XAS) and resonant inelastic x-ray scattering (RIXS) spectra of molecules

vibrationally excited by a preceding IR field, using the dissociative 1a−1
1 4a1 and bound 1a−1

1 2b2

core-excited states of the water molecule as demonstration cases. By choosing an initially excited

vibrational state one can manipulate the wave-packet dynamics in the core-excited state and thus

to control the vibrational excitations in the final state of the RIXS process. We show that the

pump-probe technique allows us to study vibrational features in the core-excited state inaccessi-

ble in conventional x-ray spectroscopy due to strict selection rules in symmetric molecules. We

propose here to use XAS measurements in the x-ray Raman mode as a tool to study absorption

from a selected vibrational level of the ground state even in the case when the selective excitation

cannot be reached by the IR pumping. The proposed technique have potential applications for an

advanced mapping of multidimensional potential energy surfaces of the ground and core-excited

molecular states, symmetry resolved spectroscopy and steering chemical reactions across transition

state barriers.
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I. INTRODUCTION

Infrared (IR) and x-ray spectroscopy, widely used for molecular studies, each have merits

and limitations when applied for a particular purpose. IR spectroscopic techniques allow to

measure ro-vibrational levels of the molecular electronic ground state at ultrahigh resolution.

Numerous techniques have been developed for studies of the potential energy surfaces (PESs)

in polyatomic systems making use of IR radiation [1]. For instance, the technique can be

employed to directly map potential energy curves of diatomic molecules using the Rydberg-

Klein-Rees method [2]. A disadvantage of conventional IR spectroscopy is that only few

low-lying vibrational levels can be populated as the IR field becomes off-resonant for higher

excitation due to anharmonisity of the PES. In order to reach a higher energy region of the

PES more complex techniques using double- and triple-excitation schemes must be applied

[3]. However, even in that case only a part of vibrational states can be addressed due to

strong selection rules in symmetric systems.

X-rays, which address transitions of the core-electrons, are widely used to study core-

excited and valence excited states with the help of x-ray absorption spectroscopy (XAS)

and resonant inelastic x-ray scattering (RIXS)[4]. Due to the high element selectivity of

the core orbitals, the x-ray techniques can be applied for site-selective studies of complex

systems. Thanks to recent progress in the development of high-resolution x-ray spectrom-

eters vibrationally resolved spectra can be measured that reveal complex ultrafast nuclear

dynamics in the intermediate core-excited and final states of the Raman process [5]. The

RIXS scheme can also successfully be applied for advanced studies of the molecular ground

states, where highly excited vibrational levels are reached in the course of the evolution in

the core-excited state [6–8]. However, in symmetric systems, like the water molecule, selec-

tion and propensity rules apply, and only a particular group of the vibrational levels can be

excited in XAS and RIXS [6].

In the present paper, we propose a technique which combines both IR and x-ray excitation

of molecules. The pump-probe method discussed here is two-step. First, the molecule is

prepared by an IR pulse which creates population of the excited vibrational levels in the

electronic ground state. At the second step, the molecule is probed with x-rays using XAS

and RIXS schemes. A similar scheme was discussed previously [9] in terms of phase-sensitive

x-ray absorption driven by strong IR fields [10]. In this case, coherent superposition of
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vibrational states – the nuclear wave-packet – is created and its dynamics in the ground

electronic state is probed be means of x-ray absorption spectroscopy [11]. In contrast, in

this work we study changes in XAS and RIXS spectra when the process starts from a single

excited vibrational state. The proposed method is applied to the water molecule, in the x-

ray spectral region near the two lowest core-excited states of dissociative 1a−1
1 4a1 and bound

1a−1
1 2b2 character [12, 13]. We show advantages of the proposed schemes with the help of

numerical simulations using two-dimensional wave packet techniques [14, 15] combined with

high level ab initio calculations of the PESs. We conclude that XAS from a vibrationally

excited molecule allows to probe an extended region of the core-excited PES, accordingly

to the reflection principle [16]. Moreover, the antisymmetric stretching mode, which is

not accessible in the convenient XAS technique, can be resolved in IR pump-XAS probe

spectroscopy by core-excitation from the excited antisymmetric vibrational wave function of

the ground state. Our simulation results for the symmetric H2O molecule are compared with

the non-symmetric HDO system in order to gain more information. It is clear that RIXS from

a vibrationally excited molecule allows to control the final state vibrational excitation via

selection of the initial vibrational wave function symmetry. Moreover, a highly excited initial

state allows us to probe a wider energy range of the final state PES. In the present paper

we focus on the RIXS process leading back to the ground electronic state, so providing an

efficient tool for the study the ground state PES with symmetry resolution, complementary

to IR spectroscopy. We assume that a single vibrational state is excited by the IR pump

radiation. The state-selective vibrational excitation can be reached using the stimulated

Raman process with two coherent IR pulses [17–19], or with the help of specially prepared

strong sin2-shaped laser pulses [20]. In a general case, however, several vibrational levels

in the ground electronic state may be populated, which results in a rather complex x-ray

absorption profile as a superposition of the XAS from several initial vibrational states. In

this study we provide a method to single out a partial XAS cross section from a particular

vibrational state using x-ray absorption in the x-ray Raman mode (XASRM)[21], following

the intensity of a selected vibrational resonance in RIXS while changing the x-ray excitation

energy. We show, that the use of anti-Stokes peaks in RIXS allows for additional symmetry

selection of partial XAS profiles in XASRM.

As a proof-of-principle theoretical study, we focus here on a rather simple system, gas

phase water, where we show clear advantages of the vibrationally excited x-ray spectroscopy
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for the symmetry control of vibrational excitation by choosing a proper initial vibrationally

excited state with potential applications for the PESs reconstructions along a selected mode.

The IR-x-ray pump-probe technique can, however, be adapted for study of rather complex

systems, for example, as a powerful complementary tool reinforcing existing attempts of

probing the local structure of the liquid water, or for an advanced control over nuclear

dynamics of the reactions going through the energy barrier.

The paper is organized as follows. In Sec. II we present our theoretical approach for

ab initio electronic structure and nuclear wave packet simulations. Sec. III discusses our

results for XAS (Sec. III A), RIXS (Sec. III B) and XASRM (Sec. III C). Our fundings are

summarized in Sec. IV.

II. THEORY

The studied gas phase water molecule has three vibrational degrees of freedom: symmetric

and antisymmetric stretching, and bending modes with vibrational quanta ωs = 0.4531 eV,

ωa=0.4654 eV, ωb=0.1976 eV [22], respectively. In the ground electronic state, the two

stretching modes are nearly degenerate and strongly coupled via Darling-Dennison coupling

[23–25], which have to be considered together for a proper system description. In contrast,

the bending mode is only weakly coupled to the stretching modes, and can thus be considered

separately in an orthonormal approximation [15]. Previous studies [15, 26] have shown that

the bending mode is only weakly excited in XAS and RIXS near the two lowest core-excited

states. Due to this circumstance, we neglect here the bending motion and focus fully on

the two coupled stretching modes using a two-dimensional (2D) approach, as described

below. Summarizing, in the present work we study the water molecule with two-step pump-

probe spectroscopy: 1) an IR pulse populates a particular vibrational level of the electronic

ground state, 2) the following x-ray photon promotes an oxygen 1s electron to the LUMO

and LUMO+1 molecular orbitals, referred in the paper as the 4a1 and 2b2 core-excited

states, respectively. The XAS and RIXS spectra of the vibrationally excited molecule are

computed and discussed.
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A. 2D approach for coupled stretching modes

For the coupled stretching modes picture the 2D vibrational wave functions can be as-

signed as ψs,a, where the indices s, a describe the symmetric and antisymmetric vibrational

excited quantum (s, a). The initial vibrational excitation can be achieved with the help of an

IR field resonant to the vibrational transition in the ground electronic state. When the IR

field is weak only the first vibrational levels (10) and (01) are populated, since the vibrational

quanta of symmetric and antisymmetric modes of the ground state water molecule are nearly

degenerate. The higher vibrational levels are populated by a ladder-type process when the

intensity of the IR laser is sufficiently high. Due to presence of quasi-degeneracy in the

levels of each vibrational group n = s+ a, the vibrational levels are populated in the groups

according to the following scheme: (00) → (10), (01) → (20), (11), (02) · · ·. The strength of

each IR transition is defined by the R-dependence of the permanent dipole moment d in the

ground electronic state

d′Qs
〈ψs,a|Qs|ψs±1,a〉, d′Qa

〈ψs,a|Qa|ψs,a±1〉, (1)

where d′Qs,a
is the derivative of the dipole moment over the normal coordinate Qs,a at the

equilibrium.

The PESs for the ground, and the two lowest 4a1 [12, 13] and 2b2 [13] core-excited

states were computed at the RASSCF (restricted active space self-consistent field) theory

level[27] implemented in the MOLCAS package[28] (see Fig. 1(b)). Computational details

can be found in our previous RIXS study of the vibrationally cold water molecule [15]

which confirms the applicability of the model. The normal mode picture describes well

the vibrational dynamics near the equilibrium. However, it fails for the higher excited

vibrational states because of strong anharmonicity of the two-dimensional PESs. Due to

this fact we choose to use valence coordinates (R1, R2, θ, see Fig. 1(a)) instead of normal

mode coordinates for our numerical simulations. Using valence coordinates, we consider the

Hamiltonian of the 2D stretching motion in the n-th electronic state as

hn = − 1

2µ1

∂2

∂R2
1

− 1

2µ2

∂2

∂R2
2

− cos θ0

mO

∂2

∂R1∂R2

+ Vn(R1, R2, θ0) (2)

where θ0 is the equilibrium bond angle, µα = mαmO/(mα + mO) is the reduced mass with

α = 1, 2, and Vn(R1, R2, θ) is the potential energy of the n-th electronic state, defined
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with respect to its minimum. For the water molecule µ1 = µ2 = µH , while for isotopic

substitution of water HDO, studied here as well, µ1 = µH and µ2 = µD. In order to

compute the XAS and RIXS profiles we employ the time-dependent wave packet formalism

[29] in the 2D representation [6, 15] with the Hamiltonian (2), as it is described in the

following subsections.

B. X-ray absorption of vibrationally excited molecules

When the ground state is excited by an IR pulse, the x-ray absorption cross section reads

σabs(ω) =

∞∫
0

dt e(ı(Ω+∆)−Γ)tσ(t), σ(t) = 〈ψν |Ψc(t)〉. (3)

Here Ω = ω − ωvert + ε0 is the detuning from the top of the absorption resonance, ε0 is the

vibrational energy of the initial vibrationally excited state |ψν〉 ≡ ψs,a (ν = (s, a)) of the

ground electronic state, and Γ = 0.08 eV is the lifetime broadening of the core-excited state

[30]. The vertical transition energy ωvert and the energy relative to the PES minima ∆ are

defined as follows:

ωvert = Vc(R0)− V0(R0), ∆ = Vc(R0)− Vc(R(c)
0 ), (4)

where R0(R
(0)
1 , R

(0)
2 ) and R

(c)
0 = (R

(c)
1 , R

(c)
2 ) are the coordinates of the minima of the ground

and core-excited states, respectively, and V0 (Vc) is the potential energy of the ground (core-

excited) state. The 2D core-excited wave packet in (3) can be computed as

|Ψc(t)〉 = e−ıhc|ψν〉, (5)

with the Hamiltonian hc defined according to (2), and with the initial condition |ψν〉 ≡ ψs,a

as the wave function of the vibrationally excited ground state.

C. Resonant inelastic x-ray Raman scattering of vibrationally excited molecules

We consider a ”quasi-elastic” scattering process, in which the system relaxes, after the

core-excitation, to the electronic ground but vibrationally excited state. In this case, we

deal with vibrationally inelastic x-ray Raman scattering. We compute the cross section [4]
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of the RIXS process as a half-Fourier transform

σ(ω′, ω) = PfRe

∞∫
0

dt eı(ω−ω
′+ε0)te−Γf t−Γ2

wt
2

c(t), (6)

of the auto-correlation function

c(t) = 〈Ψ(0)|Ψf (t)〉, (7)

of the integrated core-excited |Ψ(0)〉 and final state |Ψf (t)〉 wave-packets, defined as:

|Ψf (t)〉 = e−ıhf t|Ψ(0)〉, |Ψ(0)〉 =

∞∫
0

dt1e
−Γt1eı(Ω+∆)t1|Ψc(t1)〉. (8)

The core-excited nuclear wave packet |Ψc(t)〉 is computed using (5). In our case, the final

electronic state is the ground state, so that f = g. The lifetime of the final state Γ−1
f ≡ Γ−1

0

is the vibrational lifetime which is incomparably larger (milliseconds) than the typical time

of the wave packet dynamics (femtoseconds). Due to this, in our numerical simulations (6)

we use a Gaussian window function of half-width at half maximum Γw = 0.036 eV, which

allows to significantly decrease the computation time yet resolving all necessary spectral

details. We note that the window function – the only source of RIXS spectral broadening in

our simulations – is much smaller as compared to the experimental instrumental broadening

presently available (≤ 0.1 eV [15]). In (6), Pf factor is defined by the experimental geometry

and the symmetry of the final state. This factor only changes the absolute value of the cross

section not affecting vibrational effects discussed here, thus we use Pf = 1 in our calculations.

As we start the transition from the higher ground vibrational states it is obvious that in the

RIXS profile we will see anti-Stokes lines, corresponding to emission processes to the lower

vibrational levels of the electronic ground state.

D. X-ray absorption in the Raman scattering mode

As already discussed in the Introduction, there are different available methods for selective

population of vibrational levels [17–20]. We note that in conventional schemes, the pump

IR field usually populates several vibrational levels |ψs,a〉 with the population weight ρs,a,

implying that an IR-pump - X-ray probe experiment measures the cross section as a sum of
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particular absorption profiles from individual vibrational states:

σabs(ω) =
∑
ν

ρνσν(ω), ν = (s, a), (9)

where the partial XAS cross section can be written using Fermi’s golden rule in time-

independent representation

σν(ω) ∝
∑
νc

|〈ψcνc |ψν〉|
2

(Ω + ∆− εc)2 + Γ2
, (10)

where |ψcνc〉 (νc = (s, a)) is the 2D vibrational wave functions of the core-excited electronic

state, and εc is the vibrational energy of the state νc = (s, a). Apparently, the partial cross

section (10) can not be measured using a conventional XAS experiment. However, the RIXS

technique gives us a unique opportunity to measure the XAS absorption σν(ω) from certain

initial vibrational states ψs,a. The idea to measure XAS in the resonant x-ray scattering

mode was implemented successfully to get the XAS profile of CO system with extremely

high resolution [21] using resonant Auger measurements. In the present paper, we propose

to apply this technique for the RIXS scheme. Indeed, we can expect that the cross section in

the scattering mode will coincide with the conventional XAS profile when ω = ω′. In order

to obtain partial XAS σν(ω) in the Raman mode (XASRM) we need to measure the RIXS

cross section σ(ω′, ω) as a function of excitation energy ω for the energy loss ω− ω′ = 0. In

this case, the RIXS cross section reads very similar to the XAS cross section (10)

σ(ω, ω′ = ω) ∝

∣∣∣∣∣∑
νc

|〈ψcνc |ψν〉|
2

Ω + ∆− εc + ıΓ

∣∣∣∣∣
2

. (11)

One should notice, however, two differences between the XASRM (11) and conventional XAS

(10) cross sections. First, the XASRM cross section is proportional to the 2nd power of the

Franck-Condon factors, which results in a sharpening of the vibrational resonances. Second,

the XASRM cross section contains a lifetime vibrational interference (LVI) contribution

(interference term), which is not present for conventional XAS σ(ω) (10). As we will show

with the help of numerical simulations, the influence of the LVI is though rather small (see

Sec. III C).

III. RESULTS AND DISCUSSION

In the present paper we focus on simulations of the XAS and RIXS spectra when the

initial vibrational state of the water molecule is prepared by a preceding IR pulse. In
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what follows, we consider the six initial vibrational states ψs,a of the electronic ground

state (s, a) = (00), (10), (01), (20), (11), (02) (shown in order of increasing energy). The

incident photon energy ω is tuned near the resonances with the two lowest core-excited

states of water molecule having dissociative 4a1 and bound 2b2 character. We use a two-step

theoretical approach. First, we computed the 2D PESs of the ground and core-excited states

(Fig.1(b)) using the RASSCF method followed by the second-order perturbation theory

method RASPT2 implemented in the MOLCAS package [28]. The ab initio PESs were

further used for the time-dependent solution of the 2D Schrödinger equation and spectral

simulations, as explained in Sec. II, employing the locally developed eSPec program [9, 11].

A. X-ray absorption

The theoretical XAS profiles around the dissociative 4a1 and the bound 2b2 states are

shown in Figs. 2 and 3, respectively, for six initial vibrational excited states of the molecule

ψ00, ..., ψ02. In the case of the dissociative state we compare the XAS formation for the

symmetric H2O and non-symmetric HDO molecules. All ab initio x-ray absorption spectra

were slightly shifted (≤ −0.1 eV) in order to fit the experimental energy positions [13, 26]

measured for the case of the ground vibrational level ψ00.

1. Reflection principle and vibrational wave function mapping

The overall shape (envelope) of the absorption profiles can be easily explained using the

so-called reflection principle, well known in the photoelectron spectroscopy [2, 16], resonant

Auger scattering and RIXS spectroscopy [31, 32]. In a very similar way it can be applied here

to XAS. Indeed, as it is illustrated in Fig. 4 the x-ray absorption profile results from the pro-

jection of the initial vibrational function on to the potential energy curve of the core-excited

states. The reflection principle can be easily understood when considering the dissociative

core-excited state. The transitions to the classical turning point (vertical transition) pro-

duces absorption intensity which is proportional to the correspondent value of the ground

state vibrational wave function. Thus the XAS profile reproduce approximately the square

of the initial vibrational function. The accuracy of the reflection procedure depends on the

slope VR = −dV/dR of the core-excited potential energy curve. In the one-dimensional case
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the reflection principle has a simple graphical interpretation (Fig. 4). Indeed, Fig. 4 is quite

self-explanatory that the single maximum lowest vibrational wave function produces a single

peak structure in XAS, while the square of the vibrational wave function having two maxima

results in a double peak in the XAS spectrum. A typical synchrotron radiation consists of

a train of nanosecond pulses, much shorter that the vibrational lifetime (milliseconds). Due

to this circumstance, the questions of decoherence and time-delay between the IR and x-ray

pulses can be omitted here.

The technique of a simple geometrical interpretation can be applied to the bound core-

excited states as well. For a clear reflection on the potential slope in this case, the potential

minimum must be considerably shifted relative to the ground state minimum. For the bound

state, the vibrational structure may appear on the top of the broad structures related to the

shape of the initial vibrational wave function. The vibrational structure is formed according

to the Franck-Condon amplitudes and changes when the initial vibrational wave function

(IVWF) is changed. In the 2D case studied here it works in a very similar way, however,

its graphical interpretation becomes rather complicated. Let us describe how the reflection

principle in 2D allows to map the structure of the initial vibrational wave function.

In order to understand the XAS formation in the 2D case, let us first analyze the PES of

the ground and core-excited states. As one can see from Fig.1, the potentials are symmetric

along the symmetric stretching mode Qs ∼ R1−R2. This fact has crucial impact on the XAS

formation and can be understood when the symmetry of the IVWF is also considered. In the

simplest case of ψ00 an IVWF single peak XAS profile is produced by mapping the shape of

the square of the IVWF (Fig.2). It is here easy to associate the double maximum structure

of the ψ10 IVWF with the double peak of the XAS spectrum. However, the excitation from

the ψ01 IVWF, having two maxima, results in a single peak XAS. This can be understood

when considering the transition energy from the ground to core-excited state PES near the

two maxima of the IVWF. Due to the symmetry of the core-excited potential, the energies

related to the two maxima are the same resulting in a degeneracy of the XAS peak. We note

that when the reflection symmetry of the PES is broken, as it is the case for HDO molecule,

the degeneracy is lifted and a two peak XAS profile is observed.

XAS profiles for HDO were also computed and presented for comparison (see red lines

in Fig.2). In general, lifting of the molecular symmetry results in an observable change of

the XAS profile in the case of HDO molecule, due to the different distribution of the ground
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state IVWF. For the ψ02 initial state a three peak XAS is expected, which, however, is not

completely resolved in H2O due to the rather close energy positions of the peaks. In HDO,

the three-peak structure manifestation in XAS is rather clear. Following a similar logic the

formation of the XAS for the higher IVWF shown in Fig. 2 can be easily explained.

The 2b2 state has a bound character. Contrary to the smooth XAS profile in the case of the

dissociative state, the XAS profile of the bound core-excited state clearly shows vibrational

structure. The positions of the vibrational levels of the core-excited state is shown by the

thin green lines - a Franck-Condon factor analysis and a state assignment are also presented

in Fig. 3. The envelope of the XAS spectrum satisfies the same tendency that was explained

for the dissociative state. For the excitation of the initial ψ00 we can discern only a rather

small range of the vibration transitions limited by the Frank-Condon region. In order to

increase the FC area higher initial vibrational levels have to be considered. This results in a

broader XAS profile with more vibrational states excited as can be seen from Fig. 3. This

is very important for a more accurate mapping of the core-excited potential. It shows how

the IR-excitation of the ground state and the following excitation of the system with x-rays

give the possibility to scan the PESs of molecular core-excited states, thereby manipulating

the dynamic processes in simple molecules.

2. Selection rules and mode separation

In the bound-to-continuum transition to the 4a1 core-excited state, no selection rules are

manifested. Indeed, ground state eigenfunctions of any symmetry have non-zero overlap

with the continuum wave function. However, in the case of the bound-to-bound transition

symmetry selection rules are clearly observed from Fig. 3. Let us discuss now how the

symmetry selection rules in XAS from the vibrationally excited molecule can be used for

mode separation and mapping of the bound core-excited PES along the coordinates of par-

ticular vibrational modes. Let us start with the analysis of the wave function symmetry

in the ground and core-excited states. The important feature of the PESs of these states

is that they have reflection symmetry relative to the Qs ≈ R1 − R2 axis. This potential

characteristic defines the symmetry of the vibrational functions, which are either symmetric

or antisymmetric with respect to the reflection along the Qs coordinate. In the harmonic

approximation, the 2D vibrational wave function can be written as a product of the 1D wave
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functions:

ψs,a(Qs, Qa) ≈ ψs(Qs)ψa(Qa). (12)

The harmonic approximation is valid for the lower vibrational states, and breaks down for

the high vibrational excitation where the PES of the ground and core-excited states become

strongly anharmonic (see Fig. 1). In the case of the harmonic approximation, the symmetry

of the total 2D wave function is defined by the wave function of the antisymmetric mode

ψa(Qa)

ψa(−Qa) = (−1)aψa(Qa). (13)

This symmetry rule is illustrated by the shape of the few lowest 2D wave functions for the

ground (Fig. 2, right panel) and 2b2 core-excited (Fig. 5) states. Taking into account that

the partial XAS probability (10) defined by the overlap of the vibrational wave functions of

the ground and core-excited state, one can easily conclude that starting from the symmetric

ground state wave function ψ00 only the symmetric stretching mode progression can be

excited in the XAS. This is clearly confirmed by the XAS spectrum with Franck-Condon

analysis presented in the Fig.3. The only way to reach the antisymmetric mode excitation in

the core-excited state is to use initially excited antisymmetric stretching state in the ground

state. Indeed, when the molecule in the excited antisymmetric state ψ0 absorbs an x-ray

photon, the XAS profile contains a progression (01),(11),(21),... related to the excitation of

the first antisymmetric quantum in the core-excited state. The same vibrational progression

is excited in the case of the ψ11 initial state. In this case, however, the envelope of the

spectral profile is different, reflecting the shape of the IVWF (see Fig.4). Using even higher

excited vibrational states allows to trace higher antisymmetric vibrational states in the XAS,

as is seen from Fig. 3 (see cases ψ20, ψ02). Indeed, for both the ψ20 and ψ02 initial states

the higher antisymmetric vibrational levels a > 1 can be reached.

Let us note that due to strong anharmonisity of the PESs, the symmetry section rules

are here combined with the propensity selection rule defined by the shape of the vibrational

wave functions. In the ground state, the symmetric and antisymmetric vibrational levels

are nearly degenerate, and thus forms groups with nearly the same energy related to the

total vibrational quantum number n = s + a. The stretching modes are strongly coupled

(Darling-Dennison coupling), which sufficiently modifies the shape of the wave functions as

compared to the ones in harmonic approximation[6]. Moreover, due to the anharmonicity
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the higher ground vibrational states are not distributed symmetrically and have the ten-

dency to bifurcate [24]. In the core-excited bound 2b2 state, in contrast, the symmetric and

antisymmetric modes are well separated, as it is suggested by the PES shape (Fig. 1). We

can clearly see from Fig.3 a strong difference in the quanta of the symmetric (0.186 eV) and

antisymmetric (0.444 eV) modes. Due to this fact, the core-excited vibration states do not

show the same grouping as in the ground state. Fig.5 shows that for the lower vibrational

states the core-excited wave functions are localized mainly along the symmetric coordinate,

reflecting the shape of the PES. For the higher excited states, however, quasi-degeneracy

of the vibrational energies and coupling of the vibration states is found. For example, the

quasi-degeneracy of ψ50, ψ21 and ψ02 results in significant disturbance of the shape of wave

function (Fig.5).

The results presented above clearly show that the symmetry selection rules together with

the propensity rules provide selective vibrational excitation observed in the XAS profile. The

use of initially excited vibrational states allows to manipulate the excitation of a particular

vibrational mode in the core-excited state. In particular, the XAS from the vibrationally

excited molecule can be used for the mapping [33] of the core-excited PES along particular

(symmetric or antisymmetric) stretching modes in symmetric systems.

B. RIXS from vibrationally excited molecules

RIXS is a well established technique for probing of the electronic ground and valence

excited states of the neutral molecules. Here we consider a particular case of the RIXS,

namely electronically elastic x-ray scattering back to the ground state, the so-called ”quasi-

elastic” scattering channel. Due to nuclear dynamics in the core-excited state, a vibrational

progression is usually observed in RIXS to the ground state, which allows to study the

ground state potential along particular modes [8]. In the present section we will discuss

RIXS from vibrationally excited molecules. The RIXS spectra here are computed for the

excitation energy tuned into the resonance with the lowest vibration level νc = (00) in the

case of the bound 2b2 core-excited state, and to the vertical transition energy in the case of

dissociative 4a1 core-excited state.

In RIXS, similar to the x-ray absorption process, the reflection principle can be employed

for analysis of the spectra [32]. In the present case, the core-excited wave-packet shape is
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reflected on the ground state PES in terms of a change of the spectral envelope. For example,

the core-excited wave packet in the dissociative state propagates fast towards the long bond-

length range, which results in a wide vibrational progression in the 4a1 RIXS band up to

6 eV energy loss. In contrast, the core-excited wave packet on the 2b2 state is confined to a

rather short bond length, and thus only a relatively short vibrational progression is observed

in this case. The dependence of the spectral envelopes on the initially excited vibrational

state is also observed (see Fig. 6) as a result of the change of the shape of the core-excited

wave packet.

In a conventional RIXS transition to the ground electronic state, the lowest vibrational

level appears at zero energy loss and corresponds to the totally (electronically and vibra-

tionally) elastic scattering channel (see Fig.6, upper plot). Here we consider scattering

starting from the excited vibrational level. When the final vibrational level is lower than

the initial one, it results in the emission of a photon of higher energy than absorbed one, the

so-called anti-Stokes, having negative energy position in the energy loss scale ω − ω′. From

Fig.6, one can see that RIXS starting from the n = 1 group results in one anti-Stokes line,

which corresponds to the transition to the ψ00 state.

Symmetry selection and propensity rules can also be applied to RIXS spectra. In con-

ventional RIXS, starting from the ground vibrational level, the symmetry selection rule

allows scattering only to the even vibrational states of the antisymmetric stretching mode

a = 0, 2, .... As it was discussed in [15] the selection and propensity rules manifested in the

RIXS profile of water and open the possibility for selective gating of the stretching mode. In

the case of RIXS from a vibrationally excited molecule the selection rules are modified ac-

cordingly to the symmetry of the initial vibrational state. For example, one can see that the

anti-Stokes line is forbidden in RIXS from ψ01. Indeed, the initial antisymmetric vibrational

wave function ψ01 does not allow for transitions to the pure symmetric final state ψ00. A

similar situation is observed in the case of the antisymmetric initial wave function ψ11 (see

Fig. 6). The second (elastic) peak in the RIXS spectra from the initial states of the n = 1

group (ψ10, ψ01) corresponds to the transition to the n = 1 group of two nearly degenerated

final vibrational states ψ01 and ψ10. Due to this fact, this resonance can be observed for

both initial symmetric and antisymmetric states (e.g. ψ01 and ψ10). However, in the case

of the initial ψ10 (ψ01) state only the symmetric (antisymmetric) component of the doublet

n = 1 is allowed. In the case of RIXS starting from the initial vibrational group with n = 2
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two anti-Stokes lines may appear – corresponding to transitions to the n = 0 and n = 1

final level groups. Similarly to the initial n = 1 states, in the case of the antisymmetric ψ11

state the anti-Stokes line for the transition to ψ00 is forbidden for the both the intermediate

4a1 and 2b2 states.

The quasi-degeneracy of the vibrational states results in fine structure in the RIXS spectra

which is strongly dependent on the initial vibrational state, since reflection symmetry of the

wave function has to be preserved. This fact is illustrated in Fig. 7 where a zoom-in on

the RIXS spectra in the 0-2 eV interval is shown. The Franck-Condon analysis presented

by the colored bars were computed as an overlap of the integrated core-excited wave packet

with the ground state vibrational wave functions 〈Ψ(0)|ψs,a〉. The reflection symmetry of

the core-excited wave packet is defined by the symmetry of the initial vibrational functions,

which results in the selection rules for the RIXS channels. This selection rules are, however,

strict only for the lowest levels, were the PES can be considered as harmonic (Fig. 7). Due

to the anharmonisity of the potential, the selection rules are modified by propensity rules

for the higher vibrational levels, reflecting the difference in shape of the PESs of the core-

excited and final states of RIXS. For higher vibrational states in the RIXS progression the

difference between 4a1 and 2b2 intermediate states becomes obvious (Figs. 6, 7), relating

to the change of the fine structure due to the change of the shape of the core-excited wave

packet. The propensity rule is much stronger in the case of the bound 2b2 state, since the

eigenfunction of this state differs significantly from the ground state wave function. Indeed,

in the case of the dissociative state, the selection rules are clearly preserved up to group

n = 5 (see Fig. 7), while the RIXS spectrum via the 2b2 state demonstrates excitation of

the mixed quanta ψ12, ψ22.

C. XAS measured in the Raman mode

As discussed above (see Sec. II D), in the case when selective population of an individual

vibrational level of the ground state can not be reached the experimental XAS profile will

show the sum of the cross-sections from different vibrational states weighted with their

populations. In order to obtain an individual XAS profiles (10), we propose here to apply

XAS measurements in the x-ray Raman scattering mode (XASRM, see Sec. II D). The

vibrational structure of the 2b2 bound state allows for a rather detailed comparison between
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XASRM and XAS. In order to investigate XASRM, we computed the RIXS maps by scanning

the incident photon energy in a broad range across the 2b2 resonance for the two initial

vibrational states ψ00 and ψ10 (Fig. 8). A horizontal cut of the maps corresponds to a RIXS

spectrum at a particular incident photon energy. As was discussed in Sec. II D, the XASRM

spectra can be obtained following the main diagonal of the RIXS map, where ω = ω′. One

can see clearly that the intensity on the diagonal ω = ω′ in the left (right) plot strongly

reminds of the squared x-ray absorption profile for the initial level ψ00 (ψ10) (Fig. 3). As

already mentioned, the XAS profile (10) is proportional to a square root of the XASRM

profile (11). Square root of the diagonal cuts of the RIXS maps in Fig. 8 are presented in

Fig. 10 together with the XAS profiles which clearly illustrate the ability to measure XAS in

RIXS mode. Let us note that the XASRM profile, proportional to squared Franck-Condon

intensities, shows in general a better resolution as compared to conventional XAS. A slight

deviation of the XAS and XASRM results from the LVI interference in the core-excited state

contributing to the RIXS spectra. One should note, however, that in the case when both ψ00

and ψ10 are initially populated, the experiment measures a superposition of the two RIXS

maps. In the present case of the water molecule, where XAS to the 2b2 state shows a rather

long vibrational progression, the RIXS spectra from the two initial states partially overlap

at the region ω ≈ 535.7 . . . 536.7 eV, so only a lower energy part of the XASRM from ψ10

remains uncontaminated by the contribution from the ψ00 RIXS and thus can be measured

using XASRM. We note that the vertical transition energy ωvert
c0 , which corresponds to the

maximum of the XAS profile, becomes smaller for the higher initial vibrational levels of the

ground state, thus the whole RIXS map is shifted to lower energies in an absolute scale.

Indeed, for the group n = 2 initial states the first absorption peak appears at 534.8 eV,

which is about 1 eV below the first vibrational resonance for the ψ00 excitation (see Fig. 3).

Therefore, the XASRM band can be considerably shifted for the highly excited vibrational

levels (n ≥ 3) as compared to ψ00 XASRM and thus the profiles can be separated.

The RIXS maps plotted in a relative energy scale, using the detuning Ω and the energy

loss ω−ω′, for the 2b2 and 4a1 intermediate states and three initial vibrational levels ψ00, ψ10,

and ψ01 of the ground state, are collected in Fig. 10. In this case, obviously, the ω = ω′ band

always coincides with zero energy loss, which does not allow to separate XASRM profiles

from different initially populated states. However, as one can see from the RIXS maps,

the incoming energy dependence of the intensity of each final vibrational state (see vertical
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bands in Fig. 10) resembles the XAS envelope. Indeed, one can clearly see a splitting of the

RIXS map into two bands with Ω ≈ 0.9 and -0.1 eV in the case of the ψ10 initial state. This

behavior reflects the double peak structure of the XAS (see Figs. 2, 3). In the case of ψ00

and ψ01 initial levels the XAS spectrum consists of a single peak, in total agreement with the

behavior of the RIXS maps. Moreover, the fine structure of the each individual band shows

vibrational structure of the core-excited state. This partial XAS separation in XASRM can

be obtained by following the RIXS intensity of different final vibrational states.

Let us consider the anti-Stokes line at negative excess energy, which appears for scattering

from n = 1 initial vibrational levels to the n = 0 final vibrational state. This line is clearly

separated from the elastic scattering channel ω = ω′. Furthermore, due to the symmetry

selection rules, the anti-Stokes line is forbidden for the antisymmetric ψ01 initial state,

allowing for a clear separation of the XAS contribution from the ψ10 initial state. The

Frank-Condon factors for the XASRM on the elastic channel differ from the ones for the

anti-Stokes line, which results in a slight change of the XASRM profile as compared to

eq.(11)

σ(ω, ω′ = ω + ε10) ∝

∣∣∣∣∣∑
νc

〈ψ00|ψcνc〉〈ψ
c
νc |ψ10〉

Ω + ∆− εc + ıΓ

∣∣∣∣∣
2

, (14)

where ε10 is the vibrational energy of the ψ10 state. The calculation of XASRM using the

anti-Stokes line is illustrated in Fig. 10 (dashed line). In spite of some disagreement with

the XAS profile, the XASRM spectra based on anti-Stokes line shows all the main features

of the absorption spectra, as well as accurate positions of the vibrational resonances in the

2b2 core-excited state. Similarly, the anti-Stokes lines for higher initial vibrational levels

n > 1 can be used to single out the partial XAS contribution from these states.

IV. CONCLUSIONS

We have presented a theoretical study of x-ray absorption (XAS) and resonant inelastic

x-ray scattering (RIXS) spectroscopy applied to vibrationally excited molecules, using wa-

ter as a demonstration case. We have shown the flexibility of the IR-pump - X-ray-probe

method for advanced studies of symmetric molecules, where the symmetry of a selected

initial vibrational state allows to address a particular vibrational mode in the core-excited

state and therefore also in the final RIXS state. The excited vibrational wave function of the
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ground electronic state is more broadly distributed over nuclear coordinates as compared

to the lowest vibrational wave function located near the equilibrium bond length, which,

according to the reflection principle, allows to study an extended energy range of the po-

tential energy surfaces (PESs) of the core-excited and final states. Together with symmetry

selected excitation, the studied pump-probe technique can be applied for multidimensional

mapping along a particular direction – as it here was analyzed for the symmetric or an-

tisymmetric modes of the water molecule. We have shown that XAS measured in x-ray

Raman mode allows to obtain a partial spectrum initiated from a single vibrational level of

the ground state. Some of the results for the pump-probe method applied to the symmetric

water molecule were compared against calculations for the non-symmetric HDO molecule,

showing how the selection rules then alter the XAS and RIXS spectra. The proposed tech-

nique can be applied for advanced symmetry resolved studies of polyatomic molecules and

ground state vibrational excitation followed by x-ray absorption can also be used for con-

trolling chemical reactions over transition state barriers, as well as ultra-fast fragmentation

and isomerization processes in the short-living core-excited states.
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Review A 59, 300 (1999).

[13] A. Hiraya, K. Nobusada, M. Simon, K. Okada, T. Tokushima, Y. Senba, H. Yoshida, K. Kami-

mori, H. Okumura, Y. Shimizu, A. L. Thomas, P. Millie, I. Koyano, and K. Ueda, Physical

Review A - Atomic, Molecular, and Optical Physics (2001), 10.1103/PhysRevA.63.042705.

[14] P. Sa lek, F. Gel’mukhanov, and H. Ågren, Physical Review A 59, 1147 (1999).
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FIG. 1. (a) The stretching vibrational modes of the water molecule and valence coordinates rep-

resentation. (b) 2D stretching mode potential energy surfaces of the ground state (GS) and two

lowest core-excited states of water molecule (dissociative 4a1 and bound 2b2) in valence coordi-

nates R1, R2. The directions of the normal symmetric Qs and antisymmetric Qa are also shown

schematically.
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FIG. 2. Theoretical x-ray absorption spectra of gas phase H2O (blue lines) and HDO (red lines)

molecules at the dissociative 4a1 resonance. XAS from the six lowest vibrational levels are shown.

The right-hand side panels present the initial vibrational wave functions of water together with

the core-excited state potential of water drawn by the isolines. Red and blue parts of the wave

functions describes positive and negative values, respectively.
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FIG. 3. X-ray absorption spectra of gas phase H2O near the bound 2b2 core-excited state. Six

lowest initial vibration states are denoted as ψs,a, and their vibrational wave functions are presented

in Fig.2. Green dashed lines correspond to the core-excited vibrational energy levels. Calculated

Franck-Condon factors are represented by the assigned red lines.
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FIG. 4. Schematic representation of the ground state vibrational wave function mapping using

the transitions to the continuum and bound core-excited states based on the reflection principle.

XAS at the left-hand side shows excitation from the ground vibrational level, while XAS at the

right-hand side shows excitation of the first excited vibrational state having one node.
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FIG. 5. The first ten vibrational eigenfunctions ψcνc of the core-excited 2b2 state of H2O. The plots

are arranged (left-right, up-down) by increase of the vibrational energy (shown in the plots) and

labeled with the 2D vibrational quanta numbers (s, a).
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FIG. 6. Theoretical RIXS spectra of a vibrationally excited H2O. The plots are marked with

initial vibrational wave functions used in the RIXS simulations. The 4a1 RIXS spectra are shifted

vertically for better visibility.
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FIG. 7. Fine structure of the RIXS spectrum of H2O molecule with initial vibrational state ψ10 and

ψ01. The dashed lines show the ground state eigenvalues. The blue and red lines show the Frank-

Condon factors for the emission from 4a1 and 2b2 states, respectively. The allowed vibrational

states are assigned.
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FIG. 8. RIXS maps for the scattering process from the initial (a) ψ00 and (b) ψ10 excited vibrational

functions via the 2b2 core-excited state of H2O. The absolute energy scale is used: incident vs.

emitted photon energy. Each map is normalized to its maximal value.

FIG. 9. RIXS 3D maps for the tree lowest initial states ψ00, ψ10, and ψ01 via 4a1 (a-c) and 2b2

(d-f) core-excited states of H2O. The relative energy scale of detuning Ω vs energy loss ω − ω′ is

used. All maps are normalized on their maximal value.
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FIG. 10. XASRM spectra of H2O molecule obtained from RIXS maps (Fig. 9) at fixed energy loss

(ω−ω′) for 4a1 (a-c) and 2b2 (d-f) core-excited states. The ψ00 (a,d), ψ10 (b,e), and ψ01 (c,f) initial

ground vibrational levels are used. The black line is the conventional XAS profile, while the red

lines are the square root of the XASRM cross section (11) for ω−ω′ = 0. The green dashed line is

the square root of XASRM profile found using the anti-Stokes line ψ10 → ψ00 (14) (ω−ω′ = −0.46

eV). All spectra are normalized on their maximum values.

30


	IR-pump - X-ray-probe spectroscopy of vibrationally excited molecules
	Abstract
	Introduction
	Theory
	2D approach for coupled stretching modes
	X-ray absorption of vibrationally excited molecules
	Resonant inelastic x-ray Raman scattering of vibrationally excited molecules
	X-ray absorption in the Raman scattering mode

	Results and discussion
	X-ray absorption
	Reflection principle and vibrational wave function mapping
	Selection rules and mode separation

	RIXS from vibrationally excited molecules
	XAS measured in the Raman mode

	Conclusions
	Acknowledgement
	References


