
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nonlinearity-Induced Optical Torque
Ivan Toftul, Gleb Fedorovich, Denis Kislov, Kristina Frizyuk, Kirill Koshelev, Yuri Kivshar,

and Mihail Petrov
Phys. Rev. Lett. 130, 243802 — Published 15 June 2023

DOI: 10.1103/PhysRevLett.130.243802

https://dx.doi.org/10.1103/PhysRevLett.130.243802


Nonlinearity-induced optical torque

Ivan Toftul,1, 2 Gleb Fedorovich,2, 3 Denis Kislov,2, 4, 5 Kristina

Frizyuk,2 Kirill Koshelev,1 Yuri Kivshar,1, ∗ and Mihail Petrov2, †

1Nonlinear Physics Center, Research School of Physics,
Australia National University, Canberra ACT 2601, Australia

2School of Physics and Engineering, ITMO University, St. Petersburg 197101, Russia
3Department of Physics, ETH Zurich, Zurich 8093, Switzerland

4Riga Technical University, Institute of Telecommunications, Riga 1048, Latvia
5Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, Dolgoprudny 141700, Russia

(Dated: May 23, 2023)

Optically-induced mechanical torque driving rotation of small objects requires the presence of
absorption or breaking cylindrical symmetry of a scatterer. A spherical non-absorbing 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 non-absorbing 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.

Introduction. Rotation and spinning of micro- and
nanoscale particles is one of the central goals of opti-
cal manipulation since the discovery of optical tweez-
ers [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 an-
gular momenta absorbed and re-scattered by the object.
Nonzero mechanical torque can appear due to a lack of
the rotational symmetry [24–27] or the presence of ab-
sorption [28, 29]. Direction and sign of the induced me-
chanical 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 re-
cently been studied both theoretically [30, 32, 33] and
experimentally [34–37].

Rapid development of all-dielectric nanophotonics [38–
41] brings novel opportunities for optical manipulation.
In contrast to nanoplasmonics, dielectric materials have
lower Ohmic losses [42], which are required for real-
izing 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 ex-
perimentally SHG in trapped particles [43, 44]. Recently,
the dramatic enhancement of the SHG efficiency for res-
onant all-dielectric nanostructures was reported [45–50].
Here, we suggest utilizing SHG for a transfer of angular
momenta of light to scatterers via nonlinear optical pro-
cess. The generated second harmonic (SH) field also may
carry the angular momenta and, thus, provides a contri-
bution to the mechanical torque. We predict that the

FIG. 1. General concept. Circularly polarized light at the
frequency ω is launched onto a cylindrical dielectric parti-
cle and generates second-harmonic fields at the frequency 2ω
that might have different angular momentum due to a crys-
talline lattice structure, producing a nonlinearity-induced op-
tical torque enhanced by the Mie resonances.

angular momentum imbalance between the fields at the
fundamental and SH frequencies can lead to an optical
torque even for non-absorbing particles with cylindrical
symmetry (Fig. 1), and its sign can change from posi-
tive to negative with respect to the incident field angular
momentum.

Nonlinearity-induced optical torque. The circularly
polarized plane wave at the frequency ω incident on a di-
electric particle possessing the azimuthal symmetry along
the axis (see Fig. 1) carries the momentum of light of
mincℏ per photon. Due to the symmetry of the prob-
lem the optical torque T(ω) acting on the particle at the
fundamental frequency is exactly proportional to the ab-
sorption cross section [28, 29] and, in terms of canoni-
cal spin angular momenta density, one can write T(ω) =

c/n0 · σabsS
(ω). Here S(ω) = minc/(2ω) · εε0[E(ω)

0 ]2ez is
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the canonical spin angular momenta density [51] with az-
imuthal number minc = ±1 for right(left) circular polar-
ization (RCP, LCP) and n0 =

√
εµ is the refractive index

of the host media; σabs is the total absorption cross sec-
tion. For a nonlinear process in dielectric particles, the
energy loss at the fundamental harmonic (FH) frequency
occurs due to the harmonic generation, so σabs → σSHG.
With the consideration of SHG being a dominant nonlin-
ear 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(ω) +T(2ω), (1)

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

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 σSHG in terms of the radial electromagnetic en-
ergy density in magnetic and electric multipoles in the
far field WE

mj and WM
mj [45, 53]. With that, the torque

at the FH is

T (ω)
z = mincT0

σSHG

σgeom
=

mincT0

σgeom[k(2ω)]2

∑
jm

(
WE

mj +WM
mj

)
,

(2)
where k(2ω) = n02ω/c, σgeom is the geometric cross
section, m and j are the projection and the total an-
gular momentum numbers correspondingly, and T0 =

0.5εε0[E
(ω)
0 ]2σgeom/k(ω), is the maximal torque which

can be transferred to a plate of area σgeom once all mo-
mentum of the incident field is absorbed. Coefficients
WE

mj and WM
mj depend on the overlap integral between

the nonlinear polarization P(2ω) = ε0χ̂
(2)E(ω)E(ω) and

field of the SH mode in the volume of the particle [53,
Sec. II]. Thus, WE

mj and WM
mj contain all the informa-

tion about nonlinear response. Here, we use the classi-
cal description of the SHG process, which is sufficient in
the most nanophotonic scenarios; purely quantum opti-
cal effects such as entangled photons generation can be
considered by using different approach [54, 55].

The torque at the SH frequency can be derived by
the calculating the change of the total angular momenta
flux tensor M̂(2ω) at the SH as T(2ω) =

∮
Σ
M̂(2ω) ·

ndS [20, 21, 23, 56–58]. Surface integration is performed
over arbitrary closed surface Σ which contains the scat-
terer, and n is the outer normal to that surface. This
integral can be taken once the fields are decomposed into
the VSH series [59–62] and the total torque can be writ-
ten in a compact and elegant way which underpins the
physics behind nonlinearity-induced optical torque [53,

FIG. 2. (a) SHG efficiency (σSHG/σgeom) in a spherical GaAs

nanoparticle with refractive indices n
(ω)
p = 3.28, n

(2ω)
p = 3.56

as a function of its radius. The colored lines show the contri-
bution of different multipolar channels labeled as (m, j). The
pump wavelength 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 predomi-
nant m = 0 contribution.

Sec. I]:

Tz = T (ω)
z + T (2ω)

z (3)

=
1

2
T0

1

σgeom[k(2ω)]2

∑
jm

(2minc −m)
[
WE

mj +WM
mj

]
.

Eq. (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 m. This nonlinear optomechanical effect has
not been discussed 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 decomposi-
tion [45, 63–66]. The imbalance between the angular mo-
mentum projections in Eq. (3) immediately shows that
there can appear a nonzero torque induced by nonlinear
optical generation process. Its sign with respect to minc

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, 65, 67–70] im-
posed by the symmetry of the particle and the crystalline
lattice, which can be explicitly seen from the overlapping
integral in WE,H

mj [53, Sec. II]. In order to illustrate 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 np = 3.5 as
a function of dimensionless fundamental frequency Rω/c and
aspect ratio h/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
(ω)
0 =

8.68 · 107 V/m.

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 Td sym-
metry provides a single independent component of the

nonlinear tensor χ
(2)
xyz [71–74] once the lattice is oriented

such that [001] ∥ êz, [100] ∥ êx.

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. 2minc coming from the incident field and

±2 from the χ̂
(2)
GaAs tensor (see Supplemental Materials

(SM) [53, Sec. III], and Refs. [45, 75]). From Eq. (3)
one can see that for the RCP incident field, which has
azimutal number minc = 1, harmonics with m = 0 pro-
vide a positive contribution to the total torque since

2minc −m = 2 (T
(ω)
z > 0, T

(2ω)
z = 0), while with m = 4

provide a negative contribution since 2minc − m = −2

(T
(2ω)
z = −2T

(ω)
z ) and the recoil torque at the SH over-

comes 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 con-
tribution would vary.

We next apply these selection rules to the SHG in a
spherical GaAs particle. The particle radius was cho-
sen in the range from 200 nm to 250 nm at the exci-
tation 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 σSHG/σgeom is 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 harmonics with m = 0, while the
hexadecapolar harmonic j = 4,m = 4 providing a nega-
tive 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 ac-
cording to Eq. (3). The same will correspond to particles
small compared to the wavelength, where direct estima-
tion 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 [76–78]. In
the view of this work, we aim at enhancing the contribu-
tion of m = 4 modes in the SH field, which can enable ap-
pearance of negative optical torque. That can be achieved
by lifting degeneracy between modes with different m,
utilizing Mie modes with the high total angular momen-
tum j and quasi-bound states in the continuum (qBIC)
with high-Q factors and ability to enhance light-matter
interaction in the nanoscale structures [79–82]. The qBIC
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 [83] allows interaction of different modes with the
same m via the radiation continuum resulting in the for-
mation of high-Q qBIC modes along with low-Q modes.
Fig. 3 (b) shows theQ-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
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 dras-
tic increase of the second harmonic efficiency and optical
torque in accordance to Eq. (2). The estimation based
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FIG. 4. SHG efficiency σSHG/σgeom (blue as a function of the
raduis of WS2 round flake (see inset) and induced nonlinear

torque (brown). Amplitude of the incident field is E
(ω)
0 =

8.68 · 107 V/m, and wavelength is 1550 nm.

on the coupled mode theory [81] gives (SM [53, Sec. IV]):

σSHG

σgeom
≃ 10−8Q2

1Q2
I
(ω)
0

1[GW/cm
2
]
, (4)

where I
(ω)
0 ≈ 1.3 GW/cm2 is the intensity of the pump

field, the Q1,2 are the qBICs 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 Ωcyl ≈ 105 rad/s, for the double resonance con-
dition with Q1 ≈ 50 and Q2 ≈ 1000. We also note that
resonant SHG efficiency, and consequently, resonant non-
linear torque are robust to small shape perturbations, for
instance, surface roughness or deviations from the cylin-
drical symmetry [53, Sec. VIII].

Rotation of TMDC flakes. The rotation motion of
cylindrical structures is unstable for h/R ≫ 1, losing
its top-like stability and preventing experimental obser-
vation of the proposed effect. The critical aspect ratio
can be found by setting the equal transverse and longi-
tudinal moments of inertia, which gives h/R =

√
3. (see

SM [53, Sec. VI]). In this view, the rotation of atomically
thin non-absorptive 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 [84]. The recent ex-
perimental successes in TMDC stable floating on top of
liquids [85, 86] inspires us for suggesting the potential
geometry of the experiment shown in Fig. 4. The cir-
cle structure cut of 2D TMDC flake floating over liq-
uid and illuminated by the laser and resulting in the
SHG. The D3h symmetry of the crystalline lattice pro-
vides the following nonzero components of a nonlinear

tensor χ
(2)
xxx = −χ

(2)
xyy = −χ

(2)
yyx = −χ

(2)
yxy = χ

(2)
2D [72],

which provide that SH modes with m = ∓1 are dom-
inantly generated under right(left) minc = ±1 circular
excitation [72]. 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 Tz = ±2c/n0 · σSHG. In Fig. 4 the depen-
dence 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/cm2 which also lies
below the two-photon absorption threshold. The non-

linear tensor coefficient is χ
(2)
2D = 50 pm/V [87], while

the refractive index at the FH and SH frequencies is 2.75
and 3.12, respectively, which corresponds to WS2 mate-
rial. From Fig. 4 (b) one can see that the SHG efficiency
tends to a constant value with the increase of the struc-
ture size corresponding to the efficiency of an infinite
sheet. The torque related to the generation of the SH in-
creases quadratically with the structure size. The estima-
tion of the rotation frequency gives Ω2D ≈ 0.1 rad/s [53,
Sec. IV].
Discussions. The proposed mechanism of nonlinear

optical torque occurs due to the breaking cylindrical sym-
metry accounting for the crystal lattice symmetry. In-
deed, in the SHG process the rule of the momentum
projection conservation is satisfied [88] 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 nanostructures (Oh lattice symmetry) the SHG
process is suppressed while THG is quite strong. The
χ̂(3) 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 materi-
als will not induce optical torque as the χ̂(3) tensor has
specific form [72] which does not give additional angular
momenta projection to the field.
Finally, the generation of nonlinear torque requires

strong excitation intensities such that multiphoton ab-
sorption can contribute into overall losses [89]. Thus, the
proposed nonlinearity-induced mechanism becomes dom-
inant once the two-photon energy is below the band gap
2ℏω < Eg (see discussion in SM [53, Sec. V]).
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
demonstrated that a nonzero optical torque can appear
for the case of a non-absorptive dielectric structures with
a rotational symmetry, and the resulting angular fre-
quency can be as high as 100 kHz. Additionally, we
have predicted stable rotation of circular TMDC flakes
of single-layer WS2 excited by circularly polarized light.
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We believe that our work paves a way towards novel in-
triguing nonlinear phenomena in optomechanical manip-
ulation.
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