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The control of ultrafast molecular rotational motion has benefited from the development of innovative
techniques in strong-field laser physics. Here, we theoretically demonstrate a novel type of coherent
control by inducing rotation of an asymmetric-top molecule about two different molecular axes. An
optical centrifuge is applied to the hydrogen sulfide (H2S) molecule to create a molecular superrotor,
an object performing ultrafast rotation about a well-defined axis. Using two distinct pulse envelopes
for the optical centrifuge, we show that H2S can be excited along separate pathways of rotational
states. This leads to stable rotation about two entirely different molecular axes while ensuring
rotation is about the propagation direction of the centrifuge, i.e., the laboratory-fixed Z-axis. The
presented scheme to control the angular momentum alignment of a molecule will, for instance, be
useful in studies of molecule-molecule or molecule-surface scattering, especially due to the large
amounts of energy associated with superrotors, which can even be controlled by changing the

duration of the optical centrifuge pulse.

standard
optical centrifuge

modulated
optical centrifuge

A long-standing goal of physics and chemistry is to
control the motion of molecules. Tailored external fields
offer a means to achieve this,! from alignment and ori-
entation where molecules can be spatially fixed in the
laboratory frame,2# to the creation of unidirectional ro-
tating molecular ensembles that possess oriented angular
momentum.® 7 This latter application, associated with
controlled rotation, has benefited from a number of clever
techniques to prepare molecules in highly excited rota-
tional states.® Perhaps the most efficient of these is the
optical centrifuge,'®!! which is a strong, nonresonant,
linearly-polarized laser pulse that performs accelerated ro-
tation about the direction of propagation. The centrifuge
field aligns the most polarizable molecular axis, trapping
and forcing the molecule to follow the rotating laser polar-
ization. In doing so, molecules can be adiabatically spun
into extremely high angular momentum states, creating
molecular “superrotors”, objects with narrow, well-defined
rotational wavepackets that are resistant to collisions and
reorientation.!? 14

The majority of studies on superrotors have involved
diatomic and linear triatomic systems. Less explored are
asymmetric-top molecules, which have complicated rota-
tional spectra and thus more complex dynamics. Recently,
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an optical centrifuge was able to induce field-free planar
alignment of SO with the O—S—O plane confined to the
plane of the laser polarization long after the centrifuge
pulse had ended.'® This demonstrated that the rotational
dynamics of an asymmetric-top could be reduced to that
of a simple linear rotor, which was later confirmed theoret-
ically,'® and also highlighted the potential of the optical
centrifuge as a tool for alignment and orientation. Further
applications involving asymmetric-top molecules in an op-
tical centrifuge include a novel approach to manipulate
enantiomers in the gas phase through enantioselective
orientation.!”

Here, we extend the possible types of rotational control
over asymmetric-top molecules using nonresonant laser
pulses. Our scheme is outlined in Figure 1: An optical cen-
trifuge is applied to the hydrogen sulfide (H2S) molecule
to create a molecular superrotor. Normally, rotation takes
place about the principal c-axis and the H-S—H plane is
confined to the plane of the rotating laser polarization.
Modifying the pulse envelope of the optical centrifuge,
stable rotation about an entirely different molecular axis,
namely the principal a-axis, can be obtained while still
ensuring rotation is about the propagation direction of
the centrifuge, i.e., the laboratory-fixed Z-axis. This
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FIG. 1. Controlling the molecular axis of rotation in HsS
superrotors using an optical centrifuge. A Gaussian pulse
envelope produces rotation about the principal c-axis and con-
finement of the H-S—H plane to the laboratory-fixed XY plane
of the laser polarization. Using an optimized sinc function
combined with a Gaussian profile for the pulse envelope, the
molecule can be excited along a different pathway of rotational
states leading to rotation about the principal a-axis.

is achieved by exciting the molecule through a different
pathway of rotational states, illustrating a novel type of
coherent control involving ultrafast rotation. Schemes to
change the angular momentum alignment of a molecule
have been demonstrated, for example, to alter the outcome
of Hy molecule-surface collisions.'® Our results show that
such stereodynamics studies are possible for asymmetric-
top molecular superrotors, which possess large amounts of
energy that, furthermore, can be controlled by adjusting
the duration of the centrifuge pulse.

To realize the scheme in Figure 1, we utilize a robust,
quantum mechanical approach that treats all major elec-
tronic, nuclear motion, and external field effects with
high accuracy. Calculations are geared toward experi-
mentally realizable conditions, e. g., laser parameters and
timescales. The stationary rovibrational energies and
eigenfunctions of HyS up to J = 40, where J is the quan-
tum number of the total angular momentum operator,
were computed from direct numerical variational calcu-
lations'”"?! with a highly accurate, three-dimensional
potential energy surface.?? External field effects, i.e., the
matrix elements of the electric polarizability tensor, were
evaluated in the basis of rovibrational states. The ab ini-
tio polarizability surface was generated using the coupled
cluster method, CCSD (coupled cluster with all single
and double excitations), with the augmented correlation-
consistent triple-zeta basis set, aug-cc-pVTZ(+d for S)
in the frozen core approximation, and then fitted with a
suitable, symmetrized analytic representation. Electronic
structure calculations employed the quantum chemistry
package DALTON.?? For the quantum dynamics simu-
lations, which used the computer program RichMol,?*
the time-dependent wavefunction was built from a super-
position of field-free rovibrational states and the time-
dependent coeflicients determined by numerical solution
of the time-dependent Schrédinger equation using the
split-operator method.

The electric field of the optical centrifuge is highly os-
cillating and off-resonant, therefore only the polarizability
term is required in the field interaction potential,

Vi) =—= Y e&exaas, (1)

A,B=X)Y

where a4 g are the components of the effective electric po-
larizability in the laboratory-fixed XY Z-axis system. The
optical centrifuge €°¢(t) was applied along the laboratory-
fixed Z-axis for a duration of t = 300 ps and was repre-
sented by the expression,

€°°(t) = f(t) o cos(wt) {eX cos(Bt?); ey sin(ﬂtQ)} (2)

with  the peak  amplitude of the field
€ = 8.6 x 1013 W/cm , the acceleration of circular
rotation 3 = (27c)? - 4 cm™2, the carrier frequency of the
field w = ¢/(27 - 800 nm), and the pulse envelope function

f(t) = exp(~t?/20%), 3)

where o = 140 ps.'” Simulations were started in the
rovibrational ground state (J = k = m = 0) which is
valid for temperatures of T' < 3 K. The quantum numbers
k and m correspond to the projections, in units of A,
of J onto the molecule-fixed z-axis and laboratory-fixed
Z-axis, respectively. Low temperatures are necessary in
asymmetric-top molecules to ensure a narrow distribution
of states in the initial wavepacket and, consequently, stable
rotational dynamics.

The time evolution of the external electric field
for a Gaussian pulse envelope and the corresponding
wavepacket populations of HsS are plotted in Figure 2
a and c, along With the rotational probability density
functlon P(9,x) de dé(t)*(t) sinf at the end of
the centrlfuge pulse in Figure 2 e. The probability density
function illustrates the orientation of the molecule with
respect to the possible axes of rotation, where the Euler
angles are denoted 0, x, ¢, the volume element dV is as-
sociated with the three vibrational degrees of freedom,
and ¥(t) is the wavepacket. HyS is primarily excited
through AJ = 2, Am = —2 rotational Raman transitions
and proceeds along a pathway of lowest energy rotational
states within each J, i.e., those corresponding to rota-
tion about the molecular c-axis. At ¢ = 102 ps, the
wavepacket is dominated by the J = 16, m = —16 state
at 1360 cm ™', but the maximum single-state population
starts to rapidly decline after this time. This is due to the
decreasing intensity of the centrifuge field, suggesting that
the optical centrifuge pulse should be truncated between
t =~ 100-120 ps to ensure HyS is efficiently released in a
high J state. The rotational density plot shows two clear
“islands”, which correspond to rotation about the principal
c-axis in either a clockwise or anticlockwise direction. The
H-S-H plane is confined to the XY plane of the laser
polarization which is consistent with previous studies of
SO, in an optical centrifuge.!?:16
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FIG. 2. Wavepacket population |c;(¢)|* and rotational proba-
bility density function P(6,x) of H2S in an optical centrifuge
with a pulse envelope modeled by a Gaussian function (left
panels), or with an optimized sinc function combined with a
Gaussian (right panels). The X-projection of the electric field
is shown at the top, the wavepacket population as a function
of time in the middle, and P(6, x,t = 290 ps) at the bottom;
x,y, z refer to the molecule-fixed axis system.

To change the axis of rotation, HyS has to be excited
along a different pathway of rotational states. This can
be achieved using an optical centrifuge with a modified
pulse envelope such that the field intensity is at a maxi-
mum only when the angular frequency of the centrifuge
is in resonance with the desired transition frequency be-
tween two states, thus enabling population transfer. The
intensity is then minimized as the angular frequency in-
creases and sweeps through undesired transitions before
being maximized again at a later resonant frequency. The
time points t** at which the angular frequency of the
optical centrifuge in (2) reaches resonance with the de-
sired rotational transition with frequency v;* can be
evaluated as t}® = vf*/(45). Now, to force HsS to
rotate about the principal a-axis the rotational exci-
tation must be guided through the upper energy rota-
tional state within each (2J 4 1) multiplet. The respec-
tive J — J + 2 transition wavenumbers are 58.4, 138.4,
220.0, 300.1, and 377.6 cm™!, corresponding to frequen-

cies of 1750.8, 4149.1, 6595.4, 8996.7, and 11 320.1 GHz,
for J = 0,2,4,6,8, which result in resonant times of
1% =19.4,45.9,73.0,99.6, 125.3 ps, respectively, for the
centrifuge acceleration parameter 3 = (27c)? - 4 cm™2.
The pulse profile function is modeled by a sum of sinc
functions centered at the different resonant times ¢
weighted with a Gaussian envelope function, that is

3 res o 2
0=y (Sm((fit;i) }§>) exp(~2/20%), ()

where o, = 4 ps and ¢ = 140 ps. The resulting pulse
profile function is plotted in Figure 2 b together with the
results of the simulation in Figure 2 d and f. At ¢ = 102 ps,
the wavepacket is dominated by the J = 8, m = —8 rota-
tional state at 717 cm ™!, which corresponds to rotation
about the principal a-axis, indicated by the two shifted
islands on the probability density plot. Since this is a
lower J state, the rotational density is broader and not
as pronounced as in the first scenario. Because m = —.J,
the axis of rotation is along the laboratory-fixed Z-axis,
i.e., the propagation direction of the optical centrifuge.
Essentially, the molecule has assumed a perpendicular ori-
entation compared to the case of the standard centrifuge
excitation shown in Figure 2 e. This can be analyzed by
looking at the quantum numbers k, and k. corresponding
to the projection of the total angular momentum onto the
molecule-fixed a and c-axis, respectively. For standard
centrifuge excitation k. ~ J, while for the modified pulse
envelope excitation k, =~ J. Note that the sinc func-
tion pulse envelope could also be optimized for standard
centrifuge-type excitation, but this does not yield any
major improvements in population transfer.

Since HsS is a relatively light, fast rotor, efficient ro-
tational excitation to much higher J would require cen-
trifuge pulses of several-hundred-picosecond duration.?®
Interestingly, HoS displays rotational energy level cluster-
ing for large J,2527 a characteristic effect of polyatomic
molecules with local mode vibrations.?® After a certain
critical J value, which for HyS is around J. ~ 15, the
rotational energy levels form fourfold degenerate clusters
as shown in Figure 3 for the ground vibrational state.
Assuming population can be transferred along the correct
pathway of rotational states, as HoS climbs the rotational
ladder from J ~ 16 to J = 30, the axis of rotation gradu-
ally moves from the principal a-axis to an axis coinciding
with one of the S-H bonds, as shown in the probability
density plot of Figure 3. These so-called cluster states
also have the unique property of being chiral,?’ where
rotation in either a clockwise or anticlockwise direction
corresponds to the two rotating enantiomers of a dy-
namically chiral system.*" However, while it could offer
intriguing opportunities for controlling chirality, cluster-
ing is not a necessary condition for the coherent control
method proposed here, which is applicable to molecules
of arbitrary structure.

In conclusion, we have shown that asymmetric-top
molecules can be made to rotate in a stable manner
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FIG. 3. Rotational energy level clustering in the ground
vibrational state of H2S. In the left panel, the energy difference
E g, — ET2 has been plotted for each rotational state, with
energy Eji, relative to the maximum energy E70™ in its J
multiplet. As J increases, after a certain critical J value
the energy difference between energy levels starts to decrease
and rotational cluster states form.?%” In the right panel, the
rotational probability density function P(6, ) is illustrated
for the top cluster state at J = 35, which shows four possible
axes of rotation coinciding with the S-H bonds. Here, zyz
refers to the molecule-fixed axis system.

about two entirely different molecular axes. This was
achieved for HyS using optical centrifuges with different
pulse envelopes, tailored to excite the molecule though
distinct pathways of rotational states. The proposed
scheme is relatively robust and there is some tolerance for
shot-to-shot fluctuations in the chirp rate 8 and the sinc
function width parameter oy, e.g., at least £1% for the
values used in this study. Furthermore, for larger values
of o5 and/or smaller values of /3, the robustness against
such fluctuations will increase. Lower field intensities,
although resulting in less efficient rotational excitation
and a reduced population of the final target state, can
also be used to avoid potential ionization. Perhaps the
most challenging aspect of the proposed scheme is the
sinc function pulse envelope, however, the ability to shape
optical pulses is a rapidly developing field of research.3!
Our simulations utilized laser parameters well within
the current capabilities of laser technology, with calcu-
lations based on robust, first principles methodologies
geared toward high accuracy, which provide detailed in-
formation on the energy level structure and electric tensor
transition moment matrix elements. More sophisticated
coherent control schemes could thus be developed to pre-
pare molecules of arbitrary structure in specific, highly
excited rotational states. Extending this approach to
larger or heavier systems will pose challenges, most no-
tably the increased density of rotational states at lower
energies, which makes it easier to populate undesired
energy levels and select the wrong rotational pathway,
producing “chaotic” dynamics; this can be mitigated using
state-selection before applying the control pulses.?? De-
spite these difficulties, the ability to force stable rotation
about different molecular axes and to change the angular
momentum alignment of a molecule would be highly ad-
vantageous in molecule-molecule or molecule-surface scat-
tering experiments, particularly with superrotors which

display novel properties and contain large amounts of
rotational energy.
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