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Modern stationary X-ray spectroscopy is unable to resolve rotational structure. In the present paper, we
propose to use time-resolved two color X-ray pump—probe spectroscopy with picosecond resolution for
real-time monitoring of the rotational dynamics induced by the recoil effect. The proposed technique
consists of two steps. The first short pump X-ray pulse ionizes the valence electron, which transfers
angular momentum to the molecule. The second time-delayed short probe X-ray pulse resonantly excites
a 1s electron to the created valence hole. Due to the recoil-induced angular momentum the molecule
rotates and changes the orientation of transition dipole moment of core-excitation with respect to the
transition dipole moment of the valence ionization, which results in a temporal modulation of the probe
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X-ray absorption as a function of the delay time between the pulses. We developed an accurate theory of
the X-ray pump—probe spectroscopy of the recoil-induced rotation and study how the energy of the
photoelectron and thermal dephasing affect the structure of the time-dependent X-ray absorption using
the CO molecule as a case-study. We also discuss the feasibility of experimental observation of our
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1 Introduction

There has been a significant research interest in controlling
and imaging molecular translational and rotational dynamics.
Control over motion of a single molecule using the scanning
tunneling microscope (STM) tip is the key to operation of
surface-adsorbed molecular machines."” Time-resolved pump-
probe measurements allow the fast laser-induced unidirectional
molecular rotation to be studied using the “optical centrifuge”
technique®* and real-time monitoring of laser-induced molecular
alignment and orientation.>® The study of rotational structure is a
conventional subject of stationary microwave spectroscopy,” which
requires neither electronic nor vibrational excitation. Moreover,
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theoretical findings, opening new perspectives in studies of molecular rotational dynamics.

infrared (IR), optical, and ultraviolet (UV) spectroscopies’ are also
broadly used for rotational studies, thanks to the long lifetime of
the valence electronic and vibrational excited states and to the high
spectral resolution in that spectral range. In principle, the rota-
tional structure can be also resolved in resonant inelastic X-ray
scattering (RIXS) or resonant Auger scattering (RAS),® as the rota-
tional frequencies are larger than the small lifetime broadening of
the final valence-excited state of the scattering process. Unfortu-
nately, the limited resolution of conventional X-ray spectrometers
does not allow the rotational structure to be resolved. However,
there are two X-ray spectroscopic techniques which allow molecular
rotation to be probed. The first one is rotationally resolved optical
fluorescence from a molecule ionized by X rays, which allows recoil-
induced molecular rotation to be probed.’ Secondly, the recoil-
induced rotation of a molecule triggered by ejection of an electron
was recently probed using Auger spectroscopy,’* where the Auger
decay was inherently delayed with respect to the photoionization by
the lifetime of the core-ionized state. The bottleneck of stationary
X-ray spectroscopy for studies of rotational dynamics lies in the very
small rotational frequency when compared to spectral resolution
in the X-ray range. However, the small rotational frequencies
(or large period of molecular rotation) becomes an advantage for
time-resolved pump-probe spectroscopy as it does not require large
temporal resolution.

In the present paper we theoretically study the molecular
rotation induced by X-ray photoionization using two-color
all X-ray pump-probe spectroscopy. Upon ejection of a fast
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photoelectron, a molecule gains a recoil momentum, which not
only kicks the molecule in the opposite direction, but may
also induce its rotation around the center of mass. Although
the photoelectron recoil effect does not create unidirectional
rotation, we show that the angular recoil induces a recurrent
modulation of the probe X-ray absorption signal. We study in
detail the effect of initial rotational temperature and energy of
the ejected photoelectron on the temporal profile of the probe
signal.

The paper is organized as follows. In Section 2, we present
the physical model of the studied two colour all X-ray pump-
probe (XX-PP) process taking into account the nuclear degrees
of freedom of a molecule using a time-dependent wave packet
technique. The general theory of the XX-PP process in Section
2.1 is followed by the theory of the studied pump-probe process
for non-overlapping short pump and probe pulses in Section
2.2. The effect of thermal population of initial rotation levels is
discussed in Section 2.2.2. We highlight in Section 2.3 the
mechanism of the recoil-induced rotational dynamics. The role
of vibrations is elucidated in Section 2.3.3. Numerical simulations
for the showcase CO molecule and the discussion of the role
of the photoelectron energy and thermal dephasing on the recoil-
induced recurrent structures are discussed in Section 3. Our
findings are summarized in Section 4. To make the presentation
more fluent we moved heavy derivations to the ESLt

2 Theoretical model

The time-resolved two-color X-ray pump-probe process studied
here is shown in Fig. 1. We consider the interaction of a
molecule with X-ray pump &;(¢) and time-delayed X-ray probe
&>(t — 1) pulses

1 ; 1 .
Eelé‘)l (t)e™™" +c.c., Eezé”‘z(t —1)e " +cc.. (1)
Yy
Pump " e X
&(t=0) ( / I )
&
S 50
Probe Td Tl
&(t=T) _J
Ols t=0 t=T

Fig.1 Scheme of the electronic transitions (left panel) in the studied
pump-—probe process with two time delayed X-ray pulses (right panel).
The pump X-ray pulse &) (red arrow) at the instant t = O ionizes the
electron from the HOMO 5c to the continuum state . The ejected
photoelectron with the momentum k transfers to the molecule recoil-
induced angular momentum Jgec = aR X k (Jrec = JrecSin 0). Then, the time
delayed probe X-ray pulse &, (blue arrow) at time t = t promotes the core
electron of the oxygen atom Ols to the previously created valence hole in
HOMO s, and probes the recoil-induced rotational dynamics.
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Here e; and o; are the polarization vector and frequency of the
X-ray field &; of the pulse with duration 4. We assume that
both linearly polarized fields have moderate intensity.
To develop a theory of the proposed XX-PP process let us consider
a case study of the CO molecule, which has an electronic ground
state ¥, = |X'Z") = [16°26”36%46%11*56%). The pump X-ray pulse
&1 (t) ionizes an electron from the highest occupied molecular
orbital (HOMO) 5c. The frequency w;, of the transition 56 —
is the sum of ionization potential Is, of 50 electron and the
kinetic energy of the photoelectron ¢

k2

g = Iss + ¢, 8:?, (2)
where Vy is the wave function of photoelectron with momentum
k. We neglect the small shift of I5, due to the energy of the initial
rotational state ¢;. The time-delayed probe X-ray pulse &>(t — )
promotes an 1s core electron to the created valence hole in the
50 molecular orbital (Fig. 1). To be specific, let us consider here
the O1s — 50 core-excitation with the resonant frequency w,; =
528.1 e€V."> Thus we will study the following pump-probe
process

t=0: o +¥% — Y +e,

t=1 wy+ ¥ — Y

We mark the ground ¥, = |16%°20°3c”45°11*557), valence-
ionized ¥, = |50 ') and final core-ionized ¥, = |O1s™ ") states
by indexes i = 0, 1, and 2, respectively. It is worthwhile to note
that the dominating X-ray absorption transition O1s — 27 with
resonant energy of 533.4 eV'> from the ground state of CO does
not mask the X-ray transition O1ls — 5c with resonant energy
of 528.1 eV'? in the cation CO*(56™ %), having smaller transition
energy.” It is worth noting, that the pump X-ray pulse can
ionize any valence electron (e.g. 17, 40, etc.) and not only 5c.
However, since the probe X-ray pulse is tuned in resonance with
the O1s — 50 transition it selects only the targeted pump-
probe channel (56 — 301s — 50).

Instead of the process presented in Fig. 1, where ionization
of the highest occupied molecular orbital (HOMO) 56 is
considered, one can also consider schemes with the valence
hole in the lower molecular orbitals (1w, 4o, etc.). The only
difference with the presented scheme is the much shorter
lifetime 1/2y of these intermediate states ¥, in comparison
with |¥;) = |567"). This is because the |56™") state is the
ground electronic state of the CO" cation.

Absorption of the pump X-ray photon induces ejection of the
fast photoelectron from the HOMO of the CO

Vse = Woss + Wes0s 3)

which is a coherent superposition of the the atomic orbitals of
the oxygen ¢ 55 and carbon V¢ s atoms (see eqn (S10) of ESIT).
Consequently, the ionization cross-section is the sum of three
terms (see Section II of ESIY)

0o * 0¢ + Ging, (4)
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where ¢, and ¢ are the partial ionization cross-sections of the
oxygen and carbon atoms, respectively, and o, is a contribu-
tion caused by the interference of these ionization channels.
This in nothing else than the Cohen-Fano interference.'*® The
interference term for randomly oriented molecules is negligibly
small™*™*® (see Section III of ESIt)

sin(kR)
kR

Gint X < 060,0c, kR>1 (5)

in the energy region studied in the present article. Here R is the
radius vector between carbon and oxygen atoms. Since the
ionization cross-section is simply the sum of the ionization
cross-section from the oxygen and carbon atoms oo + oc, we
will analyze below the partial contribution of the n-th atom.
All vectors ey, e,, k, and R are defined in the laboratory frame.
Ejection of a fast photoelectron from the n-th atom is
accompanied by recoil which results in a recoil-induced
molecular rotation characterized by the maximal value

Jm = 9kR, n=C,0 (6)

of the recoil angular momentum J8s = ow,R x k ( (o = i),

sin @) and the angle © = / (k,R) between k and R.'""® Here o =
mol(me + me) = 0.571, ag = mc/(imc + me) = 0.429, mc and mg are
masses of the carbon and oxygen atoms, respectively. Below we
will see that the intensity of the probe absorption, which is the
main subject of our study, does not depend on the angle ©.
This is because the absorption of the probe X-ray pulse is
formed by contributions from molecules with all orientations
of R for all directions k of ejection of the photoelectron.
Transfer of the recoil angular momentum creates a rotational
wave packet of the molecule, whose evolution can be effectively
studied by the second delayed probe pulse in the framework of
XX-PP spectroscopy, as discussed in details below. Here and
below the contribution from the momentum of the incident
X-ray photon is not included due to its negligibly small value in
the studied energy range.'®

It is useful to outline the structure of the derivations for the
absorption cross-section of the short time-delayed X-ray pulse
in diatomics, given in the following Sections:

(1) In Section 2.1 we solve the amplitude equations for the
studied process (Fig. 1) and obtain a general expression for the
time-delayed absorption cross-section oy(t,t) of the probe X-ray
pulse by a molecule in its initial rovibrational state | J,M,,0)
with the rotational and vibrational degrees of freedom and
fixed momentum of the photoelectron ionized by the pump
X-ray pulse.

(2) In the beginning of Section 2.2 we compute y(z,t) for the
non-overlapping pump and probe X-ray pulses.

(3) In Section 2.2.1 we consider the important case of short
pump and probe pulses and compute the probe absorption
o(7). In this case the rovibronic wave packet evolves only
between the pulses which results in a drastic simplification of
the expression for the probe signal. Moreover, we show that the
dynamics of the vibrational wave packet does not affect the
probe absorption (see also Section 2.3.3).

This journal is © the Owner Societies 2022
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(4) At the next step (Section 2.2.2) we take into account
thermal population of the initial rotational levels.

(5) In Section 2.3 we analyze dynamics of the recoil-induced
rotation using photoelectron local phase factor as a reason for
the recoil effect. Here we focus on the specific case of CO
molecule, considering the structure of transition dipole
moments for the pump and probe pulses.

(6) In Section 2.3.1 we describe the connection between the
recoil-induced angular momentum and the momentum of the
photoelectron.

(7) The final expression for the probe X-ray signal derived in
Section 2.3.2 shows the interference in time domain between
the recoil-induced rotational levels, which is manifested as the
rotational revivals discussed in Section 3.

2.1 General theory

The interaction of the pump &) and probe &, X-ray pulses
(1) with the molecule mixes the ground, intermediate
valence-ionized, and the final core-ionized states. Therefore,
the total molecular wave function in the interaction picture
reads

W = ayWolio) + Y aulin) + Y asihslda),
A )
/ln = Jn7 Mm Vn,

where V,, and |4,) = | J.M,,v,) are the electronic and nuclear
wave functions, respectively. The nuclear wave function, in
turn, is the product of rotational | J,M,) = Y; »; and vibrational
|v,) wave functions. In the present study we assume that only
the lowest vibrational level is populated in the ground state v, =
0. To make the presentation more comprehensible

|20} = | JoMo,0)

we start from one initial rotational state | JoMo) = Yj . The
general case of thermal population of many initial rotational
states will be considered below in Section 2.2.2. Since our
approach is limited to weak probe and pump pulses, we neglect
depopulation of the ground state assuming ay;, = 1. The
amplitudes of the intermediate a,; and final a,,, states satisfy
the following system of equations in the rotating wave approxi-
mation (in atomic units)

any +yars, = i(h|Go(2)]do)e B E )y, |

oy + Taryy = 1) (40| Gor (1 = ) )™ @ F BV, (o
P

()

dig

<l//k‘r|lpn,50>7 dy = <l//56|r|015>7

where the nuclear energy E; of the i-th electronic state is the sum
of rotational and vibrational energies, k = V2e, @, = w1-w1 and
Q, = w,-m,; are the detuning of the frequencies of pump and
probe fields relative to the frequencies of pump (w;,) and probe
(wy1) electronic transitions, w,; is the spacing between the
bottoms of the potential energy curves of the final and inter-
mediate electronic states; y and I" are the lifetime broadening of
the valence- and core-ionized electronic states, Yo 55 and Yc s
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are defined in eqn (3). The strengths of the interaction with the
pump and probe pulses are defined by the Rabi frequencies
Giolr) = &1(1)(er - dig)) /2 G (1) = &2(1) (€2 don) /2,
respectively.

Our main interest is the absorption probability of the second
probe X-ray pulse on the transition 1 — 2

ow(7,1) = 23 1m (a1, (1) (|Gl = 1) 22} ~Fa B 1)

A,
®)

which is defined by the off-diagonal element of the density
matrix  py;,;, (1) = ax, ()aj;, (1).
solution of the amplitude eqn (7)

and

Taking into account the

il
(1) :ie_""J A6 (11 Gro () A e~ —En)s

azgz(l‘) = l’efrlJ‘r_ dllen‘ Z <12|G21(1‘1 — T)Ml) (9)

2
w e~ {(@=Ep+E; )1 ai;, (1)

and eqn (S28) of ESIL,T the probability (8) can be written in the
following compact form

—iHyt it . —(I'+)t

ok(t,1) = 2Re(¥(1)|e™' Gy (1 — t)e H21eile

t
X J dlle’Hﬂl Gry (l] — ‘C)eiiHllleilgzlle(rﬂ’)” |tp(l‘1)>.
—00
(10)

We introduced here the nuclear Hamiltonians H; and H, of the
intermediate and final states, respectively. The nuclear Hamil-
tonian of the i-th electronic state

H; =i + B (11)

is the sum of the vibrational A/"® and rotational #:°* Hamilto-
nians with the eigenvalues ¢,, and ¢, respectively. The nuclear
wave packet created by the pump X-ray pulse reads
1 |Jo My, 0).

|lp(l)> = ji dlleiH]llGlo(ll)eil(Ql (12)

2.2 Non-overlapping pump and probe X-ray pulses

The general eqn (10) for absorption cross section of the probe
signal can be solved numerically. However, it is instructive to
derive an analytical expression by applying some reasonable
approximations. For this, let us consider non-overlapping X-ray
pulses, when the delay time 7 exceeds significantly the pulse
duration 74 (t » 14). In that case, the absorption of the probe
X-ray pulse happens at times ¢ & © » 14, where |P(t)) = |¥(0)).
Since the lifetime broadening of valence ionized states is rather
small in general, the product y74 « 1 and thus we can neglect
exp(yt;) in expression (12) for |¥(0))

v = |

o0
dtleilel Glo(tl)e—igm |JOM07 0>.

—00

(13)

The XX-PP probability should be integrated over the time
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domain covering the probe X-ray pulse
ok(1) = Jdlak(r, 1)
Making use of the replacement ¢t — t + 1, ¢, — ¢; + T we obtain

O‘k(f) :2Re{e—2;rrj dt('f’(oo) ‘eiH] (H—r)G12(t)e—in(t+r)ei£22re—(1"+",r)t

!
XJ dtlefH2<"+I)G2|(l|)e H) (1 47) o =i 1 o (M- f1|lp( ))}

(14)

2.2.1 Short pump and probe pulses. In this article we study
the interaction of molecules with short pump and probe pulse
so that the nuclear wave packet does not have time to change its
shape during the exposing of the X-ray pulses. More precisely,
we assume that the pulse duration t4 is shorter than the
characteristic time 1/E; of the evolution of the rovibrational
wave packet in the intermediate and final states

TdE/li < 1, i= 1, 2.

(15)
With this assumption one can replace e”"G,o(f) by Gyo(t) in
eqn (13), and replace e”‘G,(f)e” ™ by G1,(t) in eqn (14), then
the equation for probability (14) takes the form

ox(t) = 2e 7" Re{J

—00

dt(‘P OO)|€ZH1TG12( )ezgzre—l“t

(16)
t
XJ dt1021(l‘l)eiiHlTeiigztlenl ‘T(OO»}

with |¥(c0)) = [*_diGio(t)e "|JyM,,0). Since the photo-
electron is not detected in the studied process this probability
should be integrated over the final states of the photoelectron
(momentum k and spin)

a(z):zj'(;t‘)ﬂ(r 2fﬂ3‘dk‘

Here k = k/k is the unit vector along k. To be specific let us
consider X-ray pulses having a Gaussian temporal envelope

(17)

deveo(1).

(O@ 2 2
= ot =0

Taking into account eqn (S6) of ESLt Q; = w; — Iss — ¢ (see
eqn (2)) and [dev/zexp(—(Q174)?) ~ kv/T/(14V2) we obtain

k|&162> 5. R
o(z) ~ S'L‘T/' 0(0s Dp(e), p(2) = [dkny(o)
(1) = (ol(er - di)e™" ey - din)(es - dor)e ™1 (ey - dly))] o),
(18)
where
D(Q,, ReJ dre " 2 /2t el\/_ (Qo+il)t 19
(@) = — f (19)

is the Voigt function and k = /2(w; — Iss). The rovibrational
states of the nuclear Hamiltonian (11) of the intermediate state

This journal is © the Owner Societies 2022
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are the product of rotational leMl(ﬁ] and vibrational |v;) states

H\|J\My,v1) = Ej, |JiM1,v1),

|J1M17V1> = YJIMl(ﬁ)|V1>7 E/H :EJH/] =&y T ey

Therefore, it follows that the delay time dependence is defined

by the beating between interfering rovibrational levels of the

pumped electronic state

i(E s 1—Ej )t n I
i d(()1>)|J|M17V1>

(1) = Z Z e (JoMo, 0] (e

X <];M;,I/;‘(ez ~d12)(e2 ~d21)|J|M17V1>

X <J1M1,l/1‘(el d(lr(l)))‘JoMo,0>

(20)

Now we are in stage to discuss the role of the vibrational and
rotational degrees of freedom on the time dependence of the
probe signal.

The transition dipole moment d,; of the probe transition
O1s — 50 being an almost atomic matrix element (see eqn (7)
and Fig. 1) only weakly depends on the elongation of the bond
R. Due to this we neglect the change of the vibrational quantum
number in the matrix element

(M, vy](er - dio)(er - doy)[Ji My, 1)
., (21)
~ (SV{UI (J1M1|(e2 . dlz)(ez . d21)|J1M1>.
This approximation and the role of vibrations are discussed in
greater detail in Section 2.3.3. Eqn (21) and the condition of

completeness of the intermediate vibrational states
>~ |vi){vi| = 1 result in the following expression

"(Sl é'/1 n) ’ ’
px(1) = Z e (JoMo0l(e; -dgy")|J, M)

KM M,

")) JoMo0),
(22)

X (Jy M |(e2-d1) (€2 -y ) [Jy M1 ) (J1 M| (e -

which shows that for short pump and probe X-ray pulses (15)
the delay time-dependence is entirely defined by the rotational
dynamics in the intermediate state, while the vibrational con-
tribution is entirely cancelled out. The physical background of
this important fact is that the rovibrational wave packet has no
time to change its shape during the short duration of the pump
and probe pulses (see eqn (15), (14), (16) and Section 2.3.3) and it
develops only during the delay time between the pulses T ~ 0.1-
1 ps, which is significantly longer than 74 ~ 1 fs < (g, + sjl)*l

The time-dependence of the probe signal (22) is determined
by the spacing between interfering rotational levels ¢ e =

B(J; — J1)(J; +Ji + 1), where B=1/2I is the rotational constant
and I is the moment of inertia of the intermediate state.

2.2.2 Thermal population of the ground state rotational
levels. We study an ensemble of diatomic molecules in the
lowest vibrational level of the ground electronic state. So far, we

This journal is © the Owner Societies 2022
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have neglected the thermal population of rotational states and
discussed the XX-PP process starting from the initial rotational
state Y](,M()(ﬁ)- In real system the ground state rotational levels’
populations are defined according to the Boltzmann distribution
with the Boltzmann constant kg and temperature 7. Accordingly,
eqn (22) should be replaced

= Al(oe

( i n ! !
=" 3 T oMo, 0](er a1 M)

Mo gy My M|

73/0/kBT
7

X (J, M |(2-d12) (€2 -day ) |Jy M1 ) (M | (e -dVy)) | Jo Mo, 0),

Moreover, according to eqn (18) the probe signal should be
integrated over the directions of the photoelectron ejection,
which gives us the final expression for the cross section
taking into account temperature and photoelectron emission
dependence:

SIO/kBT
)

Zp
pa)=[akYS 3

Mo gm0 M|

p(t) = Jdkpk

l‘jr 8/1

(JoMo,0](e; -d())[J M)

X (J;M;|(e2-d12)(e2-d21)|J1M1><J1M1|(e1 d(l’(1)>)‘J0M0,O>

2.3 Transition dipole moments and the recoil effect

The classical expression for the recoil angular momentum (6) is
not enough to understand the details of the recoil-induced
rotation. Here we give the quantum theory of this effect based
on the transition dipole moment of photoionization d{J which
is responsible for the momentum exchange between the
molecule and the photoelectron. In order to proceed further
we need to compute the dependence of the orientation of
the transition dipole moments d(ﬁ,) and d,; on the electron
momentum k and interatomic radius vector R. The transition
dipole moment d() of the valence ionization Vnss — Yi is the
product of the atomic prefactor d™ and phase factor

Fionk-R
e+ n ,

which describes the recoil effect'®'"'*'9" (see Section I of
ESIt). The partial contribution Yo s, and Ycs, of the 5c
molecular orbital (3) consists of 25" and 2p" atomic orbitals
(see eqn (S10), ESIt). Therefore, d™ = 4,k + B,R + C,(k-R)k,
since only 25 - ep and ngﬂ — ¢s, ed ionization channels are
allowed. Here and below we use the following notation for the
unit vector k = k/k. It is worthwhile to note, that the origin of the
last two terms in the expression for d" is the 2p?” ionization
channel. Summarizing the above discussion we can write'®"'"
(see Sections I and II of ESIt)

dly = dWeFkR g™ = 4 k + B,R + C,(kRk. (23)

Here, one should use e “**® and ™R (see Section I of ESI¥).
The partial transition dipole moment d™ is sensitive to the
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element because the contribution of the atomic orbitals in the

50 orbital is different for the oxygen and carbon atoms as one

can see from the expressions (517) for A,, B, and C, in ESL¥
The dipole moment

dy; o (Ols[r[2p2) o def(f ‘R) = 43—”11

of the probe Ols — 5c transition is oriented along the unit
vector R = R/R which is parallel to the molecular axis. The
reason for this is that the O1s atomic orbital (AO) is an isotropic
function while the 2p2 AO depends on the angle 3 between the
radius vector of the electron r and R as cos 3 = (i-R).

To avoid cumbersome expressions, let us consider the case
of the 2s™ ionization channel, leading to the following equa-
tion for the cross section

0 i

P (1) = <d<">dzl>2[df«|<el WY Y

Mo im0 M|

(e —ey, )T
RO

% (JoMo, 0le™™*R|J M) (J, M| (e2 - R) (e - R)|J1 M)

X <J1 M, |efi1”k'R‘JoM0, 0>
(24)

Here d™ = |d")| and d,, = |d,,|. The approximation (24) for d{)
is justified for the carbon and oxygen atoms due to small
ionization cross section of a 2p electron in comparison with a
2s electron in the region ¢ = 500 eV.2? Here and below we use
dWe R instead of d™e¥™*R The reason for this is the
integration over k which makes py,(t) the same for the (—) and
(+) signs.

2.3.1 Recoil-induced rotational wave packet. Let us now
consider the role of the exponential factor exp(—ixz,k-R) in the
expression for the transition dipole moment d{) (23). This
factor comes from the wave function of the photoelectron
and it describes the recoil effect.'’*®'°"2! Indeed, the factor
exp(—io,k-R) is nothing else than the rotational wave packet
created at the instant of the photoionisation due to the recoil
effect. This can be seen directly from the well known>* Rayleigh
expansion of a plane wave

e R = 4n > " (<i)j;(akR) Y, (k) Yim(R)
Jjm

(25)

I

Il
IS

(=Y (2 + 1)jj(akR) P;(cos @)

over spherical functions Y;,(R) which are eigenfunctions of
the rotational Hamiltonian /5" = BJ* of the intermediate state.
For the discussion of the wave packet (25) it is more pertinent
to examine the distribution Nj(«kR) over rotational quantum
numbers J

Ni(akR) = (2] + 1)|j(0kR)|

shown in Fig. 2. This distribution takes maximum at Jjax &
rec = 0KR (see eqn (6)). That means that the largest contribution

(26)
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Fig. 2 Distribution Nj(akR) (26) over J in the rotational recoil-induced
wave packet (25) for different akR. The red squares in the insert show the
dependence of Jnax oNn the recoil angular momentum okR. Here Jpax is the
value of the angular momentum J when the distribution Nj(ekR) takes
maximum. The dashed diagonal line in the insert corresponds to the recoil
angular momentum Jyec = akR (6).

0 2 4 6 8

to the rotational wave packet (25) at large «kR is given by Ji,ax &
Jreey Which shows clearly the physical meaning of the akR term
as the recoil angular momentum Ji. (6).

2.3.2 Recoil-induced time structure of the probe signal. We
proceed now to obtain an expression for p; (7) by calculation of
the matrix elements in eqn (24). Using eqn (S8) of ESI, we can
write the matrix element as the sum of isotropic and aniso-
tropic contributions

! ! A~ A l
(1M, |(e2- R)(e2- R)JIM1) = 20,1, 0,1y,
4TE my _mp ~2M ! 4 Fa
+ ?Zez €57 Cloy 1y (J1 M [ Your (R)[J1 M7y ).

myny

Substitution of this expression in eqn (24) allows us to write the
cross section for the probe signal as the sum of isotropic time
independent and anisotropic time dependent contributions

47

pp(®) = (dWdn)*(p5, + P5(0), i =5 2N+ 1),
U PP it —sn)e [201 1 1
pi(e) = [akicer k) DD DT e
0 J]MI,J]MIUI
b 7o Jm
x (JoMo, 0le™ R|.J, M) Z egheguclz;};l{]11113CJ11020C11]M112M

Mmymy
X <J1M1 ‘eii“"k'R‘J()Mm 0>

Without losing generality let us orient the polarization vector of
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the probe field e, along the z-axis of laboratory frame (m; = m, = 0).
Since Cy0102° = 1, we get

DEY Y e

Mo gy My,

i(le; &y )T

21 +1
2J; +1

() = jdfq(el

i kR 7’ 0 M ik
% (JoMy, 0le™*R|.J M) (Cflozoc,l Ml‘zo)ul M| R o Mo, 0),
One should notice that the time dependence of p7(1) is solely
due to the recoil effect, because pj°(t) — 0 when k — 0

JoMoy

o i, k-R
ToMg20 = 0, ™" — 1.

T 0
ey (7)) = 3C;3020 (27)

0
Using the sum rule for the product of three Clebsch-Gordan
coefficients* (see eqn (S35) of ESIt), the plane wave expansion
(25) and expression (S37) of ESLt for the matrix element
(hMy,v1|e ™R |[,M,,0), we obtain
Jdkl €

Pl (1) = K)[2 Y2 (k)

S/ 6/1

X E € /i

Ji 71111

P (=190 etk R)jy (2 R) 0)

70 g0
0/]OCI[]O/OCJ()O/IOCJIOZO(ZJO +D 2+ 1D)(2h +1)

Jidoj
X\/2J1+1 (o

jl 2J|
(28)

where we use conventional notations for the Clebsch-
Gordan coefficients and 6j-symbols, and the overline denotes
averaging over the orientation of e; around e,|z axis in
laboratory frame.

Taking into account the small size of the wave function of
the lowest vibrational level and performing integration over the
directions of the photoelectron ejection

(O[ jjy (ot R)jj(0tnk R)|0) 22 s (0tnk Ro)ji (0K Ro),

2 In

deq(el . lA()PYQ()(lA() = g 5(3(61 . e2)2 — 1),

we get finally the following expression for the cross-section

k|(§5|§2d n d12|2

e 0@ 1)

a(7) ~ (29)

The dependence of the probe signal on the time delay = defined
by cos(((o 1 — &y, )r) is given by the function

> (200 + De /M TS, (v),
Jo=0

S (1) = 1+ (3cos’ 0 — D™ (2),

Zcos( r =)t )JJJ (0tuk Rp).

cosl = (e -e), (30)
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This function depends on the interference between the recoil-
induced rotational levels, the thermal population of the ground
state rotational levels and the recoil-induced angular momentum.
The quantum beats of the anisotropic contribution nams(r) are
caused by the interference between the rotational levels coherently
populated by the pump X-ray pulse (Fig. 3).

The recoil-induced coherent excitation of rotational levels is
described by the function

i1
— T _ J()+/1
5>

J

%’;? (okRy) jiy (ke Ro )i (otnk Ro)

20 710 )0 .
X C}0110C/ 0/’0CJ(110/0C100110(2J + 1)(2j1 + 1)

/ JoJ1j
(2J1+1)(2J1+1) L
2]1J|

which depends on the angular recoil momentum Je. = akR, (6).
Here j+j,J1 +Jo +/,J1 + Jo +11,J1 +J, are even. Let us
stress, that only the recoil-induced contribution is time-
dependent. The recoil-induced contribution is equal to zero
when the pump or probe pulse is not polarized 3cos*0 — 1 — 0
or 0 is equal to the magic angle 6, = cos™!(1/v/3) ~ 54.7°. One
should notice that the reason for the polarization dependence
of the probe absorption (30) is the structure of the polarization
tensor of the two-photon process (see Section IV and eqn (S21)
of ESI¥).

2.3.3 Role of vibrations. So far, the vibrational dynamics in
the intermediated state was neglected starting from eqn (22).
One should clarify the limitation of this approximation. The
matrix element of the pump transition (see eqn (20))

(JoMo, Ole1 - d) 1/ My, v4)
shows that the pump pulse can excite high vibrational states
|v1) with the energies ¢,,. This may happen due to a large shift

between the potential energy surfaces of the ground and

fu
. T !
: | probe
il B/
i 6-11
pumpé (JoMy| e, - ke lakRUlMl) ,./
Ji=Jo+ Jrec
€,

Fig. 3 The interference between the rotational levels coherently popu-
lated by the pump X-ray pulse results in quantum beats of the time delayed
probe X-ray absorption (see eqn (30) and Fig. 4).
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ionized states or due to the recoil effect. The larger vibrational
energy ¢, can break the short-pulse approximation (eqn (15)
and (16)) and, hence, eqn (22). In this case the rovibrational
dynamics during the pulse duration can be important and
should be taken into account.

However, the rovibrational wave packet can develop also
during long delay time between the pulses T ~ 0.1-1 ps, which
is significantly longer than the pulse duration 74 ~ 1 fs.
Eqn (22) displays interesting fact — the probe X-ray absorption
is not affected by the vibrational dynamics between the pulses.
We observe only the rotational dynamics. The formal reason for
this is very realistic approximation (21). This approximation
can be broken only when the pump pulse excites high vibra-
tional states with a rather large extent of the vibrational wave
functions. In this case the R-dependence of the electronic
transition dipole moments d;, can slightly break the discussed
approximation. Vibronic coupling can be another reason for
violation of the approximation (21).

To conclude, the vibrational dynamics affects the evolution
of rotational wave packet in the two cases. First, this happens
for long pulses'>'”'® 14E;, % 1 when the short-pulse approxi-
mation (eqn (15) and (21)) is broken and one should use the
strict eqn (14). Second, rotational dynamics could be affected by

() T=18K —dldev
12 2 —1000eV
T
11
10
S 9
)
8
7
6 —
T T “Q\
0 5 ’ﬁ
\
{(©)T=18K \& ——514eV
11- \ —1000eV
—2000eV

75 80 85 90 95
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vibrations also for short pulses (15) if the approximation (16) is
not valid.

3 Numerical simulations and
discussion

Now let us apply the derived eqn (30) to the case-study of the CO
molecule with a rotational constant B = 1/2I, a moment of
inertia I = uR,> = 56857.72 a.u. and an equilibrium bond length
Ry =2.133 a.u. Numerical simulations of eqn (30) are performed
using our own FORTRAN code employing equations for the
Clebsch-Gordan coefficients and the 6j-symbols.>® To ensure
the convergence of the results, the upper limit in the sum (30)
over the angular momentum J is taken to be 50, which is much
bigger than the maximal values of the recoil angular momen-
tum J&, (see eqn (6) and Fig. 2).

First we compute the partial contribution (30) related to the
ejection of the valence electron from the carbon atom with o =
0.571. The simulations of the XX-PP process are performed for
a low (T = 18 K) and room (T = 300 K) temperatures and for
several frequencies of the pump radiation, corresponding to
the following kinetic energies of the photoelectron ¢ = 1, 514,

|(®)T=300K

140-

1304

120

110+

(e
(9]

15

[\

0

_ \
140] @T=300K

130+

120

110+

75 80 85 90 95

Fig. 4 S(1) revival structure of the function (30) for the CO molecule computed at the low T = 18 K (a and c) and room T = 300 K (b and d) temperatures
and for different energies of the photoelectron ¢ = 514, 1000 and 2000 eV (see legends); ac = 0.571, 0 = / (eje,) = 0.
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1000, 2000 eV. The results shown in Fig. 4 indicate that the S(t)
function for both low and room temperatures has a repeated set
of two distinct profiles located at

7=(4.32 + n-8.64) ps, and 1t =(8.64 +n-8.64)ps, (31)

where n = 0, 1, 2.... As one can see from Fig. 4 the second
rotational recurrence is a copy of the first one, taken with opposite
sign. It is not hard to recognize that both of the characteristic
times 4.32 ps and 8.64 ps are related to the interference pattern
cos((e; — &)r) = cos(est) = cos(2Bt) of the two lowest rotational
levels J, = 0 and J, = 1 (see eqn (30)). The conditions cos(2Bt) = —1
and cos(2Bt) = +1 give 2Bt = n(1 + 2n) and 2Bt = 2xn(1 + n),
respectively. Thus, the evolution of S(7) is characterized by two
recurrent structures with the same revival time 7,

T
T=—+4 NTrey.

d
an 3

T

T = ﬁ + ey,
The delay times computed with these equations coincide exactly
with the results of the numerical simulations (31). Both profiles
revive in time at

b
rev = = = 8.64 ps.
T 3 ps

The polarization dependence of the probe signal (30) deserves a
special comment. The temporal profile of the revival structures of
function S(t) get inverted when 3cos”0 — 1 < 0 or — 0, > 0 >
Om, where 0, is the magic angle (see Fig. 5).

For the low temperature case the shape of the recoil-induced
recurrent structure is very sensitive to the kinetic energy of the
photoelectron ¢ (Fig. 4(a) and (c)). The temporal profile gets
more peaks with increase of the photoelectron energy
(Fig. 4(c)). The shape of the revival structures experiences a
narrowing with an increase in temperature (compare Fig. 4(a)-(d))
due to dephasing arising from the contribution of higher initial
rotational states J,, as the number of initial rotational states grows

with the temperature as J ~ \/kpT/B. When the frequency of the

O,, ~ 54.7°

Fig. 5 Polar diagram of the polarization function, 3cos?# — 1 (30), 0 =
L(eyey), O = L(ere) ~ 54.7°.
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Fig. 6 ¢ =1eV: S(z) function and partial contributions SJO(r) forT=18K
and 300 K. See eqgn (30). ac = 0.571, 0 = 0. One should notice that in this
small energy region the neglected Cohen-Fano interference can be
significant (see also Fig. 10).

pump field is near the ionization threshold the amplitude of the
recoil-induced temporal oscillation is small (Fig. 4) due to low
value of the photoelectron momentum k. As one can see from the
upper panel of Fig. 6, when the energy of the photoelectron is
small the amplitude of the S; (r) modulation (30) is weak and has
the same order of magnitude for different J,. Increasing the
photoelectron energy to 514 eV (Fig. 7), 1000 eV (Fig. 8), and
2000 eV (Fig. 9) shows several effects for the recoil-induced
recurrent structures. First, the total amplitude of the modulations
increases, as compared to the case of ¢ = 1 eV, yet it has a similar
value for all high-energy cases (compare Fig. 6-9). Second, the fine
profile of the recoil-induced structures becomes more complex
with an increase of the photoelectron energy, going from three
peaks in the case of ¢ = 514 eV up to seven peaks in the case of
& = 2000 eV. Moreover, one can see that the contribution from
states with higher angular momenta J, becomes stronger, as the

—J=0 —J=l —J=2

T=18 K
10 8
© 94
& 84
74
T T T T 1
1204y 7=300 K
116
€
> 12
108 T T T T T T M T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10

7(ps)

Fig. 7 & =514 eV: S(z) function and partial contributions SJO(r) for T =18 K
and 300 K. See egn (30). oc = 0.571, 0 = O.
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Fig. 8 ¢ = 1000 eV: S(z) function and partial contributions SJO(T) for T =

18 K and 300 K. See egn (30). ac = 0.571, 6 = 0.

photoelectron energy increases (compare upper panels in Fig. 6-9).
In the case of high temperature T = 300 K (see lower panels in
Fig. 6-9) the increase of the photoelectron kinetic energy results
only in the increase of the amplitude of the recoil-induced struc-
tures, while the fine structure, consisting of three peaks does not
change with ¢ variation. The reason for this is a strong dephasing
role of thermally populated high initial rotational states (see upper
panels of Fig. 6-9).

Until now we focused on analyses of the carbon’s contribution
to the total cross section o¢ + 6 (4). The only difference in the
case of the ejection of the valence electron from the oxygen site is
the atomic prefactor d© and the recoil angular momentum ]ﬁ‘e)c)
(6) with o, = 0.429 which differs from o = 0.571. To shed light on
the dependence of the temporal profile on the ionisation site we
computed S(t) function also for the oxygen ionization channel.
The simulations presented in Fig. 11 show very similar temporal
profiles for the oxygen and carbon channels. Fig. 11(e) shows
that the X-ray absorption probe at 1s core-levels of both the

— U0 ——Jfl —J=2

1.84 €=2000eV

5,9

T=18 K

r
1404y 7=300K
130
E 120
%}
110
I T T
0 1

Fig. 9 & = 2000 eV: S(z) function and partial contributions SJO(T) for T =
18 K and 300 K. See eqgn (30). ac = 0.571, 6 = O.

T T T L
2 3 4 5

7(ps)

6636 | Phys. Chem. Chem. Phys., 2022, 24, 6627-6638

View Article Online

PCCP

0.7]—"—T=18K .
—o—T=3ooK/./

0.6
|
/
0.5 /
/
S 0.4 /
4 /

0.34 / °
/ /
024 / o

0.14 /

0.04= - - -
0 514 1000 2000
(V)
Fig. 10 The dependence of the visibility p(e) (32) of the recoil-induced
revivals on the energy of photoelectron ¢. ac = 0.571, 0 = 0. The reason for
p(0) = 0 is that the recoil-induced population of the rotational levels and,
hence, the interference between intermediate rotational levels are absent
when the momentum of the photoelectron fulfilled k& =+/2¢ =0. The
dashed lines connecting points ¢ = 514 eV and ¢ = 0 eV indicate that in
the region 0 < ¢ < 500 eV the neglected Cohen-Fano interference can be
significant.

oxygen and carbon atoms of CO only increases the contrast of the
total temporal profile (compare panels (c) and (e)). This simula-
tions of panel (e) are done under the assumption an assumption
that the partial ionization cross-sections of oxygen and carbon
atoms in the CO molecule are the same (|d”|* = |d®)|?). Thereby
we can show that the total signal has a better contrast than the
partial contributions even in the case of equal weights of the
oxygen and carbon contributions.

In order to quantify the visibility of the time-dependence of
the recoil-induced structure in the experiment let us compute a
relative difference between maximum $™* and minimum §™"

(a) e=514 eV

= 10 T=18K
E N A\ | [A———
vy 8 :
I T T T T T
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=P
© 110
IV v
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Fig. 11 The dependence of the temporal profile S(z) (30) on the ionization
site n = C, O is defined by the recoil parameter o,kRq, where ac = 0.571,
oo = 0.429. 0 = 0. Panel (e) shows the sum S(z) = Sc(7) + So(z), where Sc(z)
and So (1) are the S(t) functions (30) for carbon and oxygen shown in the
panel (c).
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of S(z) function (30), characterising visibility of the effect

gmax _ Smin

p(e) BT — (32)

The visibility p(¢) grows monotonously with an increase of
the frequency of the pump pulse and hence of the momentum
k =+/2¢ = \/2(w; — Is5) of photoelectron (see Fig. 10). The
visibility is equal to zero (p(0) = 0) when the photoelectron
momentum is zero and thus the recoil is absent (see eqn (27)).

The recoil-induced revival structure of the cross section
(29) appears without amplitude decay in the case y = 0
when the intermediate |56~ ") state is the ground state of
the cation CO’. However, in general cases the intermediate
|56~ ") state will be rovibronically excited and broaden due
to photoelectron recoil effect, photoexcitation, thermal excita-
tion, etc. Therefore, the recurrent structure “is melting” as
exp(—y7) (29) due to the finite lifetime of the valence ionized
intermediate state.

It is interesting to evaluate also the probe X-ray absorption
o(t) (see eqn (29) and (30)) in the energy domain

m e k|E162d " dys
0(8) = RCJO d‘m(r)e = W@(QQ, F)S(8)7
S(e) = Re[ deS(r)e e ™ =Y " (2Jo + 1)e D/ BT (e).
0 Jo=0

The energy dependence of o(¢), defined by the function

SJO (é,) = 2”/ {m + (3 COS2 0— 1)1’]3:15(6):| s

A, 33
H (3 Ro) (33)

) = 2 oy e P

N,

displays the set of narrow resonances with the small lifetime
broadening 2y of the intermediate valence ionised state |55 ).
One can see that only the anisotropic contribution n%‘is(a)
depends on the rotational structure contrary to the isotropic
term which has a maximum at ¢ = 0.

It is worthwhile to note that in the case when the pump and
probe pulses are longer or comparable with the vibrational
period of the molecule 2n/w,;p, the nuclear dynamics triggered
within the pulse duration will change drastically the profile of
the recurrent recoil-induced structures due to the vibrational
dynamics and vibrational revivals, which was neglected in the
present case of ultrashort X-ray pulses.**® The period of
vibrational revivals i, = 2T/wyipXe being inversely proportional
to the anharmonicity constant wypx, also lies in the ps
region.”*2® This makes the time structure of rovibrational
dynamics for longer pulses more complex and deserving of
special investigation. One should notice that the rovibrational
dynamics is strongly related to the interference of intermediate
rovibrational states.®'"
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4 Summary

We propose a scheme of two-color X-ray pump-probe spectro-
scopy with short non-overlapping pump and probe pulses.
In contrast to stationary X-ray spectroscopy the time-resolved
pump-probe X-ray technique gives a unique opportunity to
study molecular rotational dynamics, because due to the long
rotation period (picosecond range) no high temporal resolution
is required. We build up a comprehensive theoretical model
describing the change of the temporal absorption profile of the
probe pulse due to the recoil-induced rotations triggered by the
valence electron photoemission through the interaction with
the short pump X-ray pulse. The induced rotational dynamics is
seen in the probe signal as two phase shifted recurrent temporal
structures. We discuss analytically and study numerically the
effect of change of the photoelectron energy and temperature on
the fine structure of the recoil-induced X-ray absorption profile.
Numerical simulations, based on the case-study of the CO
molecule, show narrowing of the temporal profile with an
increase of the temperature caused by the thermal dephasing.
The recoil-induced temporal profile grows monotonously upon
increasing the frequency of the pump X-ray radiation, as corres-
ponding photoelectron energy increase.

We show that the visibility of the effect, computed as the
difference between the minimum and maximum of the recoil-
induced structure of the probe signal, reaches about 10% for
photoelectron kinetic energy 514 eV and increase up to 35% for
photoelectron energy 2000 eV. This allows us to conclude
on the possibility of a clear experimental observation of the
predicted phenomena wusing the proposed pump-probe
scheme, which can be realized at present day X-ray free electron
laser facilities, providing pulse durations of less or about 1 fs.
The phenomena studied here are not limited to the case of
diatomic molecules, but can be also observed in polyatomic
molecules. The manifestation of the effect will be modified
sufficiently depending on the mass of the system and the
molecular orbital emitting the photoelectron.
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