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Electron-localization-resolved rotation of D2
+ in a strong midinfrared laser pulse
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Electrons have much shorter timescales of movement than nuclei, and thus electron dynamics is generally
averaged out in the study of molecular rotation. However, our numerical study shows that the electron
dynamical localization on different nuclei during the molecular dissociation may determine the molecular
rotation directions. Taking D2

+ as the prototype, an isolated linearly polarized attosecond pulse initiates the
molecular dissociation, and then a time-delayed linearly polarized middle-infrared pulse, with the polarization
cross angle π/4 to the attosecond pulse, exerts opposite torques on the molecule when the electron localizes
on different nuclei, resulting in the clockwise or counterclockwise rotation of the dissociating D2

+. The
time-dependent analysis explores the complex behavior of molecular rotation determined by the ultrafast electron
dynamics, and sheds light on quantum control of molecular rotation.

DOI: 10.1103/PhysRevA.102.023106

I. INTRODUCTION

The quantum control of molecular rotation [1–3] has been
extensively studied with the advent of ultrafast laser tech-
nologies. Molecular rotation determines molecular alignment,
which is a preparation step for further studies of molecular
ultrafast processes in strong laser fields, such as high har-
monic generation, molecular ionization, and dissociation. For
example, by aligning molecules along different directions in
advance, the linearly polarized probe laser pulse may produce
alignment-dependent high-order-harmonic generation [4–7]
or ionization probabilities [8–12]. Molecular rotation may
induce doppler shift imprinted on the high harmonic gen-
eration [13,14] and, inversely, the high harmonic generation
can be used to directly image the molecular rotation [14,15].
Rotational selective excitation can steer chemical reaction
channels and the angular distribution of outgoing fragments
in molecular dissociation [16–18]. Air lasing was believed to
be strongly affected by rotational wave packets of the excited
electronic state [19–21]. Molecular alignment also plays cru-
cial roles for understanding complex molecular structures and
attosecond transient absorption spectra [22]. Very recently,
molecular echo was demonstrated in the molecular rotational
wave packet [23,24].

Over the last few decades, the dissociation of hydrogen
molecular ions exposed to laser fields from ultraviolet to
near-infrared regions has been extensively studied and vari-
ous strong-field dissociation mechanisms have been observed
[25]. The scenario is quite different if the midinfrared (MIR)
pulse is used. Some questions about this subject have been
explored in the previous studies. For example, Chin et al.
measured the kinetic energy of the dissociated fragments of
H2

+ and D2
+ in the strong 10 μm laser field [26–28] and
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found that the proton spectrum exhibited one fairly broad
distribution, whereas for the deuteron spectrum, two peaks
were observed. A semiclassical approach including two elec-
tronic states was introduced by Thachuk et al. to successfully
describe the intense-field above-threshold dissociation in the
long-wavelength limit [29,30]. Mulyukov et al. calculated
the threshold intensities for dissociation of H2

+ from some
vibrational levels in a strong low-frequency ac field and
compared their results with those measured by Chin et al.
[31]. Dietrich et al. developed a quantitative physical model
of H2

+ in intense MIR laser fields to study how laser-induced
electron motion influences the nuclear dynamics [32]. Atabek
et al. studied theoretically dynamical dissociation quenching
of H2

+ and HD+ in the low-frequency regime and discussed
the effects of molecular rotations and misalignments [33–35].
Paci et al. modified the dissociation adiabaticity parameter
and assessed its utility in the interpretation of kinetic-energy
distributions in the H2

+ dissociation [36]. Under the THz light
field, the numerical simulation shows that the momentum of
the nuclear wave packet is periodically modulated and the
modulation depth is related to the laser vector potential [37].
In addition, tunneling dissociation and nuclear rescattering
were also observed theoretically by using the MIR laser pulse
[38]. Besides the aforementioned studies, we wonder how an
MIR laser pulse influences the molecular rotation since the
molecular rotation plays a significant role in the strong-field
physics domain.

For small molecules, molecular rotation can be usually
untangled from the nuclear vibration and electron excitation
because of its long timescale. To study the electron dynamics
or nuclear vibration, one may prealign molecules, though
this is unnecessary in the momentum-coincidence experiment
[39], and the molecular rotation is assumed frozen when a
probe pulse irradiates the molecules. Such a treatment sig-
nificantly simplifies the theoretical efforts. However, for the
dissociating D2

+ under MIR pulses, the dipoles induced by
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electron localization will interact with laser fields and the
molecule rotates. Lately, Shao et al. measured the fragment
momentum distributions during the D2

+ dissociation and
found that molecular rotation is important even in a strong
800 nm elliptically polarized laser pulse [40]. Then, Gong
et al. also observed experimentally the H2

+ molecular rotation
based on the transfer of the photon spin angular momentum to
nuclear orbital angular momentum [41].

Besides the coupling of the vibration and rotation, in
this paper, we observe the opposite rotation of D2

+ in a
laser field. By numerically simulating the time-dependent
Schrödinger equation (TDSE), we design a strategy to observe
the coupling of electron excitation and molecular rotation.
After the single attosecond pulse triggers the dissociation
of D2

+, the time-delayed MIR laser pulse strongly couples
the 1sσg and 2pσu states, and thus the electron localizes
on two nuclei unequally. Please note that the attosecond-
pump-femtosecond-probe strategy has been used widely in the
ultrafast community [42]. For the states with opposite electron
localization, the MIR field exerts opposite torques on the dis-
sociating D2

+, leading to the clockwise or counterclockwise
molecular rotation. Once the laser field changes its direction,
the molecular rotation also reverses. The ultimate molecular
rotation is the net contribution of the back-and-forth rotation
induced by all different half optical cycles. The rest of the
paper is organized as follows. In Sec. II, we introduce the
numerical method, and the simulation results and discussions
are given in Sec. III. The paper ends with a conclusion in
Sec. IV.

II. NUMERICAL METHODS

We use D2
+ as a prototype, whose molecular wave packet

under the Born-Oppenheimer approximation is expressed as

ψ (r, R; t ) = χg(R, t )ϕg(r, R) + χu(R, t )ϕu(r, R), (1)

where r is the electronic coordinate and R is the internuclear
displacement, respectively. ϕg(r, R) and ϕu(r, R) denote the
orthogonal 1sσg and 2pσu electronic states, respectively. Other
highly excited electronic states have been neglected, which
is reasonable since those states are far above in the energy
diagram and weakly couple with the two lowest electronic
states for the laser parameters used in this paper. The time evo-
lution of the nuclear rovibrational states χg(R, t ) and χu(R, t )
associated with the ground and the first-excited electronic
state is governed by the TDSE (Hartree atomic units are used
unless stated otherwise),

i
∂

∂t

(
χg(R, t )

χu(R, t )

)
= (H0 + HI (t ))

(
χg(R, t )

χu(R, t )

)
, (2)

where the field-free Hamiltonian is written as

H0 =
( P2

R
2M + Vg(R) 0

0 P2
R

2M + Vu(R)

)
. (3)

Here, M = 1836 a.u. is the reduced nuclear mass of D2
+, and

PR is the nuclear momentum operator. Vg(R) and Vu(R) are
the isotropy potential surfaces of the 1sσg and 2pσu states [43],
respectively, as shown in Figs. 2(a) and 2(c). The interaction

FIG. 1. (a) The electric field of the combined attosecond (red)
and MIR (black) laser pulses with delay �t . Note that their polar-
ization directions have a cross angle π/4. (b) Ionization probabilities
only induced by the MIR pulse as a function of internuclear distance
for the initial states 1sσg and 2pσu, respectively. The wavelength is
15 μm and the intensity is 5 × 1013 W/cm2.

Hamiltonian is expressed as

HI (t ) =
(

0 D(R) · E(t )

D(R) · E(t ) 0

)
, (4)

where D(R) = 〈ϕg(r, R)| r |ϕu(r, R)〉 expresses the transition
dipole moment between the 1sσg and 2pσu electronic states,
which is taken from Ref. [44], and E(t ) is the laser electric
field implemented in the following simulations.

Figure 1(a) shows the laser parameters in our strategy. We
first use a linearly polarized attosecond pulse to induce the
molecular dissociation along the 2pσu potential surface, and
then introduce a time-delayed linearly polarized MIR laser
pulse, with the cross angle π/4 between two polarization
directions, to wrench the dissociating D2

+, resulting in the
molecular rotation in the plane constructed by both polariza-
tion directions. The first attosecond laser and the time-delayed
MIR laser pulses are written as

Eas(t ) = E1 f1(t ) sin(ω1t )êx (5)

and

EMIR(t ) = E2 f2(t − �t ) sin(ω2t − ω2�t )(êx + êy). (6)

Here the former has the sin2 profile f1(t ) with the pulse width
of four optical cycles, and the latter is a trapezoid envelope
f2(t − �t ) with one optical cycle for ramp on and off, and two
optical cycles for the plateau. The time delay �t is variable
in different calculations. The attosecond pulse has the wave-
length λ1 = 106 nm (angular frequency ω1 = 0.43 a.u.) and
the intensity I1 = 1.0 × 1014 W/cm2 (field amplitude E1 =
0.0534 a.u.). The MIR pulse has the wavelength λ2 = 15 μm
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(angular frequency ω2 = 3.04 × 10−3 a.u.) and intensity I2 =
5.0 × 1013 W/cm2 (field amplitude E2 = 0.0267 a.u.). Its
period is defined as T ≈ 50 fs. For a negative (positive) time
delay �t , the attosecond pulse precedes (lags behind) the MIR
pulse.

In our calculations, R is confined in the plane con-
structed by the two polarization directions. Equation (2) is
solved using a second-order split-operator method with the
time step δt = 0.1 a.u., and combined with a three-point
finite-difference method in the spatial steps δRx = δRy =
0.02 a.u. [45]. The initial state is obtained by the imaginary-
time propagation, and the wave-function propagation in real
time is solved using the Crank-Nicholson method. The two-
dimensional spatial area covers the space −120 < Rx <

120 a.u. and −120 < Ry < 120 a.u.. Such a numerical box
is big enough to hold all dissociative wave packets during the
simulation. Therefore, no absorbers in boundaries are needed.
The dissociative wave packets in momentum representation
χ̃g(PR) and χ̃u(PR) are obtained by Fourier transforming
χg(R, t f ) and χu(R, t f ) in the range of R > 10 a.u. at the ter-
minal time t f , where R is the internuclear distance. The overall
nuclear momentum distribution is obtained via Wg+u(PR) =
|χ̃g(PR)|2 + |χ̃u(PR)|2. The convergence of the calculations
has been tested by using finer spatial and time steps, whereas
almost identical results were obtained.

Before studying the molecular rotation, we first verify the
reliability of the numerical model, i.e., proving the feasibil-
ity of neglecting the ionization. We calculate the ionization
probability of D2

+ with the fixed-nuclei approximation. The
polarization direction of the laser field is parallel to the molec-
ular axis, and then the system keeps the rotational symmetry.
We thus adopt the three-dimensional cylindrical coordinate
(ρ, z) to describe the electron ionization [46]. The field-free
Hamiltonian of D2

+ is given in the following form:

H0 = − 1

2

(
∂2

∂ρ2
+ 1

ρ

∂

∂ρ
+ ∂2

∂z2

)
− 1√

(z − R/2)2 + ρ2
− 1√

(z + R/2)2 + ρ2
, (7)

where D2
+ is oriented along the z axis. The interaction of the

electron with the laser field is written in the dipole approxi-
mation and length gauge as

V (t ) = zE (t ). (8)

We numerically simulate the above TDSE also using the
difference Crank-Nicholson method with a time step of δt =
0.05 a.u. The grid ranges in the ρ dimension from 0 to 20 a.u.
and for z from −30 to 30 a.u. with 200 and 600 points in
the two directions, respectively. To suppress the unphysical
reflection from boundaries, a cos1/8 masking function has
been adopted. The initial state (1sσg or 2pσu) has been ob-
tained using imaginary-time propagation, respectively. After
the laser field finishes, we keep propagating the wave packets
until the ionized signals all are absorbed. By counting on the
probability of bound states, one may directly get the ionization
probability since all probability is conserved. For the MIR
laser pulse as mentioned above, the maximum ionization
probability appears at R ≈ 14 a.u. and is less than 1.0 × 10−2

for D2
+ either in the 1sσg or 2pσu state. The charge-resonance

enhanced ionization is clearly observed when the internuclear
distance is in the range 6 < R < 15 a.u. [47–49], as shown in
Fig. 1(b). Hence, the total ionization is negligible even though
the evolution of the nuclear wave packet is involved and the
two-state model is proper to study the dissociation of D2

+
under the laser parameters used in this paper.

III. RESULTS AND DISCUSSIONS

The dissociation triggered solely by an isolated attosecond
pulse with the wavelength 106 nm has been well understood
[50]. In that case, D2

+ is resonantly excited from the 1sσg to
the 2pσu state, and then dissociates along the 2pσu potential
surface, ending with the nuclear energy peaked at about
9.0 eV and the electron equally distributes on two nuclei.
During the dissociation, if a MIR laser pulse is introduced,
the dissociation process becomes complex. Since the optical
period (T ≈ 50 fs) of the MIR laser is comparable to the
timescale of the nuclear movement, the dissociating D2

+ sees
the adiabatic change of the electric field, and thus we investi-
gate the nuclear dynamics in the field-dressed representation.
Hence, we analyze the nuclear wave-packet propagation on
the adiabatic V±(R, t ) potential curves [37,51,52], which are
expressed as

V±(R, t ) = Vg(R) + Vu(R)

2

±
√

[Vg(R) − Vu(R)]2

4
+ [D(R) · E(t )]2. (9)

The corresponding two instantaneous eigenstates of V±(R, t )
are

χ−(R, t ) = cos(α)χg(R, t ) + sin(α)χu(R, t ) (10)

and

χ+(R, t ) = − sin(α)χg(R, t ) + cos(α)χu(R, t ), (11)

where α satisfies

tan(2α) = −2[D(R) · E(t )]/[Vu(R) − Vg(R)]. (12)

Here, α tends to be zero when R is small or the temporary
electric field vanishes, in which case χ+(R, t ) = χu(R, t )
and χ−(R, t ) = χg(R, t ). If R is large, for example, R >

10 a.u., Vg(R) and Vu(R) are nearly degenerate and thus α

switches between ±π/4 when the temporary electric field
reverses its direction, resulting in the swap of χ+(R, t ) and
χ−(R, t ). Figures 2(b) and 2(d) show the distorted potential
surfaces V±(R, t ) when the instantaneous electric field is
5.0 × 1013 W/cm2, and the temporary electric field points
to the direction with the cross angle π/4 to the x axis. In
the direction of the laser field, the potential surfaces are
distorted most severely. V+(R, t ) is lifted and V−(R, t ) is
downpressed. In the V+(R, t ) surface, a valley is formed in the
perpendicular direction of the electric field, whereas V−(R, t )
forms a local maximum in the same direction.

We now study the rotation of the dissociating D2
+.

After the attosecond laser pulse induces the dissociation, the
time-delayed linearly polarized MIR laser pulse expressed by
Eq. (6) is introduced to wrench the dissociating D2

+. The
converged nuclear momentum distributions depend on the
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FIG. 2. The potential-energy surfaces of (a) Vg(R), (b) V−(R, t ),
(c) Vu(R), and (d) V+(R, t ). The temporary electric field of the
MIR pulse is I2 = 5.0 × 1013 W/cm2, and points to the direction
θ = π/4. The dissociation is triggered by the x-axis linearly po-
larized attosecond pulse with the wavelength 106 nm. The white
arrows denote the wave-packet flow directions, and the thicker
ones indicate larger wave-packet probabilities in the corresponding
sectors.

time delay between two pulses, as shown in Figs. 3(b) and 3(c)
for �t = −0.3T and −0.66T , respectively. For comparison,
we also give the results without the MIR pulse, as depicted
in Fig. 3(a). In all three panels of Fig. 3, the same black
dashed circle with the radius |p0| = √

2M[Vu(R0) + 0.5] is
presented for referencing the nuclear momentum. Here, R0 =
2 a.u. is the equilibrium internuclear distance for D2

+ in
the ground state, and Vu(R0) is the 2pσu potential energy at
R = R0. In the centers of Figs. 3(b) and 3(c), the signals
with very low momenta and few probabilities are purely
induced by the MIR field, which is not discussed in this paper.
We focus on the fragments induced by the attosecond pulse

and wrenched by the MIR field. In Fig. 3(b), the nuclear
momenta almost sit inside the black dashed circle, which
means the dissociative fragments finally lose energies if the
MIR field is introduced at �t = −0.3T . While in the case
of �t = −0.66T , as shown in Fig. 3(c), the circle divides
the nuclear momentum distributions into two parts, i.e., the
inner part with small nuclear momenta and the outer part
with larger nuclear momenta. Such a delay-dependent nuclear
momentum distribution can be approximately formulated as
pR = p0 ± A(t0)/2 [37], where t0 is the time when the in-
ternuclear distance approaches R = 10 a.u., and A(t0) is the
vector potential of the MIR pulse at t0. Note that here, R =
10 a.u. only means the internuclear distance where the 1sσg

and 2pσu states just become degenerate, and hence R is not
strictly required to be exactly 10 a.u.. The small variation of R
does not change our interpretation. The physical meaning of
this expression can be understood as the MIR streaking of the
nuclear momentum. For �t = −0.3T , the MIR laser vector
potential is about 4.0 when the internuclear distance becomes
10 a.u., whereas the corresponding MIR laser vector potential
A(t0) is about −12.4 a.u. for �t = −0.66T .

Besides the streaking of nuclear momenta, Figs. 3(b) and
3(c) present the molecular rotation. Since the dissociation is
triggered by the x-axis linearly polarized attosecond pulse,
two nodes should appear at the vertical axis exactly if with-
out molecular rotation during the dissociation, as shown in
Fig. 3(a). However, as marked by the vertical dash-dotted
lines in Figs. 3(b) and 3(c), the nodes deviate from the
vertical axis, which is the evidence of the molecular rotation.
More interestingly, as shown in Fig. 3(c), the inner and outer
parts rotate oppositely, though they experience the same MIR
field, and their rotational angles are 6.67 and −8.67 degrees,
respectively; while in Fig. 3(b), the rotation angle of the whole
wave packet is about −5.0 degrees.

The molecular rotation can be understood by tracing
the wave-packet propagation on V±(R, t ) potential surfaces.
χ±(R, t ) tend to align along the direction θ = ∓π/4, re-
spectively, since V±(R, t ) have the local minima in these
two orthogonal directions. Because the attosecond pulse is
polarized along the x axis, the dissociative probability in
the sector |θ | < π/4 dominates over that in π/4 < |θ | <

FIG. 3. The converged nuclear momentum distribution (a) without the MIR pulse as well as when the time delay is (b) �t = −0.3T
and (c) �t = −0.66T . The intensities of the attosecond (λ1 = 106 nm) and MIR (λ2 = 15 μm) pulses are I1 = 1.0 × 1014 W/cm2 and I2 =
5.0 × 1013 W/cm2. The black dashed circles in the three panels express the expected classical nuclear momenta in the case that the MIR field
is not introduced.
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FIG. 4. The angular momenta 〈L±
z (t )〉 of the dissociative nuclear

wave packet χ±(R, t ) as a function of the time when the time delay
is (a) �t = −0.3T and (b) �t = −0.66T . The laser parameters are
the same as those used in Figs. 3(b) and 3(c).

3π/4. Though χ+(R, t ) tends to align along the direction
θ = −π/4, as marked by the arrows in Fig. 2(d), the expected
rotation angle for χ+(R, t ) is negative, i.e., the wave packet
on V+(R, t ) rotates clockwise. On the contrary, the wave
packet on V−(R, t ) rotates counterclockwise, as indicated by
the arrows in Fig. 2(b). In every half of an optical period,
χ±(R, t ) swap each other. Hence, the molecule rotates back
and forth with the time evolution. The final rotation angle is
the summation of these back-and-forth rotations contributed
by every half optical period.

Such a back-and-forth rotation can be confirmed by ex-
tracting the time-dependent angular momenta 〈L±

z (t )〉, which
are calculated via

〈L±
z (t )〉 = 〈χ±(R, t )|R × pR|χ±(R, t )〉

〈χ±(R, t )|χ±(R, t )〉 . (13)

Figures 4(a) and 4(b) show the time-dependent angular mo-
menta 〈L±

z (t )〉 for the cases of �t = −0.3T and −0.66T ,
respectively. For a proper time delay, for example, �t =
−0.3T , χu(R, t ) happens to become pure χ+(R, t ) when the
internuclear distance approaches 10 a.u.. In the later time,
the molecule is always in the temporary eigenstate, either
χ+(R, t ) or χ−(R, t ). This is why there is only one donut of
the nuclear momentum distribution in Fig. 3(b). As shown in
Fig. 4(a), the angular momentum oscillates with the period
of T/2. For another time delay of �t = −0.66T , χu(R, t ),
induced initially by the attosecond pulse, changes into the
superimposed states of χ+(R, t ) and χ−(R, t ) when the inter-
nuclear distance approaches 10 a.u.. Thus, in any later time,
the molecule is always in the superimposed state χ±(R, t ),
who swap each other once the laser field changes its direction.
During this process, V+(R, t ) makes the dissociating wave
packet χ+(R, t ) decelerate and V−(R, t ) accelerates χ−(R, t ),
so two radial donuts appear in the nuclear momentum distri-
bution. The angular momenta of χ±(R, t ) are opposite and
oscillate with the period of T/2, as shown in Fig. 4(b).
According to the angular momentum conservation, the very
large value of 〈L±

z (t )〉 (for example, up to 100) means more
than 100 MIR photons participate in the interaction.

The molecular rotation can also be understood in view
of different electron localization. We define the nuclear
wave packets χl/r (R, t ) = [χg(R, t ) ∓ χu(R, t )]/

√
2 repre-

senting the electron localization on the left or right nucleus
as done in the one-dimensional case [50,53]. According to

Eqs. (10)–(12), if the temporary laser field points to the
direction θ = π/4, the electron in the sector −π/4 <

θ < 3π/4 in χ+(R, t ) localizes on the right nucleus,
which is expressed as χ r

+(R, t ). However, the other half
plane of χ+(R, t ) has the electron localization on the
left one, i.e., χ+

l (R, t ). Intuitively, in the same sector,
χ−(R, t ) has the opposite electron localization χ−

l (R, t )
and χ−

r (R, t ) to χ+(R, t ). The localization asymme-
try for χ±(R, t ) is defined as A±(R, t ) = [|χ l

±(R, t )|2 −
|χ r

±(R, t )|2]/[|χ l
±(R, t )|2 + |χ r

±(R, t )|2] [50,53]. For D2
+

with a specific electron localization, it is analogous to a
classical rotor. The expected torque exerting on χ±(R, t ) is ex-
pressed as M±(t ) ∝ ∫

A±(R, t )D(R) × E(t )dR [40], where
D(R) is approximately equal to R/2. If the laser field changes
its direction, the torque also reverses, and thus the molecule
swings in the plane constructed by the two polarization direc-
tions of the two pulses, which coincides with the analysis of
time-dependent angular momenta shown in Fig. 4. We note
that the explanations based on the wave-function propagation
on V±(R, t ) and on the electron localization are fundamentally
the same.

To observe the localization-resolved molecular rotation,
the carrier-envelope-phase-stabilized strong laser field is nec-
essary. Based on the simulation results, an MIR pulse with the
wavelength longer than 5 μm and the intensity higher than
1013 W/cm2 is required to resolve the inner and outer rings
shown in Fig. 3(c). Though such an MIR laser pulse is not
in hand yet, some strategies have been proposed to produce
such an MIR pulse [54–56], and thus make it possible to
experimentally observe the predicted phenomena in coming
years. In our strategy, the pump pulse is not necessarily as
short as attoseconds. If the duration of the pump pulse is
shorter than half a period of the time-delayed MIR pulse, the
nuclear streaking can be observed clearly. Generally speaking,
a lighter molecule, such as H2

+, is favored to observe such
opposite rotation in MIR fields. The rotation might not be
distinct if a very heavy molecule is used even though the
electron can be localized on the selective nucleus.

IV. CONCLUSIONS

To summarize, we have revealed the pathway-resolved ro-
tation of the dissociating D2

+ via numerically simulating the
TDSE. In our strategy, the dissociating nuclear wave packet
induced by the attosecond pulse is wrenched by the 15 μm
MIR pulse. The MIR-distorted potential surfaces V±(R, t )
have minima in two orthogonal directions, and thus the nu-
clear wave packets propagating along V±(R, t ) tend to rotate
in opposite directions. In every half optical period, χ±(R, t )
swap each other, and the molecule reverses its rotation direc-
tion. The dynamical rotation can also be understood based
on the electron localization. When the electron localizes on
different nuclei, the formed dipoles have opposite directions,
and thus the same laser electric field exerts opposite torques on
the molecule, resulting in the clockwise and counterclockwise
rotation. Finally, the molecule dissociating along different
pathways or having different electron localization acquires
different rotation angles. Our study shows that the electron
excitation dynamics may play important roles in molecular
rotation.
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