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The imaginary Poynting momentum (IPM) of light has been captivated as an unusual
origin of optical forces. However, the IPM force is predicted only for dipolar magneto-
electric particles that are hardly used in optical manipulation experiments. Here, we
report a whole family of high-order IPM forces for not only magnetoelectric but also
generic Mie particles, assisted with their excited higher multipoles within. Such opto-
mechanical manifestations derive from a nonlocal contribution of the IPM to the opti-
cal force, which can be remarkable even when the incident IPM is small. We observe
the high-order optomechanics in a structured light beam, which, despite carrying no
angular momentum, is able to set normal microparticles into continuous rotation. Our
results provide unambiguous evidence of the ponderomotive nature of the IPM, expand
the classification of optical forces, and open new possibilities for levitated optome-
chanics and micromanipulations.

optomechanics | Mie-tronics | extraordinary optical momentum | optical manipulation

The complex Poynting vector, II = (E* X H)/2, is a fundamental characteristic quan-
tity of Maxwell waves (1), and it plays a crucial role in light-matter interactions. For
example, its real part, Re(Il), represents the density of time-averaged electromagnetic
energy flux and determines, up to a dimensional constant, an important dynamic prop-
erty of light, namely, its time-averaged momentum. When light interacts with small
objects, the incident momentum gives rise to the radiation pressure, with implications
spanning over the areas of laser cooling (2, 3), optical micromanipulation (4, 5), and
optomechanical systems (6).

The physical meaning of Re(Il) is so straightforward that its imaginary counterpart,
Im(II), has sometimes been forgotten or even neglected in optical physics. The flow of
the latter is usually interpreted as the reactive power (1), which used to be a topic only
of interest to engineering researchers in radio frequency antenna design and in the elec-
tric power industry (7, 8). However, the imaginary Poynting vector has, in recent years,
gained a growing interest in the burgeoning area of nanophotonics, and it is associated
with the concept of imaginary Poynting momentum (IPM) (9-12). This increased atten-
tion can be traced primarily to its influence in optical force theory (13), which shows that
the IPM of the illumination can be coupled to a recoiling force via the interplay between
electric and magnetic dipoles induced in the particles. Because the IPM force, in general,
is linearly independent of the extinction force that consists of the optical radiation
pressure and intensity-gradient force, it offers a distinct degree of freedom for optically
manipulating particles. Such a profound implication has been theoretically highlighted in
different configurations, like optical tweezers (14), vector beams (12, 15), and evanescent
(9, 16) and two-wave interference fields (10, 16, 17). Moreover, because the generation of
this force is accompanied with asymmetric light scattering by the particle (13), it could be
exploited for the design of advanced optical nanoantennas and sources (18-20).

Despite this progress, there is not yet experimental evidence of the IPM force, which
is weak and masked in observations (11) of the overall mechanical effect of light by
observing the deflection of a nanocantilever probe in the evanescent field, so that such
a deflection could not directly signal the IPM force, due to the coexisting, stronger
transverse radiation pressure (9, 11), and potential torque effects caused by the anisot-
ropy of the rod-like probe (21, 22).

In fact, so far, the knowledge of the IPM force is well established only for those par-
ticles that can be treated as magnetoelectric dipoles, but nothing is known of its role
beyond the dipole approximation. In this context, we are naturally led to the following
questions: (i) How can one discriminate and thus observe the IPM force indepen-
dently? (ii) Can the IPM be coupled to the optical force via multipolar effects? Then,
can this force be observed in particles with no magnetic (or electric) response? Under
which circumstances?
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Regarding (i), one may search for a wavefield in which the
IPM can be separated from all other field quantities that could
have mechanical effects. We have previously shown a paraxial
cylindrical vector (CV) beam, with IPM streamlines looping
around the beam axis and orthogonal to both the optical
momentum and intensity gradient (12). Such a vortex structure,
therefore, serves as a potential candidate to test the IPM force in
the azimuthal direction. In this paper, we will deal with the IPM
vortex of tightly focused (or nonparaxial) beams that can be
applied to practical optical trapping and manipulation experi-
ments. In addition, we now establish a useful multipolar model
of optical force, which accounts for the relationship of the field
quantities (including the IPM) with the force due to the muld-
polar interplay. This reveals a nonlocal field-to-force coupling,
which is absent in the dipole approximation and that leads to the
high-order IPM force. Also, it uncovers a so-far-unknown mag-
netoelectric response of plasmonic particles to incident light con-
cerning the emergence of the optical force.

Results

IPM Vortex in Tightly Focused Beams. The geometry of the
focusing problem is depicted in Fig. 14, where a CV illumina-
tion with free space wavelength 4 is focused by a high numeri-
cal aperture (NA) objective lens into a nondissipative medium,
with permittivity & and permeability p. The input electric field
can be written in the pupil plane polar coordinates (o, ¢) as (23)

A, (Q, @) = (cosae, + sinae(p)Ao(&), [1]

where (e,, €,,) are unit vectors along radial and azimuthal directions,
and A((9) denotes the radial dependence of the field amplitude,
with 9 = arcsin(/f’) and fTeferring to the focal length; the param-
eter @ € (—90°, 90°) characterizes the polarization state of the inci-
dent field: @ = 0 and +90° correspond to the typical radial and
azimuthal polarizations, respectively. Throughout the paper, Ay (9)
is taken to be real-valued as also employed in our experiments.

Upon apodization, the field can be expressed by its s and
p-polarization components along e, and e,, and employing the
Richards-Wolf integral (24-26), one may formulate the electric
vector in the vicinity of the focus as (see SI Appendix, Note 1
for details)

E(x) = _l,_co/za

.cosa

1
+ ZT <a/) + ;) U(p, Z)CZ,

where (e, €y, €,) are the unit vectors for the cylindrical coordi-
nates x = (p, ¢, z) in image space, and 4 is the wavenumber in
medium; Uis a function given by:

0, U(p, z)e, + U(p, z)sinaey
(2]

o)
Ulp, z) = —ka Veos 8.4y (9) /1 (kpsin 9) ™ ¥sin 949,
0
(3]
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Fig. 1. The IPM in nonparaxial CV beams. (A) Geometry for analyzing the focusing property of CV beams. (B) Calculated fields (1 = 1.064 um) focused with
NA = 1.26, for different polarization parameter a. The refractive index of the ambient medium in image space is assumed to be nmeq = 1.33 (water). Red
circles with radius of 5.5 pm indicate the positions of local minima (min) between intensity maxima (max).
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with /;(-) the Bessel function of the first kind of order one and
O = arcsin(NA/7,,.q) the maximal converging angle (7,4 the
refractive index of ambient medium).

Eq. 2 holds exactly without any approximation (25). With
[2] and Maxwell’s equations, it is shown that the azimuthal com-
ponent IT, of the complex Poynting vector is purely imaginary
over the whole focal volume (see S/ Appendix, Note 1), and the
imaginary Poynting vector at the focal plane takes the form

1 [cos2a (1 ) 1 5
= SJUP +20, | UP e,
e MRS AR

in2a_ [l
+8122a1m[;0p(pU*)0zU}e¢},

where ¢ is the light speed in the medium, and we have made use
of Im(U) = 0, which holds for the field at the focal plane. Eq. 4
is a main theoretical result of this paper, which describes the rota-
tional dynamics of the IPM for a generic CV beam. Applying the
paraxial approximation 0,U ~ kU, one can produce from Eq. 4
the result for paraxial CV beams (12). From the a-dependent
terms, it is deduced that the IPM will form a vortex structure at
a = +45°, for which Im(/1;) assumes the maximal value and
Im(/1,) is zero.

As an illustration, Fig. 1B shows the calculated focused fields
with different polarization parameters. The amplitude function
Ap(9) of the input field has a magnitude of standard CV
beams, but modulated by a radially varying phase profile (see
insets in Fig. 14, or Methods for details) to prevent the focused
field from being localized near the beam axis. We see that the
field intensity distribution, in either case, is characterized by a
sharp dual ring-like profile. As the field is axially symmetrical,
its intensity gradient should exist only in the radial direction.
The longitudinal real Poynting vector, Re(II), indicates that
the field carries no net angular momentum. However, the IPM,
Im(II), has azimuthal component for @ # 0. Specially, for
o = —45°, this momentum circulates around the axis in a bidi-
rectional manner, as shown in Fig. 1B (70p Right panel) where
the IPM is clearly in opposite directions on the inner and outer
sides of the annular field. Such a bichiral vortex structure is
attributed to the spatial dependence of Im(I7,), whose sign is
changed by the radial position p (see Eq. 4).

Im(II)
(4]

Multipolar Effects on the IPM Force. An unambiguous observa-
tion of the IPM mechanical action requires comprehensive
knowledge of the IPM force. In the dipole limit, this force can
be written as (13)

Fil = A1, Im(E* x H), (5]

1/(12zec

mined by the electric and magnetic dipolar polarizabilities, .

) is deter-

(1)

elec

where the prefactor 4 ; :yk4lm[}/(l)*y<l)

elec / mag

and yga)g, of the particle; E and H are the incident field vectors
in the particle center. It follows from Eq. 5 that an azimuthal
force can be generated by azimuthal IPM incidence. For those
particles that can support multipolar responses, the force associ-
ated with the IPM can be formulated, by a multipole moment
expansion technique (27-29) and the angular spectrum repre-
sentation, as (see Methods for details):

N N A /-1
F = [2 An. (/ez + 5) Im(E* X H), [6]
=1

where A is the Laplacian operator and exponent means opera-
tor applied /—1 times; the coefficient Ap;; is determined by the
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particle properties (see Egs. 19). The positive integer N denotes
the truncation index used in the calculations, that is, the high-
est order of the multipole included; the larger the value of NV,
the more the higher-order components of force are involved.
Eq. 6 is the second major theoretical result of this paper,
which generalizes the IPM force to the multipolar regime. For
dipolar particles (/N = 1), it reproduces Eq. 5 that is directly
proportional to the IPM. However, the Laplacian A involved
in the case of V> 1 indicates that the proportionality is invalid
in the presence of multipoles. The force thus depends on deriv-
atives of the IPM with respect to space, so that the particle is
able to feel not only the local field, but its neighborhood. Such
nonlocal effects, which are unique to the higher-order terms,
also contribute to the azimuthal force, because the Laplacian
action on the azimuthal IPM will not alter its direction, but

just impose a modulation on its magnitude: A’(ImITe,) =

eyA'Imll;,  where A =[(0,)>+ (1/p)d, — 1/p* + (0.)7]-
Additionally, one may deduce from Eqs. 18 in Merhods that
the intensity-gradient force and the radiation pressure have no
azimuthal component for the fields shown in Fig. 1B. It is evi-
dent from the above considerations that the IPM vortex beam
is an ideal platform to isolate the IPM force in the azimuthal
direction, even in the multipolar scenario.

To know the multipolar effects excited by the IPM vortex
beam, optical forces were calculated by the Lorenz-Mie theory
(30) over a gold sphere placed on the focal plane of the
field with @ = —45° (i.e., the IPM vortex condition). The
radius and refractive index of the sphere is set as 0.75 pm and
0.26 + 6.97: (the value at 4 = 1,064 nm). Fig. 24 presents the
total azimuthal and radial forces acting on the particle. Two
equilibrium positions (I and II) can be identified, where F is
significant and takes opposite signs. It means that the particle
tends to rotate clockwise and anticlockwise about the beam axis
for the trapping positions I and II, respectively.

As discussed above, Fy should be provided by the IPM force.
Fig. 2B shows the dipolar component of Fj, calculated with
truncation index N = 1, together with the distribution of the
azimuthal IPM of illumination. It stands out that the dipolar
component is proportional to the IPM, as expected from Eq. 5,
but it is negligible at the equilibrium positions where the IPM
is vanishingly small. However, the proportionality relationship
is absent for N> 1, as shown in Fig. 2C. This can be explained
by including the high-order terms in Eq. 6, which allows the
particle to respond to the incident IPM of the surroundings.
Thanks to the nonlocal effect, a marked azimuthal force can be
produced at each trapping position for N > 4. Such a radial
trapping, with suppressed low-order IPM components, facili-
tates our experimental observation of the high-order IPM force.

The Lorenz-Mie theory results in Fig. 2C are reproduced by
directly computing the IPM force using Egs. 6 or 20 (see S/
Appendix, Fig. S3 for details). Also, by decomposing the total
IPM force into its electric, magnetic, and hybrid components
(see Eq. 20), Fypy=Fpy +Fpy ' + Fipy» we are able to
know the specific types of interaction that dominate the azi-
muthal force. Fig. 2D shows the values of the different compo-
nents calculated at the trapping positions. For both positions, the
electric IPM force Fpy,’ is almost unchanged as /V runs from 1
to 6, but a dramatic change occurs when N increases from 6 to
7. Namely, Fleplz/[ — FE)M, is significant, so that the electric IPM
fo7rce mainly stems from the interplay of the electric 2°-pole with
2’ -pole.

Likewise, we can identify, in the hybrid channel FI);,(]\I/[V ), the
remarkable contribution from the interaction between the
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Fig. 2. Theoretical results of optical forces for a = —45° (the IPM vortex condition). (A)

Radial and azimuthal forces, F, and F,, versus the radial displacement

of the gold sphere. The truncation index in these calculations is N = 7, which is large enough to ensure the convergence of the Mie series. Hollow dots mark
the values at radial equilibrium positions | and II, where the radial force vanishes with a negative derivative. (B) Comparison of the dipolar component of £, with
incident IPM. (C) Azimuthal force for different N showing that low-order contributions are small at the equilibrium positions. (D) Calculated electric FIPM , magnetic

FI';',\(AN), and hybrid FIPM) components of the IPM force at the trapping positions | and I, for different N. All components are in the azimuthal direction. In each

channel, the difference between the components with adjacent N indicates the contribution from specific multipolar interaction: Fon — FEl™ (or
ﬁ’;,fAN F,P,\(AN ) represents the electric (or magnetic) IPM force, due to the interplay of the electric (or magnetic) 2"-pole with 2"~"-pole; .‘—'IPM F,P(,CI/ R gives the

hybrid IPM force caused by the interference between electric and magnetic 2V-poles.

electric and magnetlc 2°-poles and that between the electric
and magnetlc 2 —poles Although individual magnetic multipolar

1ntef;11vct10ns contribute only a small amount of forc7€
(Bpnt” — Epar is small for all V), their accumulation Fpy

is nonnegligible. This is remarkable, as it indicates a so-far-
unknown magnetoelectric response of plasmonic particles to
the action of light as regards the build-up of the optical force.
Ultimately, we see from Fig. 2D that actually the low-order
multipolar interplay is restrained for each component of the
IPM force.

The structure of the incident field is crucial to the selective
multipolar excitation. In fact, the low-order responses cannot
be well suppressed under illumination with a plane wave. As
shown in Fig. 34, while the particle on use (2 = 0.75 pm)
supports rich multipoles up to seventh order, its scattering
cross-section remains significant when the truncation index N
is lowered to 4 and the dipolar response, although relatively
weak, is nonnegligible. For comparison, Fig. 3B shows the scat-
tering property of the particle excited by the IPM vortex beam.
Here, in consideration of the inhomogenous illuminating field,
we evaluate the normalized scattered power W™ from the
particle (see Eq. 22 in Methods), instead of the scattering cross-
section. This quantity highly depends on p. At the trapping
positions, W™ is extremely small for NV < 5, consistent with
the force results of Fig. 2C.

It should be remarked, however, that by observing just the scat-

tered power W ™, one fails to understand how the azimuthal
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IPM force in Fig. 2C acquires opposite signs at the two trapping
positions. In this regard, it is worth noting that W2°™ is a linear
superposition of the scattering coefficients of sole multipoles (see
Eq. 22) and thus independent of the interference between differ-
ent multipoles, which accounts for the asymmetric scattering
behavior of the particle (13).

In view of the momentum conservation, the IPM force can
be explained by the recoiling effect due to the asymmetric scat-
tering (13, 28, 29). Therefore, this force is associated not only
with the scattering strength, but also with the scattering pat-
tern. Insets i and ii of Fig. 38 show the calculated differentiate
scattering power (i.e., the far-field distribution of scattered
intensity) from the particle located at the trapping positions I
and II. From these patterns, one can respectively expect for I
and II a recoiling force in the anti-azimuthal and azimuthal
directions, in agreement with Fig. 2C.

Experimental Observation of the High-Order IPM Force. The
experimental configuration is shown in Fig. 44. A spatial light
modulator (SLM) and a polarization converter (S-Waveplate)
are used to modulate the input field phase and polarization,
respectively (see Methods for detailed descriptions). The holo-
gram loaded onto the SLM is shown in inset I, which is consis-
tent with that used in our theoretical calculations. Inset II
shows the measured intensity distribution at the focal plane,
featuring a double-ring profile with a radius of about 5.5 pm.
In line with the numerical simulations, we use Au spheres

pnas.org
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Fig. 3. Multipolar analysis of the particle’s response. (A) Scattering cross-section of an Au particle with different sizes for plane-wave incidence. (B) Normal-
ized scattered power from the particle of radius a = 0.75 um, placed on the focal plane of the IPM vortex beam, versus its radial position for different N.
Note the two vertical broken lines indicating the trapping positions | and Il shown in Fig. 2A. The insets i and ii depict the angular distribution of scattered
intensity in the far field for N > 4, when the particle is located at these trapping positions on the positive x axis, respectively. Because the scattered intensity
for N =5 is small, the size of its patterns is doubled to ease reading. Blue arrows illustrate the directions of the azimuthal recoiling force expected from the

asymmetry of the pattern.

(diameter: 1.5 pm; immersed in water) to probe the optical
force. These metallic particles can experience repulsive radiation
pressure in the longitudinal direction, which cannot be over-
come by the intensity-gradient force and their gravity. In our
experiments, the longitudinal repulsive effect was compensated
by the surface of the glass cover, so that the motion of the
spheres was limited in two dimensions.

We exemplify in Fig. 4B (SI Appendix, Movie S1) the off-
axis dual trapping using two spheres (A and B), which are radi-
ally confined, inner and outer, respectively, to the red circle
that illustrates the focused beam. For both the inner (IRT) and
outer radial trapping (ORT), the spheres are shown to revolve
about the beam axis, as a manifestation of the high-order IPM
force, which acts in the azimuthal direction. However, their
rotational behaviors are quite different: the sphere A rotates
clockwise, while the sphere B rotates anticlockwise. The rota-
tion directions, opposite with respect to each other, agree well
with our theoretical results that the azimuthal forces at the two
distinct positions of radial equilibrium have opposite signs (Fig.
2C). This rotation ability of the IPM vortex beam is in sharp
contrast with that of the conventional optical spanner based on
a phase vortex (31-33), in which the particles usually orbit in
the same sense.

It was shown previously that metallic microparticles in
tightly focused beams with a point focal pattern may generate
bubbles due to light-induced heating (34). We did not observe
the bubble formation in the experiments, suggesting that the
ring-like focal pattern of the IPM vortex beam alleviates the
heating effects. The particle could also undergo a photophoretic
force produced by inhomogeneous heating of the particle’s

PNAS 2022 Vol. 119 No.44 2209721119

surface (35). Nevertheless, a careful consideration (81 Appendix,
Note 2) shows that the photophoretic force is small in our case,
and its azimuthal component is opposite to the rotation direc-
tion of the particle, for both the IRT and ORT. For these rea-
sons, the particle rotation can be attributed exclusively to the
azimuthal IPM force.

To experimentally examine the polarization-dependent prop-
erty of the IPM force, the particle’s trajectories were recorded
at varying a. Note that, here, a single sphere is used in order to
avoid possible interparticle interactions. Fig. 54 shows the
results for the IRT (SI Appendix, Movie S2). The clockwise
motion occurring at @ = —45° is halted when « is switched to
0, and a rotation of reversed direction is driven at a = 45°.
The sensitivity of the rotation to the field polarization is also
remarkable for the ORT (Fig. 5B and S/ Appendix, Movie S3).
However, the ORT yields a rotation direction, which is always
opposite to that for the IRT, as it should be. Fig. 5 Cand D
show the experimentally measured averaged angular speed Q
of the sphere as a function of a, for the IRT and ORT,
respectively. The speed profile in either case is almost sym-
metric, with a sinusoidal-like region around @ = +45°. This
is a typical signature of the IPM force, as can be seen by the
factor sin(2a) in Eq. 4. However, we did not observe a signifi-
cant rotation when |a| or |sin(2a)| is small, although the azi-
muthal IPM of illumination can be nonzero in these conditions.
We ascribe the stationary phenomena to the resistance arising
from the glass cover. Namely, since the sphere is trapped against
the surface of the glass cover, it should experience a frictional
force that could surpass the IPM force, especially when |sin(2a)|
is small.
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Fig. 4. Particle rotation in the focused IPM vortex beam. (A) Schematics of experimental set-ups. L, Lens; HWP, half-wave plate; PBS, polarizing beam split-
ter; M, mirror; SLM, spatial light modular; DM, dichroic mirror; CMOS, complementary metal oxide semiconductor camera. The polarization parameter « is
controlled by S-Waveplate. Insets | and Il show the phase mask profile on the SLM and the measured intensity profile at the focal plane, respectively.
(B) Successive images showing two Au particles trapped and rotated by the IPM vortex beam with polarization parameter a = -45°. Red circles with a radius
of 5.5 pm illustrate the beam profile. The rotation direction of the spheres is indicated by arrows.

Discussion

We have demonstrated, both numerically and experimentally,
the direct observation of the IPM force, by utilizing the IPM
vorticity in a structured light beam and the high-order Mie
responses of gold microparticles. It indicates that the IPM
force, a long time overlooked mechanical effect of light (4, 16,
36), is actually ubiquitous, being exerted on a large variety of
Mie particles (37-39). This force is shown to be remarkable, as
the dynamics of the particles can be effectively controlled by
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this force alone. It functions in the beam as a peculiar optical
spanner that sets the particles into bidirectional rotation, which
endows itself with novel characteristics for applications in opti-
cal manipulation.

Moreover, our theoretical model describes the multipolar con-
tributions to the optical force derived from various field quanti-
ties of interest. It tells us that the optical force on a generic Mie
particle can be classified into four fundamental types, which are
associated with the intensity gradient, canonical momentum,
time-averaged momentum, and IPM, respectively. This is akin to
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Fig. 5. Dependence of the particle rotation on the polarization. (A and B) Real-time positions of a single sphere for the IRT (4) and ORT (B) for different val-
ues of the polarization parameter a. Insets show experimental snapshots of the rotating sphere at selected time points. (C and D) Measured angular speed

of the sphere versus « for the IRT (C) and ORT (D).

the landscape in the dipolar approximaton (9-13). However,
one should draw special attention to those high-order terms, in
which the Laplacian couples the nonlocal field to the force. The
nonlocal effects may open new opportunities for tailoring light-
matter interactions and should empower advanced applications in
plasmonics and in the emerging area of Mie-tronics (38, 39).

Materials and Methods

Phase Modulation on the Input Field. The amplitude function of the CV
input field can be expressed as

sind

sin@

Aol®) = P D) 0000 (2 S0
where £, is the peak field amplitude and a small parameter 3, is typically used
(Bo = 1.5 in our case) so that the input field can fill the aperture. The radial
modulation function, Pyqq(9), is used to shape the focused field. The case
Puod(9) = 1 corresponds to a normal CV input field (23), tight focusing of
which will cause the obtained IPM vortex to be concentrated in an immediate
vicinity of the beam axis (see S/ Appendix, Note 3 for details). To localize the field
away from the axis, we have resorted to perfect vortex generation technique, in

(7]
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which an additional radially varying modulation factor is introduced, to create an
annular intensity profile (40). For our application, we use

Puot (8) = signl (kipsing)) [8]

This phase modulation will split the input field into a diverging spherical wave
and a converging spherical wave, thereby their interfering results in an annular
pattern in the focal plane. The focused field obtained by this modulation factor
will be of an annular patter of radius ~py. In our work, pq is set to be 5.5 pm.

High-Order Theory of IPM Force, Intensity-Gradient Force, and Radia-
tion Pressure. Our theory is developed based on the optical force model estab-
lished by Lin et al. (27-29, 41, 42). In this model, the optical force on a generic
sphere is described by a set of incident field moments:

sggg = [(voer) Y (voom) | e,
= (vve) (v ”E)
= () (V)
(o) (5] e
= () ()] e

191
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where e @ is the Levi-Civita tensor, and the integer 1 < n < N denotes the order

of the moments. In Eq. 9, the notation A" ™ B denotes the second kind
of m-fold contraction of tensors A™ and B (28).
Although the model involves complicated formulas, it is not difficult to

observe from ref. 28. or 29 that the force can be arranged into a series over
these moments:
* } [10]

where the truncation index N denotes the highest order of multipole included,
and we have introduced the moments:

P™ = wReS™ + iV x S /2,P1) = wReS™ /2 + iV x S /2. [11]
The coefficients Ay, ~ Fy, are determined by both N and the polarizabilities of
the particle. For N = 1, Eq. 10 gives the well-known dipolar optical force (13),
which can be decomposed into the IPM force, intensity-gradient force, and radia-
tion pressure. In the following section, we will generalize these concepts to the
case of N> 1.

To proceed, we turn to k-space, in which the incident fields E and H are repre-
sented by the angular spectrum of plane-wave components (16, 43, 44):

i _ & {ANI,Imsg’% + By DY + ¢ v

& Dy ReSU) + Ey PV + Fy P

E(x):foof()’“dK H(x L h(u)e**dK, [12]

where k = (k,, ky, k), k- k= K, u=(k, ky), and d%K = dk,dk,. Using this rep-
resentation, we find

S (x) = ﬂ (K )™ [F (u) x h(up)|e o dKdk,  [13]

with ky, = ki* — ky. The key step is to note the equality: (ky* - ko) = k* —
(k12)2/2, which yields

27! n—1 )
(k- ky)" " = [kz - ('“22)} = 3 Gk (ki2)?, [14]

where

_ 1 / (n — 1) n—
Caj(k) = (—g) Aok

Upon substitution, we have

n-1 . ;
= % G (0[] (k) x hwle *eododle, 118
j=0

We observe that the role of (k)% in the integrand is equivalent to the negative
Laplacian —A = —V?, which is operated in the x-space. Eq. 15 can thus be
rewritten as

n—1
S = Z(=
j=0
=2
j=0

In a development paralleling the steps from Egs. 12-16, we obtain the results
for the other field moments in Eq. 10:

AV (8| F (00) x hiw) e gk
[16]

B
|

i n—1
—A) Gk = (K +3)" s

(kz )n 1Dg1)l (kz )n ‘|Dr(];l)l [17]
= (K +2)" PP = (R +4)" R,

Egs. 16 and 17 link the field moments of arbitrary orders to their lowest order
counterparts, whose physical meaning is quite straightforward: p{" =|E \2 (elec-
tric intensity); Dyl _|H\ (magnetic intensity); Pg” = Im[E" - (V)E] (electric
orbital momentum); P,.) = Im[H" - (V)H] (magnetic orbital momentum); and
Sem =EF xH (complex Poynting vector). Substituting these results into Eq. 10,
and according to field-related characteristics, one may categorize the force into
four parts: F¥ = Fio) + Y+ FY 1 F) where
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W _ w42
F,PM=/Z1AN,,(/< + ) ImSem,

N A -1
FY = z (kz + 5) (81,90 + €y, VDL,

N -1
Fo' = L0k +3)
-1
F = z</<2 2) [EuPl) + FyPY]

We call Fl(PM the generalized IPM force, as it originates from the IPM of illumi-
nation. The second and third rows can be identified as the generalized intensity-
gradient force and generalized radiation pressure, induced by the optical
intensity inhomogeneity and momentum, respectively. However, it is worth
noting that the electric and magnetic fields contribute differently to these two
forces. The last term, FER,),, is also a type of radiation pressure, as the orbital
momentum represents the canonical part of the optical field momentum (9). For
this reason, we coin it the generalized canonical radiation pressure. We remark
that the above generalization is self-consistent, because for N = 1, all the terms
in Eq. 18 reduce to their dipolar counterparts (13).

So far, we have not dealt with the coefficients Ay, ~ Fy,. These coefficients
can be worked out with proper index substitution for Eqs. 11-22 in ref. 29. (see
SI Appendix, Note 4 for details). As the main goal of this paper is the IPM force,
we present the result for Ay, = AR + AR, + Ay :

(18]
Re[S(],

N—I—1 N—I-2
= —
ho (42)) _ (H2j+1)% (H2j+1) _ (H2j+2)%
AXH Z A’*’le lm[yeletl 7s<elecl ) 1+ Z Q/"'2/‘*'1/ lm[}/elec/ 7£Iecl ) ¢
Are =) =
N—I—1 N—I-2
=l =
Ho (H2)), (1+2j+1 (H2j+1), (+2j+2
AI”\Z! == z Ao 'm[7m§g’>rm§'g’+ )*] + Z Qg Im[}’m:gﬁ )}'r(“:gﬁ )*] ,
dnect | 5 ]
NI N—I-1
v ]z R Tz
(+2j)« (1+2)) (H2j+ )% (I42j+1)
X = My Im M Im
N drec g;j b 1Ml 7] = (+1) E} bz Mo roag )

N—I-2

—]
I(1+ 1K 2 1242 (142j+2
(</+ o 2 Mz Imfy§e* ) vieg ) 0,

[19]

where yife)c and yfn"a)g are the electric and magnetic 2"™-polar polarizabilities, and
the related parameters (A, m, €2, and M, ,,) are given by S Appendix, Eq. S4.
12. To gain insight into the physics undemeath the IPM force, we have decom-
posed Ay, into three parts:

N
FIPM = FIPM + FIPM + FIPM = ZA Ilmsem + 2 A ,ImS
= [20]
+ EA;,/,Imsg’%,
=1

which underlines the components linked to different multipolar interplay pro-
cesses. In the dipole limit (N = 1), this interaction is simply the hybrid coupling
between the electric and magnetic dipoles (9-14), as A5, = AT, =0 while
A% 1 # 0 (in general); for a generic Mie particle, the interactions also include the
electric-electric coupling and magnetic-magnetic coupling.

From Eqs. 18-20, we see that Ff,f& (or F[EB(AN)) represents the purely electric
(or magnetic) IPM force resulting from the interaction of electric (or magnetic)
multipoles with adjacent orders, while FIPM is the hybrid magnetoelectric IPM
force derived from the interference between electric and magnetic multipoles of
the same order. As an illustration, we consider the case shown in Fig. 2C and
make a decomposition of the azimuthal IPM force into the three parts using
Eq. 20. The results are shown in S/ Appendix, Fig. S3, from which the data at the
trapping positions are extracted, and they are presented in Fig. 2D.

As a closing remark, we would stress that the generation of the IPM force
req)unes the breaking of electric-magnetic symmetry (41), as Fl(rflw)l vanishes when
Velec = yimy for all n. However, it should be noted that such a dual asymmetry
does not necessarily lead to the IPM force. For instance, an electric dipole
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(?’Se)c #0, ygfe)c =0forn>1,and yf]fa)g =0 for all n) will never experience this
force, although it sustains the dual asymmetry, yel1ec # yn]ag.

Scattering Property Calculations. It is common to study the particle multipo-
lar scattering on plane-wave excitation by means of the scattering cross-section (45),

C m "+ qm 21
s k2|E|2§m§|pl | [q, |) [21]

where p;, and g, are the electric and magnetic multipolar coefficients of the scat-
tered field (see S/ Appendix, Eq. S4.1 in Note 4). The summation term in Eq. [21]
(multiplied by a dimensional constant) denotes the optical power scattered off the
particle and holds for a generic incident field. However, we notice that Eq. 21 may
not make sense for inhomogenous fields whose local incident power density,
or intensity |E|?, is not a constant and in some cases, it can be zero, yielding Eq. 21
a divergent result.

Therefore, to properly quantify the particle-scattering property in our case, we
shall use the scattered power normalized by the total incident power W, namely

ngczrm = kzwmcz 2 (|le| + |q/m| [22]

=1 m=—|
In doing so, we are able to characterize the absolute scattering strength of the
particle at different positions in the illumination field. However, it should be
mentioned that Eq. 22, which is adequate for beams or focused fields, does not
apply to infinitely extended wavefields like, e.g., plane waves, since evidently
the total incident power of the latter is infinite. Hence, Eqs. 21 and 22 have dif-
ferent use depending on the characteristics of the incident field.

Experimental Setup. Our experiments were performed based on home-built
holographic optical tweezers (Fig. 44). A linearly polarized beam (4 = 1,064 nm)
was expanded and collimated by a telescope consisting of L1 and L2. After pass-
ing through a half-wave plate (HWP1) and a polarizing beam splitter, the input
beam becomes horizontally polarized. To miniaturize the size of the setup, a spe-
cially designed 96° triangle reflector is employed to reflect the input beam onto
an SLM (Pluto-HED6010-NIR-049-C, Holoeye Photonics AG, Inc., 1920 x 1080
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pixels, pixel pitch: 8.0 um, frame rate: 60 Hz). The modulated beam was relayed
into the back aperture of the objective (100x, NA 1.4, Oil-immersion, CFI Plan
Apo, Nikon, Inc.) by a 4f system consisting of L3 and L4. After L4, a half-wave
plate (HWP2) and an S-Waveplate (RPC-1064-08-334, Workshop of Photonics,
Inc.) were used to convert the linearly polarized beam into a vector beam.

It is known that the S-Waveplate can be considered as a half-wave plate with
space variant direction of fast-axis. To control the polarization direction, i.e.,
the polarization angle a, of the generated vector beam with respect to the
radial direction, the HWP2 was arranged into a stepper motor rotation mount
(KT0CR1/M, Thorlabs, Inc.) to rotate the polarization direction of the linearly
polarized beam incident onto the S-Waveplate. The generated beam can be con-
sidered as a linearly polarized vector Bessel-Gauss beam and then focused by
the objective. The objective was also employed for the sample imaging, and a
CMOS (complementary metal oxide semiconductor) camera (Point Gray GS3-U3-
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rate: 90 fps) was used to monitor and record the manipulation process.

Data, Materials, and Software Availability. All Study data are included in
the article and/or supporting information.

ACKNOWLEDGMENTS. We gratefully acknowledge support from National
Natural Science Foundation of China grants 12274181, 11974417, 62135005,
11904395, 12127805, and 11804119; Key Research Program of Frontier Scien-
ces, CAS grant ZDBS-LY-JSC035; and Ministerio de Ciencia e Innovacion of Spain
grant PGC2018-095777-B-C21. We thank Prof. Zhifang Lin for useful early
discussions.

Author affiliations: ®State Key Laboratory of Transient Optics and Photonics, Xi'an
Institute of Optics and Precision Mechanics, Chinese Academy of Sciences, Xi'an
710119, China; °University of Chinese Academy of Sciences, Beijing 100049, China;
“Institute of Nanophotonics, Jinan University, Guangzhou 511443, China; %Instituto de
Ciencia de Materiales de Madrid, Consejo Superior de Investigaciones Cientificas,
Campus de Cantoblanco, Madrid 28049, Spain; and °Department of Electrical and
Computer Engineering, National University of Singapore, Singapore 117583

23. Q. Zhan, Cylindrical vector beams: From mathematical concepts to applications. Adv. Opt.
Photonics 1, 1-57 (2009).

24. B.Richards, E. Wolf, Electromagnetic diffraction in optical systems II. Structure of the image
field in an aplanatic system. Proc. R. Soc. Lond. A Math. Phys. Sci. 253, 358-379 (1959).

25. K. Youngworth, T. Brown, Focusing of high numerical aperture cylindrical-vector beams.
Opt. Express 7, 77-87 (2000).

26. M. Lietal, Orbit-induced localized spin angular momentum in strong focusing of optical vectorial
vortex beams. Phys. Rev. A (Coll. Park) 97, 053842 (2018).

27. J.Chen, J.Ng, Z. Lin, C.T. Chan, Optical pulling force. Nat. Photonics 5, 531-534 (2011).

28. Y. Jiang, J. Chen, J. Ng, Z. Lin, Decomposition of optical force into conservative and
nonconservative components. arXiv:1604.05138.

29. H.Zheng, X. Yu, W. Lu, J. Ng, Z. Lin, GCforce: Decomposition of optical force into gradient and
scattering parts. Comput. Phys. Commun. 237, 188-198 (2019).

30. J.P.Barton, D. R. Alexander, S. A. Schaub, Theoretical determination of net radiation force and
torque for a spherical particle illuminated by a focused laser beam. J. Appl. Phys. 66, 4594-4602 (1989).

31. N.B.Simpson, K. Dholakia, L. Allen, M. J. Padgett, Mechanical equivalence of spin and orbital
angular momentum of light: An optical spanner. Opt. Lett. 22, 52-54 (1997).

32. S.Kuhn et al., Full rotational control of levitated silicon nanorods. Optica 4, 356-360 (2017).

33. A M.Yao, M. J. Padgett, Orbital angular momentum: Origins, behavior and applications.
Adv. Opt. Photonics 3, 161-204 (2011).

34. S.Sato, Y. Harada, Y. Waseda, Optical trapping of microscopic metal particles. Opt. Lett. 19,
1807-1809 (1994).

35. J.Luetal, Light-induced pulling and pushing by the synergic effect of optical force and
photophoretic force. Phys. Rev. Lett. 118, 043601 (2017).

36. 0. M. Marago, P. H. Jones, P. G. Gucciardi, G. Volpe, A. C. Ferrari, Optical trapping and
manipulation of nanostructures. Nat. Nanotechnol. 8, 807-819 (2013).

37. A.1.Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, Y. S. Kivshar, B. Luk’yanchuk, Optically
resonant dielectric nanostructures. Science 354, 846 (2016).

38. R.Won, Into the 'Mie-tronic' era. Nat. Photonics 13, 585-587 (2019).

39. Y. Kivshar, The rise of Mie-tronics. Nano Lett. 22, 3513-3515 (2022).

40. Y. Liang et al., Generation of a double-ring perfect optical vortex by the Fourier transform of
azimuthally polarized Bessel beams. Opt. Lett. 44, 1504-1507 (2019).

41, H.Chenetal, Lateral optical force due to the breaking of electric-magnetic symmetry. Phys. Rev.
Lett. 125, 073901 (2020).

42. X.Li, Y. Liu, Z Lin, J. Ng, C.T. Chan, Non-Hermitian physics for optical manipulation uncovers
inherent instability of large clusters. Nat. Commun. 12, 6597 (2021).

43. M. Nieto-Vesperinas, Scattering and Diffraction in Physical Optics (World Scientific, Singapore, ed. 2, 2006).

44. | Mandel, E. Wolf, Optical Coherence and Quantum Optics (Cambridge University Press,
Cambridge, UK, 1995).

45. M. . Mishchenko, L. D. Travis, A. A. Lacis, Scattering, Absorption, and Emission of 480 Light by
Small Particles (Cambridge University Press, Cambridge, UK, 2002).

https://doi.org/10.1073/pnas.2209721119 9 of 9


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2209721119/-/DCSupplemental

