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Supplementary Note 1: Experiment setup and materials

The experiment setup is shown in Supplementary Figure 1 and the SEM images of the gold nanoparticles used

in our experiment are shown in Supplementary Figure 2.

Supplementary Figure 1. Schematic of the experiment setup. More descriptions can be found in the Methods
section of the main text.
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Supplementary Figure 2. (a) SEM image of the gold particle in our experiment. (b) The spectrum of the
luminescence from the trapped particle. (c) 3-D trajectory of the trapped particle shows that the particle’s
motion is mainly in the transverse plane.
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Supplementary Note 2: Simulation of the optical force and the trap-
ping behavior of nonlinear particle

During the experiment of trapping metallic particle with ultrashort laser pulses, the particle can be trapped at
a location away from the beam center as shown in the main text. While the numerical result of force has been
shown in the main text, here we would like to describe the investigation model and method used.

The trapping beam has been focused by high numerical aperture (NA) lens. After strong focusing, the
beam is no more paraxial Gaussian beam. The focused field has been calculated with vector Debye integral

theory [1]. After focusing, the field at point (p,¢,2) near the focus is [1]:
1 po—ikf  [Omaz  p27 - ,
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Similarly, we can get the field H. The energy flux density S = Re(E x H*)/2 then can be calculated, which
has been shown in the main text.

With the calculated electromagnetic field, we calculate the optical force exerted on the metallic particle
under Rayleigh approximation. In our experiment, the particle radius is about 30 nm, which falls into the

regime of this approximation (i.e., kna << 1). The effective polarizability of the particle thus is

a=a/(1—ik}oo/(6m)), (S2)

where oy = 47ra3§"+;2€8‘“ is the static effective polarizability [2], the radius of the spherical particle is a, the
P m

light wavelength in vacuum is )\, the refractive index of the surrounding medium is ny,, and &y, = 271,/ Ao.

2

The relative permittivity of the particle and surrounding medium is €, and &, respectively, where e, = n;

and e, = nf, (the refractive index of the particle is n,). The gradient force exerted on the particle thus reads

1
Forad = ZemsoRe(a)V|E|2. (S3)
And the scattering force is
T X S
Fyca = [imText y (S4)
c

where ¢y is the extinction cross-section of the particle and c is the velocity of light in vacuum.
For dielectric particles with positive permittivity,the particle can either be trapped or pushed away along
the z axis, depending on the competition of the gradient force and the scattering force; and in the transverse

plane, the particle can be trapped in the center of the intensity spot. For metallic particles, the permittivity
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is negative for a large range of wavelength, and the behaviors of force can be different. Taking the gradient
force exerted on the particle in the transverse plane of a Gaussian beam as an example, the gradient force can
opposite to the gradient of the electromagnetic filed intensity. Without loss of validity, we show this point
using the static effective polarizability cg = 4ma®(ep, — em)/(ep + 26m) instead of « first. The permittivity
of metallic particle is €, and the permittivity of surrounding medium is e,. When ¢, € [—00, —2ep), a > 0,
the gradient force points toward the beam center and can trap the particles; When €, € (—2ep,0), o < 0, the
gradient force points outwards and pushes the particle away from the beam center. In our case of nonlinear
particle in Gaussian beam, €, = ¢,(E(r)) = €,(r). When the particle location r < ry (where g is the
location satisfying €,(r¢) + 2em = 0), the particle is pushed outwards; When > rg , the particle is pulled
toward the beam center. Thus, it’spossible to trap the particle near r = r.

Considering particle material with absorption and third order nonlinearity x (*), we denote the permittivity

of the particle in the electrical field E as
ep = &) +ie; + XD E2 (S5)

The real and imaginary part of the linear permittivity are denoted 5/1 and 5/1/ respectively. Suppose the incident

beam is a Gaussian beam, the electrical field distribution in its transverse plane is
E(p,20) = |E| = Eoe™"", (S6)

where Ej is the maximum electric field amplitude, p = r/w is the normalized displacement and w is the half
width of the beam profile. For the homogeneous and isotropic gold metallic particle here, the permittivity can
then be expressed as

Ep = 5/1 + i»s/ll + Aegeﬁpz, (S7)

where Aes = X(?’)Eg. On the transverse plane of light propagation, with the gradient force calculated, the
potential function can be obtained by U(p) = — [ Fyaa(p)dp. Suppose o = « and the dependence of

permittivity ,(p) on location p is much less than that of the electrical field E(p), we get an approximate the

potential function as Uy = —%smsoRe(ao)|E|2. Normalized by a coefficient U. = ma®encoEZ, we get an

approximated potential
€p — €m

Uapprox = 7RC( P

Sp T Em oy —2p° S8
e L (s8)

For particle material without absorption, the permittivity is supposed to be a real number, i.e., 5/1, = 0.
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Supplementary Figure 3. (a) The normalized approximate potential function Uypprox With different Ac3 when
particle’s linear permittivity 5/1 = —10 and 5/1/ = 0 (no absorption). (b) The normalized potential function
Uapprox With the different nonlinearity Aes when ¢, = —10 and e; = 1.0. In all cases, ey, = 1.
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Supplementary Figure 4. The location of the trap potential minimum pg for various Aes when 5/1 = —10,
e =10ande, = 1.
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The normalized potential function is

’ 2
g1+ Neze 2 — g

_= i
g1 + DNegze™20" + 2ey

2

e 2, (S9)

Uapprox =

The shape of Uppprox is shown in Supplementary Figure 3(a). Suppose that the magnitude of nonlinearity-
induced permittivity change is smaller than the original linear permittivity [3] (i.e., alp < 1 in Ref. [3], or
5,1 + Aes < 0 in our model), we have plotted cases when Aeg < 10. Other parameters are shown in the figure
caption. The normalized potential function splits when Aej is large enough. It’s noted that the potential has
no minimum point in fact, but a singular point when the denominator is zero, i.e., €l1 + Aege2"" 4 2¢,, = 0.

Then we get the singular or transition point as

o\
n EiEO)/Q)%. (S10)

*X(S)E?}

’
e1+2em

It can be seen that the potential well splits when > 1 and there is a potential minimum at o = pow.

For particle material in experiments with both nonlinearity and absorption, we have

’ i _ 2
g1 +ig, + Aeze™?P — gy
g] +ie] + Aeze=20" + 2¢,
’ 5,2 ’ 5,2 7 . 7
g1+ Aeze™2" —en)(e; + Acze 2 + 2en) + 6,2 + i3emey
7 — 5,2 77
(€] + Aeze=2P + 2¢,)2 +£72

Uspprox = —Re( Je=2¢" (S11)

= —Re(( )e 2" (S12)

When the material has very minor absorption (i.e., 5/1/ < \5/1 ), omitting the second and higher order terms of
5/1/ in Eq. (S12), we again arrive at Eq. (S9). The cases for various Aes are shown in Supplementary Figure
3(b) when €l1 = —10 and 5'1' = 1.0. It can be seen that the trapping radius po increases with the Aes. The
dependence of pg on Aes is shown in Supplementary Figure 4. It’s remarked that the potential Uypprox is an
approximation, supposing that the dependence of effective permittivity €,(p) on location p is much less than
that of the electrical field E(p) [4]. But this appropriate model can help us predict the location of potential
minimum.

When 5/1 + Aez = —2ey, it is the plasmonic resonance point [5]. At the resonance point, the scattering
is strongly enhanced and the extinction is improved as we will discuss it in the below, which dramatically
improve the orbital angular momentum conversion to the particle from the spin angular momentum of incident
light. Investigation of the scattering near the resonance with other numerical methods proved that the dipole

approximation used here still works well [5].
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Supplementary Note 3: Accelerated rotation speed of the trapped par-
ticle by nonlinearity

Rotation speed of the trapped particle. The pushing force Fy induced by the transverse angular energy
flux (accompanying the orbital angular momentum (OAM) conversed from spin angular momentum (SAM))
accelerates the particle until it equals the viscous resistance force f, caused by the particle’s motion in water.
Here, f, = 6mnva is given by the Stokes equation, where 7 is dynamical viscosity of water (n = 282.1Pa.s
at 100°C [6]), a is the radius of the GNP, and v the speed of the GNP. The pushing force can be calculated with
approximate formula as Fiy = (nmCextSe)/c, where the energy flux is S, and the extinction cross-section of
the particle is Cex;. The optical velocity constant is ¢ and the refractive index of medium water is n,, = 1.333.
Under the Rayleigh approximation, supposing that the GNP is linear with permittivity ¢, = —28.47 +1.361¢
at light wavelength 840 nm [7], the linear extinction cross-section Cty; = 0.04547a?. For incident beam with
mean power P = 500 mW, the mean energy flux is S = 4.16 x 10'°W/m? on the theoretical orbital with
radius 7y = 564 nm (numerically calculated in Fig. 3c). The rotation speed is estimated to be 41.9 r/s at
most, much lower than experimental observed speed. In our experiment, the particle with power P = 500
mW rotated at about 220 r/s.

Besides, the heating effect named cavitation indicates that the gold particles may be surrounded by bub-
bles in water, which will slow the rotation speed. Cavitation will occur when GNPs are irradiated and trapped
by intense ultrashort laser pulses [8]. Considering the conditions of the femtosecond laser that we used for
optical trapping, the power density of the laser pulse is estimated to be above the threshold of cavitation (ap-
proximately 200mJ /cm?) [9]. Considering our experimental conditions, the radius of the bubble is estimated
to be 50 nm. Hence, the radius of particles a = 30 nm in motion equation should be replaced by the radius of
the bubble 7, = 50 nm in the above analysis. Then the orbiting speed will be much lower. It’s shown below
that it is the nonlinearity that increases the rotation speed.

Extinction coefficient enhancement. Under the Rayleigh approximation, the extinction cross-section is
Cext = kmIm(a). (S13)

It’s noted that we use the radiation corrected effective polarizability o here and o = /(1 — ik3 g /67).
Normalized by the geometrical cross-section Cye, = ma? of the spherical particle with radius a, the extinction

coefficient is
€p — €m

Cext
= 4knalm
Cieo " [sp + 2em — 2i(kma)3(ep — €m)

Qext = ]- (S14)
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Substituting the nonlinear e, = 5/1 + is/ll + Aeze 2" we get

£ +ie] + Neze2P" — ¢
Qext = 4kmalm[ 7 s L a L i 2 =

" . ’ NG . SIS
£1 + i} + Aeze™20" + 2ey, — 2i(kma)d(e] + ie] + Aege2" — Em)} 515

When the absorption is strong, we eliminate the radiation correction term (i.e., the last term of the denom-
inator in Eq. (S14)) and have
’ i =) p2
g1 +ig; + Aeze — €m

~ 4k,,alm|— ~
(Qext.abs m [51 +ig, + Aese20° 4+ 2e,

)

12kma5/1/5m
= — o S16
(6] + Neze=2P" + 26,)2 + €2 (516)

The Qexi,abs has a resonant peak with Aes e—20° , which sits at the same radial location as the minimum of the
split potential-trap does. The reduction of the absorption will increase the Qext,abs-

However, when the absorption is much smaller than the radiation correction term, or the system is near the
resonant point (i.e., 6/1 + A€3672p2 + 2emy = 0), the radiation (i.e., light scattering of the particle) is strong.

Now we eliminate the absorption and have

Q Ahemalm €1+ Dege™™” — e
~ 4kna _ - —
ext,sca m g1+ Dege=20% + 2, — %z(kma)d(sl + Nege=2r — )

]. (S17)

When there is no particle absorption, and 8/1 + A53e_2”2 + 2ey, = 0, we have the maximum of Q¢ as
Qmax = 6/ (kma)z. This is the maximum of the enhanced extinction coefficient. For ¢ = 30 nm in our
experiment, Qe is estimated to be 4.40, i.e., which has been improved about 100 times compared to the
linear case. The theory here thus matches the experiment result (the resident error may be induced by the
bubble size estimation, the none-perfect orbital, etc.). The nonlinearity induced increase of Cy also results
in the increase of the OAM of particle moving along its orbital. Thus, in total, the conversion efficiency of

the optical SAM to particle’s OAM has been increased too.

Supplementary Note 4: Tune/control the rotation orbital and speed

The orbital images of different power are shown Supplementary Figure 5. We got the record of minimum
orbital radius of 71 nm when the laser power is 100 mW for gold particle. As we have discussed, the orbital
radius of the particle depends on both the laser power and the particle’s nonlinearity. We also tried the silver
particle . The potential trap shows the same behaviors as that of the gold particle does. The trapping radius

is shown in Fig. 4d of the main text. At the same power, the silver particles take larger orbital radii and thus
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Supplementary Figure 5. Various trapping orbitals under different power for gold particles .

imply a higher third order nonlinearity coefficient.
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