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Light interaction with rotating nanostructures gives rise to phenemona as varied as optical torques and
quantum friction. Surprisingly, the most basic optical response function of nanostructures undergoing
rotation has not been clearly addressed so far. Here we reveal that mechanical rotation results in circular
dichroism in optically isotropic particles, which show an unexpectedly strong dependence on the particle
internal geometry. More precisely, particles with one-dimensionally confined electron motion in the plane
perpendicular to the rotation axis, such as nanorings and nanocrosses, exhibit a splitting of 2Q in the
particle optical resonances, while compact particles, such as nanodisks and nanospheres, display weak
circular dichroism. We base our findings on a quantum-mechanical description of the polarizability of
rotating particles, incorporating the mechanical rotation by populating the particle electronic states
according to the principle that they are thermally equilibrated in the rotating frame. We further provide
insight into the rotational superradience effect and the ensuing optical gain, originating in population
inversion as regarded from the lab frame, in which the particle is out of equilibrium. Surprisingly, we find
the optical frequency cutoff for superradiance to deviate from the rotation frequency €. Our results unveil a
rich, unexplored phenomenology of light interaction with rotating objects, which might find applications in
various fields, such as optical trapping and sensing.
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Intriguing chirality-dependent phenomena emerge dur-
ing the interaction between circularly polarized light and
rotating objects. For example, the rotational Doppler effect
[1-6] causes emission of right- and left-circularly polarized
(RCP and LCP) light from a particle rotating at frequency €2
to experience opposite frequency shifts +£Q [1,2]. As a
consequence, inelastic scattering from anisotropic rotating
particles present chiral asymmetry consisting of +2Q
frequency shifts for RCP/LCP light [1,5], as observed
through rotational Raman scattering [1,6]. Chiral effects are
also found in elastic scattering by isotropic rotating media,
such as the rotational photon drag (i.e., the rotation of
polarization upon light transmission [7], which can be
enhanced in slow-light media [8]). In the extreme situation
when the rotation frequency exceeds the optical frequency
of an incident circularly polarized light, losses in the
medium turn into gains, essentially producing light ampli-
fication (the so-called superradience) at the expense of
mechanical energy [9-12]. Additionally, rotation-induced
chirality produces a friction torque upon interaction with
the fluctuating vacuum electromagnetic field [13—19].

These phenomena are important in fundamental physics
and for potential applications, such as the rotational
Doppler effect, which offers a direct way to measure the
rotation frequency [6]. For small objects compared with the
wavelength, the rotation-dependent polarizability a(w) is
the fundamental quantity in terms of which one can
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describe rotation-induced optical phenomena, but surpris-
ingly, it has not been rigorously determined so far in such
systems. One might naively use values of a(w) obtained
from the particle at rest and apply them to the rotating
particle by a simple coordinate transformation, ignoring
changes in the internal states that are produced by rotation.
However, such a widely used prescription [13,15,16,18,20—
24] does not produce the correct frequency shifts, as we
demonstrate in this paper. A more rigorous approach to
model a(w) quantum mechanically then becomes neces-
sary. To this end, a new theoretical method is needed, which
is capable of describing the interaction between light and
the mechanical rotation of an object, going beyond pre-
vious studies, which only treat the rotational quantum
systems as isolated from the external light field [25-30].

In this Letter, we study the optical response of optically
isotropic rotating particles. In particular, we obtain polar-
izabilities for particles of two characteristic shapes (disks
and rings) rotating around their symmetry axis by applying
quantum theory. The calculated results for these two types
of particles reveal a general difference in the optical
response between particles confined in one-dimension
and compact geometries. Although both types of particles
share an optical isotropy in the plane perpendicular to the
rotation axis, their optical responses toward circularly
polarized light shows strikingly different behaviors, char-
acterized by a resonance shift of £Q in rings and no
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splitting in disks at small rotation frequency Q. In classical
terms, we attribute this discrepancy to the blocking of the
Coriolis force in thin rings due to the constrained 1D
motion of internal electrons, in contrast to 2D electron
motion in the disks. From a quantum-mechanical perspec-
tive, the effect is equivalently explained from the change in
electronic state energies in the frame rotating with the
particle, where thermal equilibrium is internally estab-
lished. Further intriguing conclusions are established based
on our model of the optical frequency cutoff for super-
radiance, which we find to significantly deviate from Q.
These results open unexpected perspectives on the optical
response of rotating objects.

Dichroism of rotating particles—We consider parti-
cles that are optically isotropic for polarization per-
pendicular to z (Fig. 1). Two degenerate dipolar
modes can then be individually excited with polarization
p.(®) = ( £i9)p.(w)/+/2 in the perpendicular plane in
response to the electric field E, (o) = (X £i))E,(w)/V2
of RCP (+) and LCP (—) light incident along z [bottom
arrows in Fig. 1(a)]. We consider a weak field, which allows
us to write py(w) = ai(w)EL(®), where ay(w) are the
corresponding linear circular polarizability components
of the particle. In the absence of rotation (Q = 0), the
particle is chirally symmetric, o) (w) = o’ (w) = a’(w),
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FIG. 1. We consider optically isotropic particles characterized
by a resonance frequency @, when they are at rest. (a) When the
particles rotate with angular velocity €, the optical resonance
frequency becomes w, = wy +nQ + pQ> for RCP (+) and
LCP (-) illumination in the lab frame (both equal to @, at
Q = 0), where the shape-dependent # and f terms are corrections
due to Coriolis and centrifugal forces, respectively. (b) In the
frame rotating with the particles, internal electrons experience
Coriolis (F,,) and centrifugal (F_.) forces, while the apparent
frequency of circularly polarized incident light shifts to @ F Q.
The effect of F, and F . depends on particle morphology.

and characterized by a spectrally isolated resonance
showing up as a degenerate peak in Im{a’.(w)}.

When the particle rotates at a frequency € around the
z axis, the resonance frequencies of the two dipolar modes
P+ (o) are shifted to @, = wy & nQ + Q?, where i and
depend on particle geometry (see below), and the sign in
front of # denotes an optical circular dichroism (CD). To
intuitively understand these shifts, we view the system
within the frame rotating with the particle [Fig. 1(b)], in
which particle electrons experience Coriolis and centrifugal
forces, F., and F, respectively. The Coriolis force is a
classical manifestation of Berry’s phase, closely related to
the magnetization of materials by rotation [31-33] and
topological nontrivial phenomena [34,35]. The direction of
F., depends on the sign of , giving rise to a correction
4+ 5 Q, where 1 determines the magnitude of the resulting
CD. In contrast, the centrifugal force always points toward
the outward radial direction, and therefore, its contribution
(a quadratic correction fQ?) is independent of the sign of
Q. In a thin nanoring, internal electrons are confined to the
ring circumference, so their motion is not affected by the
forces F, and F. [Fig. 1(b)]; consequently, the nanoring
polarizability observed in the rotating frame must coincide
with the polarizability of the motionless ring o’ (w),
characterized by a w, resonance. However, the coordinate
transformation associated with rotation makes the fre-
quency @ of RCP and LCP light in the lab to appear as
@ F Qin the rotating frame [bottom labels in Figs. 1(a) and
1(b)], thus Doppler shifting the resonance captured by
p+(w) to wy = wy £ Q in the lab frame. Similar consid-
erations also lead to a 2Q resonance splitting in the lab
frame for a rotating thin nanocross, where geometrical
confinement disables F,, while F . produces identical
shifts in both frequencies w.. In contrast, in extended
particles such as disks [Fig. 1(b)], both F ., and F. affect
electron motion, leading to a more complex dependence of
a(w) on rotation (see below); in particular, in a free-
electron description of a disk, the Coriolis force completely
compensates the rotational Doppler effect, rendering # = 0
(i.e., no CD). In a disk rotating at high frequency, the
centrifugal force F.. pushes the electron density toward
the edge, thus leading to a ringlike configuration that
enhances CD.

Quantum description of rotating particles.—We model
the polarizabilities .. (@) of nanorings and nanodisks in the
random-phase approximation (RPA) [36] (see details in the
Supplemental Material [37]), which makes calculations
feasible for systems containing many electrons and is widely
used to explain experimental observations [41,42]. Because
of axial symmetry, each internal one-electron state of the
particle |j) (wave function y;) has a well-defined azimuthal
quantum number m;. Provided the particle size is much
smaller than the wavelength, we neglect retardation in the
internal description of the particle, and accordingly re-
present the external circularly polarized light through a
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scalar potential ¢=(r) = —EX'Re* /\/2, where we use
cylindrical coordinates r = (R, ¢, z) and implicitly assume
a time dependence e~’. The charge distribution induced
in the particle p. (r) = [dr’y(r,r')¢S'(r') is related to
the potential through the susceptibility y(r,r’), while
the sought-after polarizabilities reduce to ay(w)=
J drRe¥p(r)/E*". Using matrix notation, we write y =
2’ (1=2v-4%7" in terms of the Coulomb interaction
v(r,¥’') = 1/|r —r'| and the noninteracting susceptibility
2°(r,r’). In the RPA, the latter admits the expression [36]
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where E; and f; denote the energy and population of state
|/}, 7 is a phenomenological damping rate, and the factor
of 2 accounts for spin degeneracy.

The particle rotation frequency Q enters Eq. (1) through
the populations f;. Incidentally, a recent proposal for a
quantum time crystal based on the emergence of an
observable that is rotating in the lab frame [25-28] has
been proven to be realizable only if the system is out of
thermal equilibrium. But here we assume thermal equilib-
rium, which must be fulfilled in the rotating frame. In order
to determine f;, we thus need to transform the Schrodinger
equation from the lab frame [coordinates (R, @, z,1)] to
the rotating frame [coordinates (R',¢',7,t) = (R, p—
Qt,z,1)], where it becomes (Hy—QL,)y = ihdy.
Here, H, is the Hamiltonian of the motionless particle,
while the term —QL_ accounts for F, and F.. For axially
symmetric particles, the energies of electron states |j) are
shifted from E; in the motionless particle to E i =E; -
m;hQ in the rotating frame, and their populations described
by the Fermi-Dirac distribution f; = [e(F=Fr)/ksT 4 1]-1,
where E, is the Fermi energy in the rotating frame. We note
that Eq. (1) is general and can be used to study rotating
particles of arbitrary geometry. In this study, we focus on
axially symmetric particles to obtain a rigorous, analytical
proof of the mechanisms discussed in Fig. 1.

Polarizability of rotating nanorings.—The population
fj in a thin rotating nanoring is illustrated in Fig. 2(a), and
the resulting polarizabilities are plotted in Fig. 2(b).
Neglecting radial degrees of freedom, we label electron
states by the azimuthal quantum numbers m, and write the
associated energies in the lab frame as E,, = #’m?/2m.a*
[Fig. 2(a), solid curve]. For rotation at frequency €2, the
populations f,, [Fig. 2(a), red shaded area] are determined
by the energies E,, = E,, — mhQ observed in the rotating
frame [Fig. 2(a), dashed curve], so the maximum popula-
tion appears at the ground state |mg) in that frame. The
particle rotation is evident by the nonzero total angular
momentum 23, f,,mh in this distribution. It is interesting
to note that a population inversion exists in the lab frame for
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FIG. 2. (a) Energy spectra (black curves) and thermal popula-
tion (red shaded curve) of the electron states |m) in a quasi-one-
dimensional nanoring. Solid and dashed black curves correspond
to electron states in the ring observed in the lab frame (energies
E,) and in a frame rotating at a frequency Q (energies E,,),
respectively. If the ring rotates at frequency €, its internal states
are in thermal equilibrium in the rotating frame, so the population
f of states |m) is determined by E,,. (b) Quantum-mechanical
results for the LCP and RCP polarizability tensor components of
a rotating nanoring (radius a = 8 nm, 80 electrons, damping
Ay =20 meV) for AQ = 50 meV. Results for the motionless
particle (dashed curve) are displayed for comparison. The particle
temperature is taken to be 300 K. (c) Position of the resonance
frequencies for LCP and RCP light as a function of rotation
frequency.

electron states in the 0 <m < m; region. Stimulated
emission from these states occurs under external illumina-
tion with suitable polarization, therefore leading to ampli-
fication of the light intensity.

Figure 2(b) shows the polarizabilites a.. (@) of a rotating
nanoring (radius a = 8 nm, 80 electrons confined in its
circumference), calculated in the RPA model discussed
above. Their spectral profiles are just translations of the
motionless polarizability a”(w) [Fig. 2(b), black-dashed
curve], ay(w) = a’(w F Q). For Q >0 and RCP light
(or equivalently for Q <0 and LCP light), we have
Im{a, (w)} <0 [Fig. 2(b), red area] at frequencies w
below a cutoff w., = Q. As the extinction cross section
is proportional to the imaginary part of the polarizability, a
negative value of the latter indicates that the particle
produces optical gain for the incident RCP light of
frequency @ < Q; this gain originates in the population
inversion observed in Fig. 2(a). Incidentally, the magnitude
of [Im{a, (w)}| at low frequency scales with the damping
rate y [see Eq. (1)] because this parameter determines
how fast out-of-equilibrium electrons [Fig. 2(a)] can
undergo transitions accompanied by the emission of
radiation. The rotating nanoring also shows an optical
CD, the magnitude of which scales linearly with Q in
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meV

FIG. 3. (a) Energy spectrum of a nanodisk (radius ¢ = 12 nm)
observed in the lab frame, where m and [ denote azimuthal and
radial quantum numbers. The black curve shows the Fermi level
when the disk contains 80 electrons. (b) Energy spectrum in a
rotating frame for the disk in (a) with 2Q2 = 5 meV. The ground
state shifts from |/, m) = |1,0) in the lab frame to |1,4) in the
rotating frame. Energies are referred to the respective ground state
energies E, and E,.

accordance with the intuitive picture in Fig. 1, as illustrated
in Fig. 2(c), where we plot the resonance frequencies @ =
@y £ Q for RCP and LCP light, so in fact a rotation
frequency much smaller than the value of 50 meV used in
Fig. 2(b) should be enough to manifest CD. We also note
that a clear CD splitting in the spectral profiles of
magnitude 22 > y should be feasible because € character-
izes the collective motion of electrons, which is indepen-
dent of the internal collision rate y.

Polarizability of rotating nanodisks.—For a nanodisk
(Fig. 3), in addition to the azimuthal quantum number m,
the electron states are also labeled by a radial quantum
number /, so that their energies in the motionless particle
are E;, = W’& /2a’m,, where &, is the Ith zero of the
Bessel function J,,. We assume a single out-of-plane
electron state for simplicity. The energies E;, are repre-
sented in Fig. 3(a) for a disk of radius a = 12 nm; the
ground state is then |/, m) = [1,0) (E, = 1.5 meV) and the
Fermi energy (black curve) is Ep = 47.2 meV when the
disk is filled with 80 electrons, which is experimentally
attainable by etching a lightly doped thin semiconductor
layer. The electron energies in a nanodisk observed in a
frame rotating with frequency Q become E,, = E,,—
mhQ. These energies are represented in Fig. 3(b) for the

same disk as in (a) and AQ =5 meV; the ground state
energy (E, = —4.8 meV) has now moved to |1,4) and the

Fermi energy becomes Er = 37.6 meV. If this disk is also
rotating at frequency €2, the internal state populations f;,
follow a Fermi-Dirac distribution determined by the rotat-
ing frame energies £, shown in Fig. 3(b).

Figure 4(a) shows the polarizability Im{a(w) } computed
from Eq. (1) for different rotation velocities. Surprisingly,
the cutoff frequency w., for superradience [Fig. 4(b)]
presents substantial deviations from €, including its slope
as a function of Q at small rotation frequencies. Addi-
tionally, the resulting CD differs considerably in the
rotating nanodisk compared with the rotating nanoring,
as found upon inspection of the resonance frequencies w.
[Fig. 4(c)] and the magnitude at the peaks of Im{a(w)}
[Fig. 4(d)]. At relatively low rotation frequencies (|AQ| <
10 meV), w,. deviate slightly from @, so the resulting CD
has a small magnitude. We explain this effect by consid-
ering the Coriolis force F, in the rotating frame, which
produces an effective magnetization on the particle, result-
ing in frequency shifts ¢ € that compensate the rotational
Doppler shifts +£Q. We further attribute small deviations
from perfect compensation to the asymmetry of the Fermi
energy in the rotating particle [i.e., the change in popula-
tions f;,, observed in Fig. 3(b)].

The conservative centrifugal force defines an effective
potential that pushes the electron density toward the disk
edge (for tutorial purposes, we disregard the self-consistent
Hartree interaction among electrons in the disk, although
this interaction can reduce edge charge accumulation, as
shown in the Supplemental Material [37]). This effect (5
term in Fig. 1) produces an identical frequency shift in @ ;
it additionally leads to a ringlike configuration (electrons
confined near the edges), which becomes significant at high
Q (notice the Q? scaling of F.), and its interplay with the
Coriolis force results in a CD even stronger than in the ring
(lw, — w_| > 2Q). Furthermore, all features of the rota-
tion-dependent polarizabilities are corroborated by an
extension of the Drude model incorporating Coriolis (see
the Supplemental Material for details [37]). This semi-
classical model can be easily applied to particles of
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FIG. 4. (a) Polarizability of a disk (radius a = 12 nm, 80 electrons, damping /iy = 10 meV) rotating at different frequencies Q (see

labels) for LCP (blue) and RCP (red) light. (b) Rotation-frequency dependence of the cutoff for superradiance. (c),(d) Q dependence of
the resonance frequency @, (c) and maximum polarizability (d) extracted from (a).
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arbitrary geometry, as shown for a rotating nanocross in the
Supplemental Material [37], further confirming the mech-
anisms discussed in Fig. 1.

Concluding remarks.—We investigate the polarizability
of optically isotropic rotating particles, which reveals a
strong dependence of their response on the particle geom-
etry. Our formalism traces this finding back to the out-of-
equilibrium distribution of the particle electronic state as
observed in the lab frame, which affects the way in which
they exchange energy and momentum with the surrounding
vacuum. The frame-dependent thermal equilibration here
revealed relates the classical motion of a microscopic object
to the internal thermal population of its relevant constitu-
ents (electrons in this study). Our model successfully
describes the interaction between a rotating quantum
system and an external light field, which is instructive
for future efforts attempting to explain optomechanical
processes based on first principles. Considering that small
particles have been observed to rotate at gigahertz frequen-
cies [43,44], their exotic shape-dependent CD under
rotation leads to measurable splittings on their resonances
using currently available techniques. Narrow excitation
lines such as those associated with dopant two-level
emitters could be used for this purpose. Alternatively,
doped graphene structures should facilitate the task because
of their high electrical tunability and the long lifetime of
their plasmons [45] (see Supplemental Material e.g., [37]).
Additionally, a graphene disk of ~100 nm radius should
mechanically resist high rotation frequencies [46]. Since
the predicted effect lies in the out-of-equilibrium particle
distribution in the lab frame, an effective rotation could be
also achieved through an electric current circulating around
a graphene ring; instantaneous rotation could be mimicked
by pumping particle electrons to a nonequilibrium state
with nonzero angular momentum through an ultrafast
circularly polarized pulse, and the resulting CD should
be measurable in a pump-probe experiment.

Predictions in this study may lead to new approaches in
various application fields. For example, a linearly polarized
laser can exert a torque on a rotating particle due to the
rotational CD (similar to the torque exerted by linearly
polarized light acting on motionless chiral particles [47]),
which offers new mechanisms for influencing the particle
motion, and could thus be eventually developed to produce
optical trapping; the rotational CD effect constitutes a
mechanism to measure the rotating frequency of axially
symmetric particles, in which the rotational Doppler
effect is absent; geometry-dependent rotational CD further
provides a method to reveal the internal morphology
of the rotating particles; the effective rotation mimicked
by an electric current circulating around a graphene ring
could be used as a compact platform for electrically
controlling the polarization of infrared light, and an array
of these units could realize an active metasurface for image
encoding.
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