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Quantum Coherent Control of a Single Molecular-Polariton Rotation
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We present a combined analytical and numerical study for coherent terahertz control of a single
molecular polariton, formed by strongly coupling two rotational states of a molecule with a single-mode
cavity. Compared to the bare molecules driven by a single terahertz pulse, the presence of a cavity strongly
modifies the postpulse orientation of the polariton, making it difficult to obtain its maximal degree of
orientation. To solve this challenging problem toward achieving complete quantum coherent control, we
derive an analytical solution of a pulse-driven quantum Jaynes-Cummings model by expanding the wave
function into entangled states and constructing an effective Hamiltonian. We utilize it to design a composite
terahertz pulse and obtain the maximum degree of orientation of the polariton by exploiting photon
blockade effects. This Letter offers a new strategy to study rotational dynamics in the strong-coupling
regime and provides a method for complete quantum coherent control of a single molecular polariton. It,
therefore, has direct applications in polariton chemistry and molecular polaritonics for exploring novel

quantum optical phenomena.
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Since the pioneering experimental work by Ebbesen and
collaborators in 2012 [1], strong light-matter interactions
between an internal mode of molecules and a cavity-photon
mode have attracted substantial attention in chemistry and
physics [2-8]. It promptly established an emerging field
within chemistry called polariton chemistry [9-14], bringing
together quantum optics and chemical physics. Considerable
experimental and theoretical works have demonstrated that
strong light-matter coupling can significantly modify the
physical and chemical properties of molecules [15-20].
Experimentally, it has become possible to achieve vibra-
tional-strong coupling (VSC) of a single molecule with
nanocavities even at room temperature [21,22]. The for-
mation of vibrational polaritons as the quantum super-
positions of molecular vibrations and cavity-photon modes
offers an alternative approach for selective activation of
chemical bonds and an efficient pathway for energy transfer
between molecules [23-28].

The rotational degree of freedom of molecules can
provide physical insights into light-matter interactions
beyond the VSC limit. This Letter explores the rotational-
strong coupling (RSC) and focuses on quantum control of
molecular rotation [29-32]. Recent experiments have shown
how to orient single polar molecules on a surface with
maximum precision using the electric field of a scanning
turning microscope [33] and how to control the orientation
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of molecules inside a cavity for enhancing the VSC [34].
However, the generation of postpulse orientation of a single
molecule inside a cavity remains unexplored, which is
related to a phenomenon known as field-free orientation
[35]. In the absence of a cavity, there has been significant
progress for generating postpulse orientation of molecules
using resonant terahertz pulses [35-48] or nonresonant
optical pulses [49-51]. It is crucial to show how cavity
quantum electrodynamics (cQED) effects modify such a
phenomenon as a direct consequence of RSC.

In this Letter, we theoretically explore the realization of
the maximal postpulse orientation of a single polariton
irradiated by pulsed terahertz fields, which is of much
current interest to the existing techniques on molecular
orientation and the field of single-molecule strong coupling
in cavities. We examine an archetypal model of RSC for two
rotational states of a single molecule inside a single-mode
cavity. Previously, by combining a long nonresonant laser
pulse and a weak static electric field to mix the lowest two
rotational states with equal weights, the maximal two-state-
postpulse orientation has been demonstrated experimentally
for ultracold carbonyl sulfide (OCS) molecules without a
cavity [52]. Here, we show that this orientation maximum is
reachable for the bare molecule using a single terahertz
pulse without using a static electric field. Furthermore, the
orientation features are strongly modified when placing the
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FIG. 1. (a) Schematic of a pulse-driven molecular polariton and

the corresponding energy levels. A single molecule with rota-
tional states |[JM) at a rotational frequency @y, in (b) is strongly
coupled with a single-mode cavity with photon states |n) at a
frequency w, in (c), resulting in entangled states |0; 0) and |+; n)
in (d). € denotes the angle between the molecular axis and the
driving field’s polarization vector.

molecule into a cavity, showing a direct signature of hybrid
entangled states. By expanding the time-dependent wave
function into entangled states and using an effective
Hamiltonian, we derive an analytical solution of a pulse-
driven quantum Jaynes-Cummings (JC) model [53] to
describe the molecular-polariton dynamics without the
rotating wave approximation (RWA). We then utilize it to
design a complete quantum coherent control scheme, which
can achieve the orientation maximum of the polariton by
controlling the amplitude and phase of a composite terahertz
pulse while exploiting quantum blockade effects.

We consider a single polar molecule initially in the
absolute-ground state strongly coupled with a single-mode
cavity of a frequency o, and driven by a linearly polarized
terahertz pulse £(7), as illustrated in Fig. 1(a). By setting
the laser field’s polarization vector € along the cavity one,
the total Hamiltonian of the molecule in the presence of the
cavity and pulsed fields can be described in the dipole
gauge by (7 = 1) [54-56]

D,

Vﬁ é(a+a’)y—p-e&(),
(1)

where the first term is the field-free rigid-rotor Hamiltonian
with the angular momentum operator J and rotational
constant B, and the second one denotes the cavity field
Hamiltonian with &' (&) being the creation (annihilation)
photon operators. The last two terms in Eq. (1) describe the
interactions of the molecule with a cavity and a laser field,
respectively, where €,, V, and fi represent the electric

H (1) = BJ* + w ata -
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FIG. 2. The dependence of the numerically calculated time-
dependent degree of orientation |(cosd)(z)| on the laser fre-
quency detuning A with time in units of the full revival period 7 of
the bare molecule. The comparisons without [(a)—(c)] and with
[(d)—(f)] a cavity are calculated with three different pulse
bandwidths Aw = 0.1¢ (top), 0.5¢g (middle), and 1.0g (bottom)
while keeping other parameters unchanged. (g)-(i) The simu-
lations of (cos @) () versus A at a given time ¢t = 6.757.

constant, volume of the electromagnetic mode, and dipole
operator of the molecule.

In the absence of the second and third terms in Eq. (1),
postpulse orientation of the bare molecule can be generated
by applying resonant terahertz laser pulses [47,48]. By
designing a single terahertz pulse to satisfy the condition
ko ﬁo t)expliog t]dt| = |00, (t7)| = n/4 with py =
(00|a - €]10) and wy, = 2B, while keeping its bandwidth
narrow enough, we obtain a coherent superposition of
rotational states |00) and |10) with equal weights without
populating higher rotational states. The corresponding
postpulse orientation reaches the maximum of (cos )., =
V/3/3 ~ 0.5774 with the revival period of 7 = 7/B, which
can be modified by applying a weak static field [57]. In the
presence of strong molecule-cavity coupling, the third term
in Eq. (1) mixes the bare molecular and photon states into
hybrid entangled states in Figs. 1(b)—1(d).

To examine how the cQED affects the postpulse
orientation of the bare molecule, we consider OCS
molecules at ultralow temperatures as an example with
B =0.20286 cm™! and u =0.715 D. Figure 2 shows
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FIG. 3. The corresponding Fourier transform spectra S(®) of
(cos @) () in Fig. 2. The comparisons without [(a)-(c)] and with
[(d)—(f)] a cavity are calculated at three different laser bandwidths
Aw = 0.1¢ (top), 0.5g (middle), and 1.0g (bottom). (g)—(i) The
simulations of S(w) at detuning A = 0.

the comparisons of the time-dependent degree of orientation
(cos 0) () without and with a cavity. We consider the cavity
mode in resonance with the transition between |00)
and |10) with . = @, and set the strength of the polariton
interaction ¢g= W(OO|/¢COSQ|IO> =0.1wy;. A
Gaussian-profile pulse &(1) = Eyf (1) cos(wot + ¢pg) is
used, where f(t) =exp[—*/27}] and &, = +/2/nAy/
(o179) with the duration 7, center frequency ,, and
absolute phase ¢b,. This choice leads to |6, (/)| = A, at the
frequency @, independent of duration z,. We examine the
differences with the use of the pulse at three different
bandwidths Aw = 1/75 = 0.1g, 0.5¢, and 1.0g while fixing
Ayg=r/4 and ¢y =0. At each given Aw, we perform
the simulations by scanning the frequency detuning
A= @y — Wy, from —0.26001 to 0.26001.

Figure 2 shows that the polariton’s postpulse orientation
phenomena are very distinct from the bare molecule one.
For the case wy = @y, the orientation maximum 0.5774
appears in the bare molecule for different pulse bandwidths.
For the polariton, however, the postpulse orientation is
affected and even disappears using a narrow-bandwidth
pulse. As |A| becomes large, the orientation maximum of
the bare molecule decreases, whereas the polariton one
becomes visible. Interestingly, the oscillation period of
the polariton orientation becomes longer (shorter) for
the negative (positive) detuning compared to the bare
molecule. It implies that the manipulation of the

molecule-driving pulse can selectively control the rotation
speed of the molecule in a cavity.

To understand the cQED effect in Fig. 2, we perform an
analysis using the hybrid entangled states [53,58]. We treat
the first three terms in Eq. (1) under the JC model
Hamiltonian Hyc = w;|10) (10| + w.a'a + g(|00)(10|a"+
@|10)(00|). By diagonalizing the Hamiltonian Hyc at the
resonant cavity-molecule coupling @, = @, we obtain the
polariton’s eigenenergies wy o = 0 and w.. , = w.(n + 1)+
gvn + 1, associated with the vacuum ground state |0;0) =
|00)|0) and maximally entangled states |4;n) = v/2/2
(|00)|n + 1) &£ [10)|n)). The pulsed-driven polariton’s
Hamiltonian in terms of hybrid entangled states reads

Hy(1) :Z sn)(&5n| = E(1)
Z .0)(¢:0)
i Z pe(|6n) (¢ sn — 1|
+1¢5n— >< nl), (2)

where jig = £v/2/2up, and fiy = 4+1/2u,, denote the
transition dipole moments between entangled states with
o1 = (00| cos B]10) = +/3/3u. The RSC splits the excited
states |4; n) by the Rabi splitting 2v/n + 1¢g and modifies
the dipole moments, as shown in Figs. 1(b)-1(d).

Figure 3 shows the Fourier-transform spectra of the
calculated time-dependent degree of orientation in Fig. 2,
ie., S(w |ft dt{cos 0) (1) exp(iwt)|, which can be used
to retr1eve the transitions between the involved dressed
states. For a resonant molecule-driving w, = @wy; with a
narrow bandwidth Aw = 0.1¢ in Figs. 3(a), 3(d), and 3(g),
the vacuum Rabi splitting blocks one-photon transition
from |0;0) to |+,0), leading to the disappearance of the
orientation in Fig. 2(d) for A = 0. By tuning @, away from
@y, the two states |+;0) can be excited independently,
resulting in an orientation enhancement at A = g and —¢ in
Fig. 2. For the molecule driving with broad bandwidths of
Aw = 0.5¢g and 1.0g, the spectra in Figs. 3(e), 3(f), 3(h), 3(i)
consist of symmetric doublet peaks around the bare-
molecule resonances. The first doublet peaks at wy £ g
in Figs. 3(e) and 3(h) imply that the laser field described by
the second term in Eq. (2) drives the transitions from |0; 0)
to |£;0) in Fig. 1(d) simultaneously. The higher-lying
doublet peaks become visible in Figs. 3(f) and 3(i),
corresponding to the further transitions from |£;0) to
|£; 1). The corresponding orientation phenomena become
much more complex in Figs. 2(e) and 2(f) than the bare two-
state molecule in Figs. 2(b) and 2(c). It opens an important
question of whether there exists a theoretical orientation

043604-3



PHYSICAL REVIEW LETTERS 130, 043604 (2023)

lcos0)|
o o

|
I

10 14 18 22 26 30
t (units of 1)

FIG. 4. The numerically calculated postpulse orientation of the
polariton driven by an optimized laser pulse. (a) The time-
dependent degree of orientation |(cos 8)(¢)| versus the bandwidth
Aw of the laser pulses, (b) (cos)(z) at a narrow bandwidth of
Aw = 0.1g. The red arrows indicate the revival period 7, of the
polariton.

maximum and how to achieve it for such a molecular
rotational polariton.

To address this challenging question, we expand the
time-dependent wave function |y(f)) into the hybrid
entangled states

ly (1)) = Z Cpoe™'|£30)

¢=0,£

N o, @)

n'=1¢=+

where C, denote the complex coefficients of the lowest
three states |0;0) and |+;0), and C. , correspond to the
complex coefficients of the higher-lying doublet states
|£;n) with n > 0. Based on the method of Lagrange
multipliers [59,60], we conclude that the orientation
maximum of the polariton is (cos 6),... = v/3/3, the same
as for the bare molecule [57]. In this Letter, we achieve
this maximum by generating a coherent superposition of
the lowest three states with [Cop|?> = 0.5, |C,|* =
|C_o[* =0.25, while satisfying a phase relation of
w_garg[C, o] —w, garg[C_y] = 2gn. This implies that
|C. | =0 in the second term in Eq. (3) by blocking
the transitions driven by the third term in Eq. (2).

Since the usual pulse area theorem with the RWA [61,62]
fails to include the pulse-phase information explicitly, we
derive an analytical solution of the time-dependent wave

function within the pulse-driven quantum JC model
described by Eq. (2) without the RWA, which remains
challenging in quantum optics [63—-69]. We consider the
model including the lowest three states |0; 0) and |£; 0) and
the second higher-lying doublet states |+; 1). We describe
the transitions between the five states using an effective
three-level model with sublevels [57] and involving the
first-order Magnus expansion of the unitary operator
[47,48,70-72]. The corresponding time-dependent wave
function for the polariton starting from |0;0) reads [57]

101 (1)]* + 100 (1) | cos O
92( 1)

Zel (e'|£:0)
ZZﬁso

W) = 9 10:0)

lsm0

0039(” 0, 1()ew\2:1),

(4)

where  we  define  6y(r) = \/|6+,0(t)|2+ 0_o(1)]?
=fio [} dt' E(') exp(—iws '), and O(1)=
\/|90(t)|2+|91( t)* with 0, () \/|9+1 DI +10-1 (1),
)= 10 s (P +10_ (1)
021 = fy [} dr' &( f/) expli(w; 0 — 0 )f].

Based on Eq. (4), we conclude that the transitions to
|£, 1) can be perfectly blocked as long as £(¢) satisfies the

condition [0 ;(t7)| = 0, reducing Eq. (4) into a V-type-
three-level solution [70]. It provides an alternative strategy

with Hi 0

by setting O, ( with

to achieve the theoretical orientation maximum +/3/3 by
designing £(t) to satisfy the following conditions [57]:

V2

0s0(t)| = ——

- (50)

w_garg[f, o(t7)] — o garg[0_o(t;)] = £gn.  (5b)

The amplitude condition by Eq. (5a) ensures optimal
population distributions with 0.5 in |0;0) and 0.25 in
|£,0). The phase condition by Eq. (5b) enables that the
faster coherence between |0;0) and |+;0) constructively
interferes with the slower one between |0;0) and |—;0).
We perform numerical simulations to determine the
orientation maximum of the polariton. A composite laser
field &£(1) = Egf (1) > p—r cos(wpot + pspo) is applied
in Eq. (2) with choices of & = \/2/7A,/(fig7g), A1 =
V21/8, p_o = 0and ¢,y = 7/9, which satisfies both the
amplitude and phase conditions in Eq. (5). Figure 4 shows
the dependence of (cos#)(z) on the pulse bandwidth Aw.
The degree of orientation in the narrow-bandwidth regime
can reach the maximum, i.e., 0.5774, and decreases in the
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FIG. 5. The final populations (a) and phases (b) in states |0;0),
|£;0) and |£; 1) versus the bandwidth Aw of two laser pulses.
The exactly solved numerical results (solid line) are compared
with the analytical ones (dashed lines) in (a).

broad-bandwidth regime. As shown in Figs. 4(a) and 4(b),
the orientation dynamics exhibits much more complex
revival behaviors than the bare two-state molecule. The
revival period of the polariton is significantly prolonged to
7, = 10z, in agreement with the theoretical value [57].

Figure 5 shows the final populations and phases in states
|0;0), |£;0), and |+; 1) versus the bandwidth Aw of the
composite laser fields. Exact numerical results using the
wave function in Eq. (3) are compared with the analytical
theoretical ones in Eq. (4). In the narrow bandwidth regime,
the final populations as expected are localized in the lowest
three states |0;0) and |£;0) with optimal distributions,
where the photon blockade effects take place without
populating |+;1). As the bandwidth increases, the popu-
lation transfers to |+; 1) in Fig. 5(a) become visible, and the
phase values of the lowest three states in Fig. 5(b) deviate
slightly from the theoretical values that keep unchanged in
the narrow bandwidth regime. This implies that the con-
dition [0, (¢;)| = O breaks down in the broad bandwidth
regime, resulting in the dependence of orientation on the
bandwidth in Fig. 4. The slight differences between the
exactly and analytically calculated results in Fig. 5(a) may
come from the transitions via higher-order Magnus terms,
ignored in the analytical solution in Eq. (4) [47,48].

To conclude, we contributed theoretical proof to com-
plete quantum coherent control of rotational dynamics at a
single molecular-polariton level. As a proof of principle, we
performed simulations by considering a single-mode cavity
in resonance with the lowest two rotational states of a
single molecule driven by a terahertz pulse with a narrow
bandwidth. Our results illustrated that the presence of the
cavity reduces the theoretical orientation maximum of the
polariton and modifies its revival period. We derived an
analytical solution of the pulse-driven quantum Jaynes-
Cummings model by describing the polariton in terms of
hybrid entangled states and utilized it to design the
molecule-driving fields. We demonstrated that the theo-
retical orientation maximum of the polariton could be
revived to the same value as the bare molecule by
controlling the amplitude and phase parameters of a
composite terahertz field.

To the best of our knowledge, this is the first exploration
of the postpulse orientation of molecules in a cavity,
providing a direct signature of the RSC. This Letter offers
a strategy for complete quantum coherent control of
strongly coupled molecule-cavity systems, a long-standing
goal in chemistry and physics [73—75]. A natural extension
of the present Letter would be to explore novel quantum
optical phenomena of the molecular polariton in the ultra-
strong, even deep-strong coupling regimes [76,77]. It
would also be interesting to extend the present method
to a multimolecule Jaynes-Cumming model [76-79], sig-
nificantly reducing the requirement of the coupling strength
of the cavity to each molecule. The experimental imple-
mentation of coherent control of molecular rotation in
cavities requires the state of the art of microcavity tech-
niques, for which molecule-cavity strong and ultrastrong
coupling in the terahertz regime has been observed recently
in different experiments [80,81].
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