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We show that the simplest of existing molecules—closed-shell diatomics not interacting with one
another—host topological charges when driven by periodic far-off-resonant laser pulses. A periodically
kicked molecular rotor can be mapped onto a “crystalline” lattice in angular momentum space. This allows
us to define quasimomenta and the band structure in the Floquet representation, by analogy with the Bloch
waves of solid-state physics. Applying laser pulses spaced by 1/3 of the molecular rotational period creates
a lattice with three atoms per unit cell with staggered hopping. Within the synthetic dimension of the laser
strength, we discover Dirac cones with topological charges. These Dirac cones, topologically protected by
reflection and time-reversal symmetry, are reminiscent of (although not equivalent to) that seen in
graphene. They—and the corresponding edge states—are broadly tunable by adjusting the laser strength
and can be observed in present-day experiments by measuring molecular alignment and populations of
rotational levels. This paves the way to study controllable topological physics in gas-phase experiments
with small molecules as well as to classify dynamical molecular states by their topological invariants.
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The quantum nature of electrons in solids gives rise to a
number of fascinating phenomena, such as the quantum
Hall effect, that are ultimately related to the geometric and
topological properties of the Brillouin zone [1]. These
phenomena are characterized by topological charges—a
type of a quantum number that describes the topology of
the system. These topological phases show unique proper-
ties, such as quantized transport and the bulk-boundary
correspondence [2]. The field of topological phases has
greatly expanded since the works of Thouless [3] and
Haldane [4,5], leading to discoveries of several new phases,
such as topological insulators, Weyl semimetals, and
topological superconductors [6-8].

Unlike the translational motion of an electron in a lattice,
rotations of a molecule correspond to the non-Abelian
group SO(3). While free rotations basically correspond to
trivial paths in that manifold [9,10], in this Letter we show
that laser pulses can guide the molecule along topologically
nontrivial paths, allowing for nonzero Berry phases and
alike. In particular, we explore the similarities between the
Bloch theorem (for a system periodic in space) and the
Floquet theorem (for a system periodic in time) to show that
a molecule driven by periodic laser pulses can be mapped
onto a translationally invariant hopping model hosting
nontrivial topology. Although the ideas of topology in
molecules have been extensively exploited in the context of
conical intersections of potential energy surfaces in real
space [11,12] (including light-induced conical intersections
[13,14]), the results presented here use a novel approach
and allow us to directly bridge the ideas of symmetry-
protected phases in condensed-matter physics with the
realm of molecules.
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At energies well below electronic and vibrational exci-
tations diatomic molecules essentially behave as rigid
linear rotors [15]. A two-dimensional kicked rotor is a
paradigmatic model used to study nonlinear dynamics,
dynamical localization, and quantum chaos [16,17]. Since
the original works of Casati and Chirikov [18-21], the
predictions of the theory have been verified in several
experiments, e.g., with atoms in microwave fields [22,23],
Rydberg atoms [24], atomic matter waves [25], and Bose-
Einstein condensates [26]. Topological aspects of double
kicked two-dimensional rotors have also been extensively
explored in connection to spectra resembling the Hofstadter
butterfly and the corresponding Chern numbers [27-29].
Periodically driven three-dimensional molecular rotors
have been studied theoretically with a particular focus
on resonances and Anderson localization [30-32] and edge
states [33,34]. Several phenomena, such as quantum
resonances [35], Bloch oscillations [36,37], and dynamical
localization [38—40] have already been observed in experi-
ments with molecules. Moreover, recent advances in
imaging of molecular rotational dynamics [41-43] and
control of their angular degrees of freedom [44,45] open
new possibilities to probe kicked rotor physics. While these
advances are particularly important for the understanding
of reactions and other fundamental processes in physical
chemistry [46,47], they can—as we show below—find
applications in other seemingly unrelated areas of physics,
such as the study of topological phases.

In this Letter, we demonstrate that apart from the rich
physics related to transport and localization, driving even
the simplest molecules by specifically designed periodic
laser pulses allows us to probe the nontrivial topology of
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their rotational states. This allows us to apply the vocabu-
lary and theorems developed for topological materials in
the realm of chemical physics, and to potentially engineer
topologically protected molecular states with new chemical
applications. Here, we engineer an effective topological
semimetal with linear dispersing topological edge states,
however, more involved models characterized by other
topological invariants can potentially be realized as well.
In addition to a higher degree of control achievable in
experiment, periodically kicked molecules are able to form
multiband topological systems. This paves the way to
realize non-Abelian topological phases, whose study in
solid-state settings has been quite limited so far.

In what follows, we consider the simplest case of a linear
closed-shell molecule which is periodically kicked by a far-
off-resonant, linearly polarized laser. The general idea,
however, is straightforward to extend to more complex
molecules (e.g., symmetric and asymmetric tops) and to
other kinds of fields, which might further expand the range
of realizable Hamiltonians. When the laser pulse duration is
significantly shorter than the rotational period of the
molecule [48], we can write the Hamiltonian (in units of
A= 1) as follows [40,60]:

H 1 (1) = BL? = [P, cos?(8) + P cos(6)] ié(l— qT). (1)
q=0

=V(P.Py)

Here, B = /7y is the molecular rotational constant with 75
the rotational period, L is the angular momentum operator,
with centrifugal distortion neglected [61]. The laser pulses
are defined by their strengths, P;, P,, and the time period
between them, T. & gives the angle between the linear
polarization of both lasers and the molecular axis. Unlike

most other models taking into account either the cos?(6)

term (“regular” multicycle infrared pulses) or the cos(é)
term (terahertz half- or few-cycle pulses [55,56,60,62,63]),
here we include both, which allows us to create tunable
Dirac cones, not observable with either one of the terms
[48]. For simplicity, we combined the two laser pulses in
one potential, but the same behavior can be observed for
two consecutive pulses. Both kind of pulses have been
realized independently in experiments and used for ori-
entation and alignment of molecules [41-43,64—66].

Casati et al. [17,18] have shown that a periodically
driven pendulum, and hence also a molecule, displays
two regimes: the “dynamical localization regime,” i.e.,
localization on a lattice in time (instead of a lattice in
space), and the “quantum resonance regime,” where the
pendulum delocalizes. In this Letter, in order to achieve a
banded system, we focus on the resonant regime [35,67],
i.e., T=1p/N. The time-translation operator of the
Hamiltonian defined in Eq. (1) after one driving period
takes the form

[ = =7L*/N iV(P1.Py) (2)
N \——

free rotation kick

The ideas described below are based on the analogy between
“real” solid-state systems, which are periodic in space, and
molecules periodically kicked in time. Periodically driven
systems can be described in terms of the so-called Floquet
states, |y, ), and the corresponding quasienergies, €,, [68,69].
These can be defined through the time-translation operator of
Eq. (2) as Uly,) = e*|y,), or, equivalently, through the
effective Hamiltonian A = ilog U with H|y,,) = €, |y,,). At
a quantum resonance, the quasienergies form N bands if N is
odd (foreven N the periodicity is 2N and there are 2N bands,

see Ref. [48]), which is a result of the N periodicity of the
—ril?/N

e operator.

It is important to note that characterizing periodically
kicked molecules in terms of their Floquet states and
quasienergies has been previously done in a number of
works, see, e.g., Refs. [33,37]. In what follows, we go one
step further and demonstrate that at a quantum resonance one
can introduce quasimomenta of periodically driven molecu-
lar states. This makes it possible to work with “molecular
Bloch bands” and to study their topology, which provides a
direct bridge to the condensed matter systems.

In particular, we make use of the fact that for nonzero
values of angular momentum, the “hopping” matrix ele-
ments between different angular momentum “lattice sites”
converges to an approximately constant value, H,;, ~
Hyyyen for LI>0, with H,y = ({|H|l'), cf. Eq. (1)
[48]. This allows us to create an effective translational
invariant tight-binding model where the hopping is con-
trolled by the periodic laser pulses, see Fig. 1. Note that
while translational invariance is exact for a planar rotor, it is
only approximately achieved for 3D molecular rotors in the
limit of , ' > 0, which, however, suffices for the purposes
of our proposal. Let us assume that / € Z, then, the
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FIG. 1. Tllustration of the angular momentum lattice with the
spherical harmonics of the molecule and the hopping between
different lattice sites due to the periodic laser pulses, cf. Eq. (1).
For [> 0, the hopping terms converge to a constant and the
lattice becomes translationally invariant. The hopping terms are
complex numbers given by the time-translation operator (see

Fig. S4 in Supplemental Material [48]).
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FIG. 2. Results of exact diagonalization for N = 3 and P = 2.5, see Eq. (5). (a) The full spectrum with the bulk states shown in orange
and the edge states in red. Two linearly dispersing edge states (one for each edge) connect the Dirac cones. (b) The quasienergies €; near
the Dirac cone, shown as a function of k and a. As a result of time-reversal and reflection symmetries, the two bands touch at k = z. The
Dirac cone is topologically protected and cannot be gapped out by any deformation which preserves the symmetry, unless there is a
merging transition where a positively charged cone annihilates a negatively charged one. (c) The absolute value of the wave function of

the edge state. (d) A generic bulk state.

periodicity of the lattice allows us to define the Fourier
transform with quasimomentum k € [0, 27) by

H;;(k) :E e~"AkH (An), (3)
N An
N xN matrix

with H;;(An) = H; y.an ;. (In practice, we need to choose
a cutoff for a finite system, see Ref. [48]. Note that this
finite-size Fourier transform is only approximate and does
not capture the physics at the boundary. However, as it turns
out, the spectrum obtained within this approximation
agrees very well with the results of exact diagonalization
and captures the behavior at a quantum resonance, i.e., the
indefinite growth of rotational energy.) Similarly, for any
function in that space we define

filk) =) ek f(i+ NAn). (4)

An

Correspondingly, H(k)y, (k) = €,(k)w,(k) where k plays
the role of quasimomentum of the angular momentum
lattice and y,, (k) € C [note that H(k) and other operators
are N x N matrices in k space].

Since there are N bands, the Hamiltonian can be written as
H(k) = a(k)Iy + >_;d;(k) A; in terms of the generalized
Gell-Mann matrices 4; € SU(N), which form a linearly
independent basis of traceless N x N matrices, and
a(k) € R, d(k) € R¥-! see Ref. [70]. The mapping
described above connects kicked molecules to single-par-
ticle models of condensed matter physics. Furthermore, the
symmetries of the effective Hamiltonian are determined by
the symmetries of the time-translation operator. Unlike a
Hermitian system, however, this system exhibits periodic
quasienergies; the free choice of the initial time results in a
gauge freedom of the quasienergies. Since the first and the
last band can touch over the periodic boundary, this opens up
new possibilities such as anomalous topological Floquet
insulators [71,72], which are out of the scope of this Letter.

Here, we focus on the case of N = 3 for intermediate
coupling where no closing of all gaps occurs [33], since
this, to the best of our knowledge, is the simplest situation
featuring nontrivial topological physics for a kicked mol-
ecule. We choose the following parametrization of the laser
strength parameters:

P, (a) = Pcos*(a), P,(a) = Psin’*(a),  (5)
in terms of the offset parameter a € [0, 27), which serves as
an effective second dimension in addition to quasimomen-
tum and laser strength P. Since the linearly polarized laser
of Eq. (1) preserves the projection of angular momentum
m, we consider only the states with m = 0. Figure 2 shows
the results of exact diagonalization. There are three bands,
shown in Fig. 2(a), with the second and third touching at
two points, forming Dirac cones, Fig. 2(b). The Fourier
transform shows that the bands touch exactly at k = r,
indicating a symmetry in quasimomentum space. Indeed,
the system has a reflection and a time-reversal symmetry
that commute with each other [48], i.e.,

THk = HikT and RHk = H_kR. (6)

This implies that for the k — —k invariant points, i.e., k = 0
or k = x, the Hamiltonian commutes with 7 and R. From
the tenfold classification with crystal symmetries the class
is AI, 'R, [73]. The topological analysis of the two Dirac
cones proceeds as follows. We combine the two variables
into a vector k = (k, @), and compute the Berry connection,
A, (k) = i{y,(k)|Viy,(k)), which is well defined if we
choose a gauge such that the eigenstates form a smooth
manifold. Numerically evaluating the Berry phase [74]
around one of these cones in the second or third band
results in fy A(Kk),dk = £z thus proving the topological

nature of these cones [75]. As with spinless graphene, we
observe two linear dispersing edge states, connecting the
two Dirac cones. This is a result of the bulk-boundary
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correspondence for Dirac semimetals with crystal sym-
metries. For the bulk states we find plane-wave solutions as
predicted by the Fourier-transformed Hamiltonian. The
edge states manifest themselves as states localized at the
lower (or upper [76]) end of the lattice. Topologically
nonprotected edge states in kicked molecules have already
been theoretically described [33,34]. The localized edge
states shown in Fig. 2(c) are, on the other hand, topological,
in the sense that they cannot be destroyed without merging
the two Dirac cones.

The topological characteristics of the band structure
shown in Fig. 2 have observable experimental signatures.
In order to demonstrate that, we consider the time evolution
of a molecule adiabatically driven through the Dirac cones
(for fast quenches the phenomenon persists, but is super-
imposed by the quench dynamics). We adiabatically change
the parameter o of Eq. (5) as

a(t) =t (ac/tc)7 (7)

where . denotes the critical value of a for which the cones
appear at k. = z. One can choose ¢, as the time when one
wishes the cones to emerge, here we set f./T = 15.
Experimentally that protocol implies changing a after
every kick. The Dirac cones form vortices in the k plane
with singularities at (k.,a.). We demonstrate that the
vortices lead to a flip of the molecular orientation during
the time evolution even if we time evolve a generic,
experimentally realizable wave packet, populated in one
of the bands involved in the crossing.

To this end, we consider a Gaussian wave packet
(1|p(t = 0)) o e~(=h)*/28 and project this state into the
third band with a peak at k = z [77]. This furnishes a state
which is both localized in angular momentum [/ and
quasimomentum k. The occupation in the third band leads
to high orientation and alignment signals. Henceforth we
time-evolve this wave packet according to the adiabatic
protocol in real space and without approximation of Fourier
space conversion.

In Fig. 3 we show the results of this calculation for an
initial Gaussian states with width A/ = 0.5 and peak at [, =
30 and [, = 0, respectively. Furthermore, with yellow dots
we show the results for a “generic” initial state created by a
single laser pulse from ¢ = 6, . Generic implies that we are
choosing a state which can be created by one laser pulse
starting from / = 0. Evidently, to see a difference in the
alignment and orientation signal, one needs to start from a
state which is somewhat aligned or oriented [78]. Shown are
(a) the orientation cosine (cos(8)) = (¢(1)|cos(0)|¢p(r)),
(b) the alignment cosine (cos?(8)) = (¢(1)|cos(0)|¢p(r)),
and (c) the absolute values squared of the wave function
components of the generic state created by a pulse
|(l|¢(1))|*. These quantities, expressed through the popu-
lations of rotational states and molecular axis distributions
in real space, are being routinely measured in gas-phase

(@) o5 :
|
o~ I
1SS
% 0.0
\8/ —e— [y =30

—— lp=0

Generic

10 20 30
Number of kicks t/T

FIG. 3. Time evolution of three different molecular states
initially prepared in the third band of the spectrum peaked at
k = m, see Fig. 2(a), which are evolved through the Dirac cone at
t. =15, cf. Eq. (7). To demonstrate that the phenomenon is
generic we show a Gaussian state peaked at [, = 30 (orange),
Iy = 0 (blue), and a generic state prepared with one laser pulse
from / = 0 (dotted). As a function of the number of laser kicks are
shown (a) the orientation cosine (cos(d)), (b) the alignment
cosine (cos?(#)), and (c) the absolute values squared of the wave
function components |(I|¢(¢))|> of the generic state. The dy-
namics changes drastically in the vicinity of the Dirac cone,
marked by vertical dashed lines (red), see the text. The reason for
this is a monopole at k = 7, a = a,. which changes the nature of
the eigenstates.

molecular experiments, e.g., using Coulomb explosion [57]
and Raman spectroscopy [79], for (a),(b), and (c),
respectively.

In the initial time evolution, we observe a stagnant phase
with little growth in energy and change in the alignment
traces, which is due to the occupation within a specific
band. Near the Dirac cones, however, the behavior changes,
and we see a change of the orientation and alignment traces.
After the cone, the generic behavior predicted at a quantum
resonance, namely the linear spread of the wave function in
angular momentum space, is observed. This can also be
intuitively understood in terms of a quantum walk in the
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tight-binding description of the lattice. If we assume that
the overlap of the initial wave packet with the edge states is
vanishing, we can expand its Fourier transform in eigen-
states with ¢, (t =0) =>_, &y, (k,0), see Eq. (4). The
orientation and alignment traces change their behavior at
the Dirac cones due to the change of the eigenstates. We
note that for a generic wave packet which is not prepared
exactly in the third band, this phenomenon is still visible,
although not as pronounced, depending on the particular
setup, see Fig. 3. Finally, we note that the example we are
looking at with <30 pulses is currently accessible in
laboratory, as 24 kicks were used to observe dynamical
localization with nitrogen molecules [38].

To summarize, we have demonstrated the possibility to
observe topological charges in periodically kicked mole-
cules. A key step connecting molecular rotational spectros-
copy with single-particle models of condensed matter was to
introduce quasimomentum, in addition to quasienergies of
the Floquet representation. As opposed to topological states
in solid-state systems, which usually show up through some
macroscopic observables [2,80], and topological conical
intersections that can alter chemical reaction dynamics
[11,12], the topological charges described here can be probed
directly by imaging molecular rotational states. In addition to
new insights into the topological physics in molecular
systems, this paves the way to engineer chemically relevant
states of molecules using topological invariants. Unlike in
many other topological systems, the position of the Dirac
cones in molecules can be controlled directly by changing the
parametrization of the laser strengths. Furthermore, laser
pulses can be applied in a way selectively breaking the
symmetries (e.g., time reversal). The richness of internal
degrees of freedom even for diatomic molecules [81] along
with the possibilities to coherently control them [44] makes
the extensions of the model to higher dimensions possible.
Using elliptically polarized laser pulses the space of rotations
for an asymmetric molecule becomes three dimensional (in
the quantum numbers /, m, k) and a hopping in all the three
dimensions can be induced [82]. Applying pulses which are
in resonance with the rotational periods, multiband and
possibly non-Abelian physics in more than one physical
dimension could be probed. Last, previous works indicate
that immersing rotating molecules into superfluid helium
[83] might generate an interacting topological system with
non-Abelian invariants [84].

M. L. acknowledges support by the European Research
Council (ERC) Starting Grant No. 801770 (ANGULON).

“volker karle @ist.ac.at
Tareg.ghazaryan @ist.ac.at
“mikhail.lemeshko @ist.ac.at

[1] Steven M. Girvin and Kun Yang, Modern Condensed
Matter Physics (Cambridge University Press, Cambridge,
England, 2019).

[2] B. Andrei Bernevig, Topological Insulators and Topologi-
cal Superconductors (Princeton University Press, Princeton,
NJ, 2013).

[3] David J. Thouless, Mahito Kohmoto, M. Peter Nightingale,
and Marcel den Nijs, Quantized Hall Conductance in a Two-
Dimensional Periodic Potential, Phys. Rev. Lett. 49, 405
(1982).

[4] F. Duncan and M. Haldane, Nonlinear Field Theory of
Large-Spin Heisenberg Antiferromagnets: Semiclassically
Quantized Solitons of the One-Dimensional Easy-Axis Néel
State, Phys. Rev. Lett. 50, 1153 (1983).

[5] F. Duncan and M. Haldane, Model for a Quantum Hall
Effect Without Landau Levels: Condensed-Matter Realiza-
tion of the “Parity Anomaly”, Phys. Rev. Lett. 61, 2015
(1988).

[6] Xiao-Liang Qi and Shou-Cheng Zhang, Topological insula-
tors and superconductors, Rev. Mod. Phys. 83, 1057 (2011).

[7] N.P. Armitage, E.J. Mele, and Ashvin Vishwanath, Weyl
and Dirac semimetals in three-dimensional solids, Rev.
Mod. Phys. 90, 015001 (2018).

[8] Masatoshi Sato and Yoichi Ando, Topological supercon-
ductors: A review, Rep. Prog. Phys. 80, 076501 (2017).

[9] Venkataraman Balakrishnan, Mathematical Physics: Appli-
cations and Problems (Springer Nature, New York, 2020).

[10] Subhankar Khatua and R. Ganesh, Berry phase in the rigid
rotor: Emergent physics of odd antiferromagnets, Phys. Rev.
B 105, 184401 (2022).

[11] Patrik ()hberg, Jonas Larson, and Erik Sjoqvist, Conical
Intersections in Physics: An Introduction to Synthetic
Gauge Theories, Lecture Notes in Physics Vol. 965
(Springer, New York, 2020).

[12] Ilya G. Ryabinkin, Loic Joubert-Doriol, and Artur F.
Izmaylov, Geometric phase effects in nonadiabatic dynamics
near conical intersections, Acc. Chem. Res. 50, 1785 (2017).

[13] Nimrod Moiseyev, Milan Sindelka, and Lorenz S.
Cederbaum, Laser-induced conical intersections in molecu-
lar optical lattices, J. Phys. B 41, 221001 (2008).

[14] Gabor J. Halasz, Agnes Vibok, Milan §indelka, Nimrod
Moiseyev, and Lorenz S. Cederbaum, Conical intersections
induced by light: Berry phase and wavepacket dynamics,
J. Phys. B 44, 175102 (2011).

[15] H. Lefebvre-Brion and R.W. Field, The Spectra and
Dynamics of Diatomic Molecules (Elsevier, New York,
2004).

[16] M. S. Santhanam, Sanku Paul, and J. Bharathi Kannan,
Quantum kicked rotor and its variants: Chaos, localization
and beyond, Phys. Rep. 956, 1 (2022).

[17] Giulio Casati and Boris Chirikov, Quantum Chaos: Between
Order and Disorder (Cambridge University Press, Cambridge,
England, 2006).

[18] Giulio Casati, B. V. Chirikov, F. M. Izraelev, and Joseph
Ford, Stochastic behavior of a quantum pendulum under a
periodic perturbation, in Stochastic Behavior in Classical
and Quantum Hamiltonian Systems (Springer, New York,
1979), pp. 334-352.

[19] D.L. Shepelyanskii, Dynamical stochasticity in nonlinear
quantum systems, Theor. Math. Phys. 49, 925 (1981).

[20] Shmuel Fishman, D. R. Grempel, and R. E. Prange, Chaos,
Quantum Recurrences, and Anderson Localization, Phys.
Rev. Lett. 49, 509 (1982).

103202-5


https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.49.405
https://doi.org/10.1103/PhysRevLett.50.1153
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1103/RevModPhys.90.015001
https://doi.org/10.1088/1361-6633/aa6ac7
https://doi.org/10.1103/PhysRevB.105.184401
https://doi.org/10.1103/PhysRevB.105.184401
https://doi.org/10.1021/acs.accounts.7b00220
https://doi.org/10.1088/0953-4075/41/22/221001
https://doi.org/10.1088/0953-4075/44/17/175102
https://doi.org/10.1016/j.physrep.2022.01.002
https://doi.org/10.1007/BF01019125
https://doi.org/10.1103/PhysRevLett.49.509
https://doi.org/10.1103/PhysRevLett.49.509

PHYSICAL REVIEW LETTERS 130, 103202 (2023)

[21] Giulio Casati, Italo Guarneri, and D.L. Shepelyansky,
Anderson Transition in a One-Dimensional System with
Three Incommensurate Frequencies, Phys. Rev. Lett. 62,
345 (1989).

[22] R. Graham, M. Schlautmann, and P. Zoller, Dynamical
localization of atomic-beam deflection by a modulated
standing light wave, Phys. Rev. A 45, R19 (1992).

[23] F. L. Moore, J. C. Robinson, C. Bharucha, P. E. Williams,
and M. G. Raizen, Observation of Dynamical Localization
in Atomic Momentum Transfer: A New Testing Ground for
Quantum Chaos, Phys. Rev. Lett. 73, 2974 (1994).

[24] R. Bliimel, A. Buchleitner, R. Graham, L. Sirko, U.
Smilansky, and H. Walther, Dynamical localization in the
microwave interaction of Rydberg atoms: The influence of
noise, Phys. Rev. A 44, 4521 (1991).

[25] Julien Chabé, Gabriel Lemarié, Benoit Grémaud,
Dominique Delande, Pascal Szriftgiser, and Jean Claude
Garreau, Experimental Observation of the Anderson Metal-
Insulator Transition with Atomic Matter Waves, Phys. Rev.
Lett. 101, 255702 (2008).

[26] A. Cao, R. Sajjad, H. Mas, E. Q. Simmons, J. L. Tanlimco,
E. Nolasco-Martinez, T. Shimasaki, H. E. Kondakci, V.
Galitski, and D. M. Weld, Interaction-driven breakdown
of dynamical localization in a kicked quantum gas, Nat.
Phys. 18, 1302 (2022).

[27] Jiao Wang and Jiangbin Gong, Proposal of a cold-atom
realization of quantum maps with Hofstadter’s butterfly
spectrum, Phys. Rev. A 77, 031405(R) (2008).

[28] Longwen Zhou and Jiangbin Gong, Recipe for creating an
arbitrary number of Floquet chiral edge states, Phys. Rev. B
97, 245430 (2018).

[29] Derek Y.H. Ho and Jiangbin Gong, Quantized Adiabatic
Transport in Momentum Space, Phys. Rev. Lett. 109,
010601 (2012).

[30] R. Bliimel, S. Fishman, and U. Smilansky, Excitation of
molecular rotation by periodic microwave pulses. A testing
ground for Anderson localization, J. Chem. Phys. 84, 2604
(1986).

[31] Johannes Flof} and Ilya Sh. Averbukh, Quantum resonance,
Anderson localization, and selective manipulations in
molecular mixtures by ultrashort laser pulses, Phys. Rev.
A 86, 021401(R) (2012).

[32] Johannes FloB, Shmuel Fishman, and Ilya Sh. Averbukh,
Anderson localization in laser-kicked molecules, Phys. Rev.
A 88, 023426 (2013).

[33] Johannes Flof and Ilya Sh. Averbukh, Edge states of
periodically kicked quantum rotors, Phys. Rev. E 91,
052911 (2015).

[34] Alexandra Bakman, Hagar Veksler, and Shmuel Fishman,
Edge states of a three dimensional kicked rotor, Eur. Phys.
J. B 92, 236 (2019).

[35] S. Zhdanovich, C. Bloomquist, J. FloB, I. Sh. Averbukh,
J.W. Hepburn, and V. Milner, Quantum Resonances in
Selective Rotational Excitation of Molecules with a Se-
quence of Ultrashort Laser Pulses, Phys. Rev. Lett. 109,
043003 (2012).

[36] Johannes FloB, Andrei Kamalov, Ilya Sh. Averbukh, and
Philip H. Bucksbaum, Observation of Bloch Oscillations
in Molecular Rotation, Phys. Rev. Lett. 115, 203002
(2015).

[37] Johannes Floss and Ilya Sh. Averbukh, Anderson Wall and
Bloch Oscillations in Molecular Rotation, Phys. Rev. Lett.
113, 043002 (2014).

[38] M. Bitter and V. Milner, Experimental Observation of
Dynamical Localization in Laser-Kicked Molecular Rotors,
Phys. Rev. Lett. 117, 144104 (2016).

[39] Martin Bitter and Valery Milner, Experimental Demonstra-
tion of Coherent Control in Quantum Chaotic Systems,
Phys. Rev. Lett. 118, 034101 (2017).

[40] Martin Bitter and Valery Milner, Control of quantum
localization and classical diffusion in laser-kicked molecular
rotors, Phys. Rev. A 95, 013401 (2017).

[41] Jérémy Bert, Emilien Prost, Ilia Tutunnikov, Pierre Béjot,
Edouard Hertz, Franck Billard, Bruno Lavorel, Uri Steinitz,
Ilya Sh. Averbukh, and Olivier Faucher, Optical imaging of
coherent molecular rotors, Laser Photonics Rev. 14,
1900344 (2020).

[42] Kang Lin, Qiying Song, Xiaochun Gong, Qinying Ji,
Haifeng Pan, Jingxin Ding, Heping Zeng, and Jian Wu,
Visualizing molecular unidirectional rotation, Phys. Rev. A
92, 013410 (2015).

[43] Evangelos T. Karamatskos, Sebastian Raabe, Terry Mullins,
Andrea Trabattoni, Philipp Stammer, Gildas Goldsztejn,
Rasmus R. Johansen, Karol Dtugotecki, Henrik Stapelfeldt,
Marc J. J. Vrakking, Sebastian Trippel, Arnaud Rouzée, and
Jochen Kiipper, Molecular movie of ultrafast coherent
rotational dynamics of OCS, Nat. Commun. 10, 3364
(2019).

[44] Christiane P. Koch, Mikhail Lemeshko, and Dominique
Sugny, Quantum control of molecular rotation, Rev. Mod.
Phys. 91, 035005 (2019).

[45] D. Mitra, K. H. Leung, and T. Zelevinsky, Quantum control
of molecules for fundamental physics, Phys. Rev. A 105,
040101 (2022).

[46] R.N. Zare, Laser control of chemical reactions, Science
279, 1875 (1998).

[47] Xinhua Xie, Katharina Doblhoff-Dier, Huailiang Xu, Stefan
Roither, Markus S. Schoffler, Daniil Kartashov, Sonia
Erattupuzha, Tim Rathje, Gerhard G. Paulus, Kaoru
Yamanouchi, Andrius BaltuSka, Stefanie Grife, and
Markus Kitzler, Selective Control over Fragmentation
Reactions in Polyatomic Molecules Using Impulsive Laser
Alignment, Phys. Rev. Lett. 112, 163003 (2014).

[48] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.130.103202, which in-
cludes Refs. [49-59], for (a) a justification of the sudden
approximation when the laser pulse duration is significantly
shorter than the rotational period of the molecule, (b) de-
tailed derivations of }unable Di{ac cones not observable with
either of the cos?(6) or cos(d) terms, and (c) a demon-
stration that, for nonzero values of angular momentum, the
“hopping” matrix elements between different singular
momentum “lattice sites” converge to an approximately
constant value.

[49] Claude M. Dion, Arne Keller, Osman Atabek, and André D.
Bandrauk, Laser-induced alignment dynamics of HCN:
Roles of the permanent dipole moment and the polar-
izability, Phys. Rev. A 59, 1382 (1999).

[50] Tamar Seideman, Revival Structure of Aligned Rotational
Wave Packets, Phys. Rev. Lett. 83, 4971 (1999).

103202-6


https://doi.org/10.1103/PhysRevLett.62.345
https://doi.org/10.1103/PhysRevLett.62.345
https://doi.org/10.1103/PhysRevA.45.R19
https://doi.org/10.1103/PhysRevLett.73.2974
https://doi.org/10.1103/PhysRevA.44.4521
https://doi.org/10.1103/PhysRevLett.101.255702
https://doi.org/10.1103/PhysRevLett.101.255702
https://doi.org/10.1038/s41567-022-01724-7
https://doi.org/10.1038/s41567-022-01724-7
https://doi.org/10.1103/PhysRevA.77.031405
https://doi.org/10.1103/PhysRevB.97.245430
https://doi.org/10.1103/PhysRevB.97.245430
https://doi.org/10.1103/PhysRevLett.109.010601
https://doi.org/10.1103/PhysRevLett.109.010601
https://doi.org/10.1063/1.450330
https://doi.org/10.1063/1.450330
https://doi.org/10.1103/PhysRevA.86.021401
https://doi.org/10.1103/PhysRevA.86.021401
https://doi.org/10.1103/PhysRevA.88.023426
https://doi.org/10.1103/PhysRevA.88.023426
https://doi.org/10.1103/PhysRevE.91.052911
https://doi.org/10.1103/PhysRevE.91.052911
https://doi.org/10.1140/epjb/e2019-100174-8
https://doi.org/10.1140/epjb/e2019-100174-8
https://doi.org/10.1103/PhysRevLett.109.043003
https://doi.org/10.1103/PhysRevLett.109.043003
https://doi.org/10.1103/PhysRevLett.115.203002
https://doi.org/10.1103/PhysRevLett.115.203002
https://doi.org/10.1103/PhysRevLett.113.043002
https://doi.org/10.1103/PhysRevLett.113.043002
https://doi.org/10.1103/PhysRevLett.117.144104
https://doi.org/10.1103/PhysRevLett.118.034101
https://doi.org/10.1103/PhysRevA.95.013401
https://doi.org/10.1002/lpor.201900344
https://doi.org/10.1002/lpor.201900344
https://doi.org/10.1103/PhysRevA.92.013410
https://doi.org/10.1103/PhysRevA.92.013410
https://doi.org/10.1038/s41467-019-11122-y
https://doi.org/10.1038/s41467-019-11122-y
https://doi.org/10.1103/RevModPhys.91.035005
https://doi.org/10.1103/RevModPhys.91.035005
https://doi.org/10.1103/PhysRevA.105.040101
https://doi.org/10.1103/PhysRevA.105.040101
https://doi.org/10.1126/science.279.5358.1875
https://doi.org/10.1126/science.279.5358.1875
https://doi.org/10.1103/PhysRevLett.112.163003
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
http://link.aps.org/supplemental/10.1103/PhysRevLett.130.103202
https://doi.org/10.1103/PhysRevA.59.1382
https://doi.org/10.1103/PhysRevLett.83.4971

PHYSICAL REVIEW LETTERS 130, 103202 (2023)

[51] C.M. Dion, A. Ben Haj-Yedder, E. Cances, C. Le Bris,
A. Keller, and O. Atabek, Optimal laser control of orienta-
tion: The kicked molecule, Phys. Rev. A 65, 063408 (2002).

[52] Marjan Mirahmadi, Burkhard Schmidt, Mallikarjun Karra,
and Bretislav Friedrich, Dynamics of polar polarizable
rotors acted upon by unipolar electromagnetic pulses: From
the sudden to the adiabatic regime, J. Chem. Phys. 149,
174109 (2018).

[53] Jeffrey Rauch and Gérard Mourou, The time integrated far
field for Maxwell’s and D’ Alembert’s equations, Proc. Am.
Math. Soc. 134, 851 (2006).

[54] Rostislav Arkhipov, Mikhail Arkhipov, Anton Pakhomov, Ihar
Babushkin, and Nikolay Rosanov, Half-cycle and unipolar
pulses (topical review), Laser Phys. Lett. 19, 043001 (2022).

[55] Ingo Barth, Luis Serrano-Andrés, and Tamar Seideman,
Nonadiabatic orientation, toroidal current, and induced
magnetic field in BeO molecules, J. Chem. Phys. 129,
164303 (2008).

[56] C.M. Dion, A. Keller, and O. Atabek, Orienting molecules
using half-cycle pulses, Eur. Phys. J. D 14, 249 (2001).

[57] Adam S. Chatterley, Lars Christiansen, Constant A.
Schouder, Anders V. Jgrgensen, Benjamin Shepperson,
Igor N. Cherepanov, Giacomo Bighin, Robert E. Zillich,
Mikhail Lemeshko, and Henrik Stapelfeldt, Rotational
Coherence Spectroscopy of Molecules in Helium Nano-
droplets: Reconciling the Time and the Frequency Domains,
Phys. Rev. Lett. 125, 013001 (2020).

[58] Dmitrii Aleksandrovich Varshalovich, Anatolij Nikolaevi¢
Moskalev, and Valerii Kel manovich Khersonskii, Quantum
Theory of Angular Momentum (World Scientific, Singapore,
1988).

[59] James P. M. Flude, The Edmonds asymptotic formulas for the
3j and 6 symbols, J. Math. Phys. (N.Y.) 39, 3906 (1998).

[60] I. Sh. Averbukh and R. Arvieu, Angular Docusing, Squeez-
ing, and Rainbow Formation in a Strongly Driven Quantum
Rotor, Phys. Rev. Lett. 87, 163601 (2001).

[61] For some molecules, the centrifugal distortion constant D is
not negligible and the D/?>(I + 1)? term has to be added.
This term becomes important for larger values of / and can
be neglected in our discussion for now. Practically, it will
introduce a second boundary with some [, (the so-called
“Anderson wall”), as was shown in [37].

[62] D. You, R.R. Jones, P. H. Bucksbaum, and D. R. Dykaar,
Generation of high-power sub-single-cycle 500-fs electro-
magnetic pulses, Opt. Lett. 18, 290 (1993).

[63] Erez Gershnabel, I. Sh. Averbukh, and Robert J. Gordon,
Orientation of molecules via laser-induced antialignment,
Phys. Rev. A 73, 061401(R) (2006).

[64] Evangelos T. Karamatskos, Sebastian Raabe, Terry Mullins,
Andrea Trabattoni, Philipp Stammer, Gildas Goldsztejn,
Rasmus R. Johansen, Karol Diugotecki, Henrik Stapelfeldt,
Marc]. J. Vrakking et al., Molecular movie of ultrafast coherent
rotational dynamics of OCS, Nat. Commun. 10, 3364 (2019).

[65] Iftach Nevo, Lotte Holmegaard, Jens H. Nielsen, Jonas L.
Hansen, Henrik Stapelfeldt, Frank Filsinger, Gerard Meijer,
and Jochen Kiipper, Laser-induced 3D alignment and
orientation of quantum state-selected molecules, Phys.
Chem. Chem. Phys. 11, 9912 (2009).

[66] Qiyuan Cheng, Jingsong Liu, Xucong Zhou, Yuzhi Song,
and Qingtian Meng, Field-free alignment dynamics of FCN

molecule induced by a terahertz half-cycle pulse, Europhys.
Lett. 125, 33001 (2019).

[67] Sandro Wimberger, Nonlinear Dynamics and Quantum
Chaos (Springer, New York, 2014), Vol. 10.

[68] Milena Grifoni and Peter Hinggi, Driven quantum tunnel-
ing, Phys. Rep. 304, 229 (1998).

[69] Heinz-Peter Breuer, Francesco Petruccione et al., The
Theory of Open Quantum Systems (Oxford University Press,
Oxford, 2002).

[70] Mathematics of Quantum Computation and Quantum Tech-
nology, edited by Goong Chen, Louis Kauffman and Samuel
J. Lomonaco (CRC Press, Boca Raton, 2007).

[71] Netanel H. Lindner, Gil Refael, and Victor Galitski, Floquet
topological insulator in semiconductor quantum wells, Nat.
Phys. 7, 490 (2011).

[72] Takuya Kitagawa, Erez Berg, Mark Rudner, and Eugene
Demler, Topological characterization of periodically driven
quantum systems, Phys. Rev. B 82, 235114 (2010).

[73] Ching-Kai Chiu, Jeffrey C. Y. Teo, Andreas P. Schnyder, and
Shinsei Ryu, Classification of topological quantum matter
with symmetries, Rev. Mod. Phys. 88, 035005 (2016).

[74] Takahiro Fukui, Yasuhiro Hatsugai, and Hiroshi Suzuki,
Chern numbers in discretized Brillouin zone: Efficient
method of computing (spin) Hall conductances, J. Phys.
Soc. Jpn. 74, 1674 (2005).

[75] Another possibility is to calculate the mirror invariants,
which can be computed from the difference in the number of
reflection-symmetric eigenstates at k = 0 (or k = ) before
and after the cone.

[76] From the rigid rotor approximation, the lattice in / is assumed
to be half-infinite. However, thatis only an approximation, see
Refs. [61,37]. The centrifugal distortion leads to an effective
upper bound /., where another edge state appears.

[77] Quasimomentum k = z implies that the sign of the matrix
elements changes every three angular momentum sites.

[78] We choose |¢p) = e™AL% ¢V(PLP2) || = 0) with Ar~ 0911,
P, ~6.67, P, ~2.67. However, any other state with finite
occupation in one band around k = z can be used.

[79] Johannes Flof3, Christian Boulet, Jean-Michel Hartmann,
Alexander A. Milner, and Valery Milner, Electronic spin
polarization with an optical centrifuge, Phys. Rev. A 98,
043401 (2018).

[80] Jing Wang and Shou-Cheng Zhang, Topological states of
condensed matter, Nat. Mater. 16, 1062 (2017).

[81] John M. Brown and Alan Carrington, Rotational Spectros-
copy of Diatomic Molecules (Cambridge University Press,
Cambridge, England, 2003).

[82] Stefan Pabst, Phay J. Ho, and Robin Santra, Computational
studies of x-ray scattering from three-dimensionally aligned
asymmetric-top molecules, Phys. Rev. A 81, 043425
(2010).

[83] Mikhail Lemeshko and Richard Schmidt, Molecular impu-
rities interacting with a many-particle environment: From
ultracold gases to helium nanodroplets, in Cold Chemistry:
Molecular Scattering and Reactivity Near Absolute Zero
(Royal Society of Chemistry, London, 2018).

[84] Enderalp Yakaboylu, Andreas Deuchert, and Mikhail
Lemeshko, Emergence of Non-Abelian Magnetic Monop-
oles in a Quantum Impurity Problem, Phys. Rev. Lett. 119,
235301 (2017).

103202-7


https://doi.org/10.1103/PhysRevA.65.063408
https://doi.org/10.1063/1.5051591
https://doi.org/10.1063/1.5051591
https://doi.org/10.1090/S0002-9939-05-08140-2
https://doi.org/10.1090/S0002-9939-05-08140-2
https://doi.org/10.1088/1612-202X/ac5522
https://doi.org/10.1063/1.2994737
https://doi.org/10.1063/1.2994737
https://doi.org/10.1007/s100530170223
https://doi.org/10.1103/PhysRevLett.125.013001
https://doi.org/10.1063/1.532474
https://doi.org/10.1103/PhysRevLett.87.163601
https://doi.org/10.1364/OL.18.000290
https://doi.org/10.1103/PhysRevA.73.061401
https://doi.org/10.1038/s41467-019-11122-y
https://doi.org/10.1039/b910423b
https://doi.org/10.1039/b910423b
https://doi.org/10.1209/0295-5075/125/33001
https://doi.org/10.1209/0295-5075/125/33001
https://doi.org/10.1016/S0370-1573(98)00022-2
https://doi.org/10.1038/nphys1926
https://doi.org/10.1038/nphys1926
https://doi.org/10.1103/PhysRevB.82.235114
https://doi.org/10.1103/RevModPhys.88.035005
https://doi.org/10.1143/JPSJ.74.1674
https://doi.org/10.1143/JPSJ.74.1674
https://doi.org/10.1103/PhysRevA.98.043401
https://doi.org/10.1103/PhysRevA.98.043401
https://doi.org/10.1038/nmat5012
https://doi.org/10.1103/PhysRevA.81.043425
https://doi.org/10.1103/PhysRevA.81.043425
https://doi.org/10.1103/PhysRevLett.119.235301
https://doi.org/10.1103/PhysRevLett.119.235301

