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Optically induced mechanical torque driving rotation of small objects requires the presence of absorption
or breaking cylindrical symmetry of a scatterer. A spherical nonabsorbing particle cannot rotate due to the
conservation of the angular momentum of light upon scattering. Here, we suggest a novel physical
mechanism for the angular momentum transfer to nonabsorbing particles via nonlinear light scattering. The
breaking of symmetry occurs at the microscopic level manifested in nonlinear negative optical torque due
to the excitation of resonant states at the harmonic frequency with higher projection of angular momentum.
The proposed physical mechanism can be verified with resonant dielectric nanostructures, and we suggest

some specific realizations.

DOI: 10.1103/PhysRevLett.130.243802

Introduction.—Rotation and spinning of micro- and
nanoscale particles is one of the central goals of optical
manipulation since the discovery of optical tweezers [1-8],
employed for controlling biological objects [9-11], atoms
[12,13], and nanoscale particles [14—19]. A transfer of
the angular momentum from light to matter results in a
mechanical torque acting on a scatterer [20-23], that is
proportional to a difference between the angular momenta
absorbed and re-scattered by the object. Nonzero mechani-
cal torque can appear due to a lack of the rotational
symmetry [24-27] or the presence of absorption [28,29].
Direction and sign of the induced mechanical torque is
defined by imbalance conditions, and it can be opposite to
the projection of the incident angular moment of light
thus generating negative optical torque (NOT) [30,31]. The
appearance of linear NOT has recently been studied both
theoretically [30,32,33] and experimentally [34-37].

Rapid development of all-dielectric nanophotonics
[38—41] brings novel opportunities for optical manipula-
tion. In contrast to nanoplasmonics, dielectric materials
have lower Ohmic losses [42], which are required for
realizing optical rotation of cylindrically symmetric struc-
tures [28,29]. However, dielectric structures offer unique
opportunities for observing nonlinear optical processes
such as second harmonic generation (SHG) or third-
harmonic generation (THG) due to large values of bulk
nonlinear susceptibilities. It is also possible to observe
experimentally SHG in trapped particles [43.,44]. Recently,
the dramatic enhancement of the SHG efficiency for
resonant all-dielectric nanostructures was reported
[45-50]. Here, we suggest utilizing SHG for a transfer
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of angular momenta of light to scatterers via nonlinear
optical process. The generated second harmonic (SH) field
also may carry the angular momenta and, thus, provides a
contribution to the mechanical torque. We predict that the
angular momentum imbalance between the fields at the
fundamental and SH frequencies can lead to an optical
torque even for nonabsorbing particles with cylindrical
symmetry (Fig. 1), and its sign can change from positive
to negative with respect to the incident field angular
momentum.
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FIG. 1. General concept. Circularly polarized light at the
frequency w is launched onto a cylindrical dielectric particle
and generates second-harmonic fields at the frequency 2w that
might have different angular momentum due to a crystalline
lattice structure, producing a nonlinearity-induced optical torque
enhanced by the Mie resonances.
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Nonlinearity-induced optical torque.—The circularly
polarized plane wave at the frequency @ incident on a
dielectric particle possessing the azimuthal symmetry along
the axis (see Fig. 1) carries the momentum of light of m;, A
per photon. Because the symmetry of the problem the
optical torque T(®) acting on the particle at the fundamental
frequency is exactly proportional to the absorption cross
section [28,29] and, in terms of canonical spin angular
momenta density, one can write T(“) = ¢/ny0,,:S). Here

S©@) = my,./(2w)eeo[EN]?e, is the canonical spin angular
momenta density [51] with azimuthal number m;,, = +1
for right(left) circular polarization (RCP, LCP) and n, =
\/ep is the refractive index of the host media; o, is the
total absorption cross section. For a nonlinear process in
dielectric particles, the energy loss at the fundamental
harmonic (FH) frequency occurs due to the harmonic
generation, SO o, = osyg- With the consideration of
SHG being a dominant nonlinear process [52], one should
also account for the angular momenta carried out by the
SH field (Fig. 1). Hence, there are two components of the
optical nonlinear torque

T = T@ 4 T0) (1)

where T(®) and T(2*) are the torques generated by the field
at the FH and SH. The interference terms with nonzero
frequencies are averaged to zero [53], Sec. L.

For the particles possessing a rotational symmetry with
negligible Ohmic losses, torque at the FH is defined by the
amount of energy spent on the SHG. By decomposing the
SH field into the series of vector spherical harmonics
(VSH) it is possible to express the SH generation cross
section ogg in terms of the radial electromagnetic energy
density in magnetic and electric multipoles in the far field
WE and WM [45,53]. With that, the torque at the FH is

mmc TO

OSHG

T = mincTo I Z (WE; + W),

)

where k(20) = ng2w/c, Ggeom is the geometric cross
section, m and j are the projection and the total angular
momentum numbers, correspondingly, and T, =
0.5¢e¢, [Ef)w)]zageom /k(w), is the maximal torque which can
be transferred to a plate of area 6y, Once all momentum of
the incident field is absorbed. Coefficients W7, and W)/,
depend on the overlap integral between the nonlinear
polarization P(2*) = ¢ 7P E(@E@) and field of the SH
mode in the volume of the particle [53], Sec. II. Thus,
WY, and W7, contain all the information about nonlinear
response. Here, we use the classical description of the SHG
process, which is sufficient in the most nanophotonic
scenarios; purely quantum optical effects such as entangled

Ggeom ageom

photons generation can be considered by using different
approach [85,86].

The torque at the SH frequency can be derived by the
calculating the change of the total angular momenta
flux tensor JM??) at the SH as T??) = § M@ . nds
[20,21,23,87-89]. Surface integration is performed over
arbitrary closed surface £ which contains the scatterer, and
n is the outer normal to that surface. This integral can be
taken once the fields are decomposed into the VSH series
[90-93] and the total torque can be written in a compact and
elegant way which underpins the physics behind non-
linearity-induced optical torque [53], Sec. I:

T.=T + TQZ“’)

m)[Wh + Wi,

1
e T N

geom
(3)

Equation (3) is the central result of this work. Generation of
a SH photon in the particular VSH state results in (i) adding
torque corresponding to the spins of two photons absorbed
at the FH and (ii) adding recoil torque from SH photons
emitted with the total angular momentum projection .
This nonlinear optomechanical effect has not been dis-
cussed in the literature and is proposed for the first time, to
the best of our knowledge.

Selection rules.—For the in-depth analysis of Eq. (3) we
use the symmetry analysis and multipolar decomposition
[45,94-97]. The imbalance between the angular momen-
tum projections in Eq. (3) immediately shows that there
can appear a nonzero torque induced by nonlinear optical
generation process. Its sign with respect to m;,. strongly
depends on the exact multipolar content of the SH field.
Most of these components are zero due to the strict
selection rules on m during SHG [45,96,98-101] imposed
by the symmetry of the particle and the crystalline
lattice, which can be explicitly seen from the overlapping
integral in Wfq’]ﬁ [[53], Sec. II]. In order to illustrate the
mechanism of NOT appearance, we consider individual
crystalline structures made of GaAs, a common optical
material possessing strong second-order nonlinear optical
response. Its zinc-blende lattice structure with 7'; sym-
metry provides a single independent component of the

nonlinear tensor )(izv)z [102—105] once the lattice is oriented
such that [001]||€,, [100]||€,.

The symmetry of GaAs lattice along with the axial
symmetry of the nanoparticle dictates that only m = 0, +4
for incident RCP (LCP) wave are allowed in the SH field,
i.e., 2m;,. coming from the incident field and 42 from the
)?g;As tensor (see Supplemental Material [ [53], Sec. III],
and Refs. [45,106]). From Eq. (3) one can see that for the
RCP incident field, which has azimutal number m;,. = 1,

harmonics with m = 0 provide a positive contribution to
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FIG. 2.

nanoparticle with refractive indices nfp"') = 3.28, nﬁf"” = 3.56 as
a function of its radius. The colored lines show the contribution of
different multipolar channels labeled as (m, j). The pump wave-
length is 1550 nm. The multipoles with m =0 and m =4
provide contribution to positive and negative optical torques,
respectively. (b) Total optical torque acting on the spherical
nanoparticle, which is positive due to the predominant m = 0
contribution.

(a) SHG efficiency (6sug/0Ggeom) in @ spherical GaAs

the total torque since 2m;,. —m = 2 (T > 0, TP = 0),
while with m = 4 provide a negative contribution since

2y —m = —2 (T = —27”)) and the recoil torque at
the SH overcomes the torque at the FH. We emphasize that
negative contribution of the mode with m =4 is the
consequence of the lattice symmetry, for other materials
negative contribution would vary.

We next apply these selection rules to the SHG in a
spherical GaAs particle. The particle radius was chosen in
the range from 200 to 250 nm at the excitation wavelength
of 1550 nm. For chosen parameters the excitation is
resonant with magnetic dipole mode at the fundamental
frequency. The SH field has dominant j = 1...4 multipolar
terms shown in Fig. 2(b) inset, and their contribution in the
overall SHG power is shown in Fig. 2(a), where SHG
efficiency g/ G geom 18 plotted. The magnetic and electric
multipole counterparts are not specified in the plot. As
discussed above only m = 0 and m = 4 components are
present in the SH field. One can see that the major
contribution to the SHG signal is governed by the har-
monics with m = 0, while the hexadecapolar harmonic
j =4, m =4 providing a negative torque contribution is
very weak. Thus, the SHG in GaAs spherical particles
results in positive optical torque [see Fig. 2(b)] reproducing
the SH efficiency spectra according to Eq. (3). The same
will correspond to particles small compared to the
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FIG. 3. (a) Total spinning torque at a cylinder with radius R =

250 nm made of GaAs with refractive index n, =3.5 as a
function of dimensionless fundamental frequency Rw/c and
aspect ratio i/R, where h is the cylinder height. Two red stars
shows maximal positive and maximal negative values of the
torque. Notably, the maximal negative torque coincides with
the condition of double resonant mode excitation at the FH and
the SH. (b) The Q factors of these eigenmodes are shown, which
have m = 4 at the SH and m = 1 at the FH. Light blue and light

red lines show the Q factors of the leaky modes near high-Q
modes. Electric field amplitude is E(()w) =8.68 x 107 V/m.

wavelength, where direct estimation of the SHG efficiency
can be obtained [53], Sec. VII.

Negative optical torque enabled by high-Q modes.—The
multipole content of the SH field can be modified and
controlled by designing the resonator shape [107-109]. In
the view of this work, we aim at enhancing the contribution
of m =4 modes in the SH field, which can enable the
appearance of negative optical torque. That can be achieved
by lifting degeneracy between modes with different m,
utilizing Mie modes with the high total angular momentum
j and quasi-bound states in the continuum (qBIC) with
high-Q factors and ability to enhance light-matter inter-
action in the nanoscale structures [110-113]. The gBIC
states can be easily observed in cylindrical particles by
variation of height to radius ratio preserving the axial
symmetry of the system. The Friedrich-Wintgen mecha-
nism [114] allows interaction of different modes with the
same m via the radiation continuum resulting in the
formation of high-Q qBIC modes along with low-Q modes.
Figure 3(b) shows the Q factor of the resonant modes tuned
at the FH with m =1 and at SH with m = 4, which
provides a double resonance condition. The dominating

243802-3



PHYSICAL REVIEW LETTERS 130, 243802 (2023)

contribution of qBIC modes in the SH spectrum immedi-
ately leads to the appearance of negative optical torque [see
Fig. 3(a)] close to m = 4 modes excitation as soon as the
recoil contribution of SHG with m = 4 prevails over the
torque due to generation of mode with m = 0. Moreover,
the resonant character of the effect provides switching of
the optical torque from positive to negative in a very narrow
range of parameters.

Excitation of high-Q resonant states leads to the drastic
increase of the second harmonic efficiency and optical
torque in accordance to Eq. (2). The estimation based
on the coupled mode theory [112] gives (Supplemental
Material, Sec. IV [53])

USHG N 10_8Q2Q I(()(H) (4)
Ogeom =27 [GW/cm?]’

where If)w) ~ 1.3 GW/cm? is the intensity of the pump
field, the Q , are the gBICs Q-factors at the FH and SH,
correspondingly (see Fig. 3). In the steady-state regime,
the optical torque leads to the rotation of the object
at a constant frequency limited by the viscous friction.
For a dielectric cylinder in water estimations give us
Qey ~ 10° rad/s, for the double resonance condition with
0, = 50 and Q, ~ 1000. We also note that resonant SHG
efficiency, and consequently, resonant nonlinear torque
are robust to small shape perturbations, for instance,
surface roughness or deviations from the cylindrical
symmetry [53], Sec. VIIL

Rotation of TMDC flakes.—The rotation motion of
cylindrical structures is unstable for /R > 1, losing its
toplike stability and preventing experimental observation of
the proposed effect. The critical aspect ratio can be found
by setting the equal transverse and longitudinal moments
of inertia, which gives h/R = /3. (see Supplemental
Material, Sec. VI [53]). In this view, the rotation of
atomically thin nonabsorptive disks made of two-
dimensional (2D) material is deprived of such limitation.
The transition metal dichalogenides (TMDC) are known as
an efficient platform for flat nonlinear optics [115]. The
recent experimental successes in TMDC stable floating on
top of liquids [116,117] inspires us for suggesting the
potential geometry of the experiment shown in Fig. 4. The
circle structure cut of 2D TMDC flake floating over
liquid and illuminated by the laser and resulting in the
SHG. The Dy}, symmetry of the crystalline lattice provides

the following nonzero components of a nonlinear tensor

)()(3& = —){,(czv)\ = —)(Sl = —;(%)y = ngD) [103], which provide

that SH modes with m == 1 are dominantly generated under
right(left) m;,. = £1 circular excitation [103]. Then the
difference between the angular momenta of the generated
SH field and the incident field is always negative and the
torque is directed along with the incident angular momenta
(positive optical torque) and equals to 7', = £2c¢/nyosug-

x 10710 x 1072
I | I [
75}k 1?
Z sof -
= 5
<) 41 E
= =
@ 25F
0.0 ! ! . 0
0.2 0.4 0.6 0.8 1.0

Disk radius, pm

FIG. 4. SHG efficiency osng/0gcom [blue as a function
of the raduis of WS, round flake (see inset) and induced
nonlinear torque (brown)]. Amplitude of the incident field is

E(()w) = 8.68 x 107 V/m, and wavelength is 1550 nm.

In Fig. 4 the dependence of the SHG efficiency on the radius
of the TMDC structure is shown. The pump wavelength is
1550 nm with the pump power flux of 2 GW/cm?
which also lies below the two-photon absorption threshold.

The nonlinear tensor coefficient is ;(% =50 pm/V [118],
while the refractive index at the FH and SH frequencies is
2.75 and 3.12, respectively, which corresponds to WS,
material. From Fig. 4(b) one can see that the SHG efficiency
tends to a constant value with the increase of the structure size
corresponding to the efficiency of an infinite sheet. The
torque related to the generation of the SH increases quad-
ratically with the structure size. The estimation of the rotation
frequency gives Q,p ~ 0.1 rad/s [53], Sec. IV.
Discussions.—The proposed mechanism of nonlinear
optical torque occurs due to the breaking cylindrical
symmetry accounting for the crystal lattice symmetry.
Indeed, in the SHG process the rule of the momentum
projection conservation is satisfied [119] with correction to
additional momentum provided by the susceptibility tensor
written in the cylindrical coordinates [53], Sec. III. The
proposed mechanism of nonlinearity-induced torque can be
observed via other nonlinear processes such as the THG or
higher-harmonic generation. For example, for silicon nano-
structures (O, lattice symmetry) the SHG process is sup-
pressed while THG is quite strong. The ) tensor provides
the additional momentum m = £4 in the third harmonic
field in full analogy to the SHG. We also should stress that
the THG in isotropic materials will not induce optical
torque as the 7) tensor has specific form [103], which does
not give additional angular momenta projection to the field.
Finally, the generation of nonlinear torque requires strong
excitation intensities such that multiphoton absorption
can contribute into overall losses [120]. Thus, the proposed
nonlinearity-induced mechanism becomes dominant once
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the two-photon energy is below the band gap 22w < E,
(see discussion in Supplemental Material, Sec. V [53]).

Conclusion.—We have presented a general theory of
nonlinearity-induced optical torque, originating from the
angular momentum transfer from the photonic field to a
nanostructure via harmonics generation. We have demon-
strated that a nonzero optical torque can appear for the case
of a nonabsorptive dielectric structures with a rotational
symmetry, and the resulting angular frequency can be as
high as 100 kHz. Additionally, we have predicted stable
rotation of circular TMDC flakes of single-layer WS,
excited by circularly polarized light. We believe that our
work paves a way towards novel intriguing nonlinear
phenomena in optomechanical manipulation.
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