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Materials and Methods

Theory basics

At this point we will sketch the derivation of the equations of motion and the coupling constants.

The force on a dipole is given by the gradient of the scalar product of its dipole moment with

the incident electric field, where the gradient only acts on the electric field, treating the dipole

moment as a constant. We can express the dipole moments inside of a j-th dielectric particle

via the particles polarizability αj = ε0Vjχ and the drive (trapping) field E0(r), with the particle

volume Vj and χ = 3(ε − 1)/(ε + 2) with the permittivity ε. The incident field at the position

rj away from a particle is a sum of E0(r) and the scattering fields of all other particles, which

can be expressed by the Green’s tensor G(r) of the transverse Helmholtz equation:

G(r) =
eikr

4π

[
3r⊗ r− r2

r5
(1− ikr) + k2

r2 − r⊗ r

r3

]
, (S1)

with r = |r| and where we omitted the unity matrix for simplicity.

By expanding the force to the second order in the particle volume, one can identify three

contributions to the total force acting on one particle. The first is a sum of the well-known

gradient force and the non-conservative radiation pressure originating only from the trapping

field. The second contribution comes from the scattering fields of the other particles acting on

the dipole moment due to the laser field, while the third contribution can be interpreted as the

laser acting on the dipole moment induced by the scattering fields of the other particles. The

second and third contribution together condense in what is called the optical binding force:

Fbind
j = ∇jRe

[∑
j′ 6=j

αjαj′

2ε0
E∗0(rj) ·G(rj − rj′)E0(rj′)

]
, (S2)

18



with the nabla operator ∇j acting on the coordinate rj . Expanding the forces to the third order

in the particle volume would add the gradient force of scattering fields alone, as well as the

interaction of the trapping field with the second order scattering fields. However, we will neglect

these higher order terms (∼ O(V 3)) in this work.

In the far-field (interparticle distance � 1/k) the Green function in Eq. S2 can be ap-

proximated by its far-field expression by keeping only the last term in equation Eq. S1. If

the particles are deeply trapped in their respective Gaussian beam traps, the electric fields in

Eq. S2 can be treated locally as Gaussian beams traveling in positive z-direction as E(r1,2) ≈

E1,2 exp[i(k − 1/zR)z1,2 + iφ1,2], with the Rayleigh range zR, the local field strengths E1,2 and

the local phases in the focal plane φ1,2. The gradient in Eq. S2 acts to leading order only on

the exponential function in Eq. S1 and the phases of the tweezer fields. If both tweezers have

identical polarization, the optical binding forces on two particles can be written as

Fbind
1,2 ≈

α1α2k
2

8πε0d
cos2 Θ sin(kd∓∆φ) [±kn + (k − 1/zR)ez] , (S3)

where d = |r1 − r2| denotes the particle distance, π/2 − Θ is the angle between the laser

polarization and the particle connecting axis, ∆φ = ∆φ0 + (k − 1/zR)(z1 − z2) the local

phase difference of the beams with ∆φ0 = φ1 − φ2 the phase difference in the focal plane, and

n = (r1 − r2)/d the unity vector pointing from particle 1 to particle 2.

The coupling rates can be derived by expanding the optical binding forces around the equi-

librium positions of the two particles, as determined by the gradient force of the trapping field.

Along the optical axis, the dominant contribution to the coupling is due to the dependence of

∆φ on z1,2. If the particles have trapping frequencies Ω1,2 and an identical mass m, the lin-

earized dynamics along the optical axis with particle coordinates z1,2 is then, to leading order
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in the tweezer separation d0, determined by the coupling constants k1 and k2,

mz̈1 = −
(
mΩ2

1 + k1 + k2
)
z1 + (k1 + k2)z2

mz̈2 = −
(
mΩ2

2 + k1 − k2
)
z2 + (k1 − k2)z1. (S4)

The coupling constant k1 describes the conservative part of the optical binding forces, while k2

describes a non-conservative interaction, as indicated by the opposite sign in the equations of

motion. They depend on the relative local phase ∆φ0 = φ1 − φ2 and the tweezer separation

d0 as k1 = G cos(kd0) cos(∆φ0)/kd0 and k2 = G sin(kd0) sin(∆φ0)/kd0. Constant G =

α2k3(k − 1/zR)2
√
P1P2/(2cw

2
0π

2ε20) is a positive function of the particle polarizability α and

optical powers P1,2, where w0 is the trap waist, ε0 is the vacuum permittivity and c is the speed

of light. The distance d0 and the relative tweezer phase ∆φ0 allow tuning between purely

conservative and non-conservative interactions.

The non-conservative contribution to optical binding emerges from the radiation pressure

induced by the scattered fields, which constantly pumps energy into the system, thus it can’t

be derived from a Hamiltonian. This is also observed with curl-forces (36), in ro-translational

oscillators (16,37) or for binding of particles of different sizes (38–40). The equations of motion

along the x and y axes follow the same form.

Eigenfrequencies of the coupled system

We diagonalize Eqs. S4 in order to obtain the eigenfrequencies of the normal modes for arbi-

trary intrinsic mechanical frequencies Ω1 = Ω
√

1 + η and Ω2 = Ω
√

1− η:

Ω2
± =

1

2

(
Ω2

2 + Ω2
1 + 2k1/m∓

√
(Ω2

2 − Ω2
1)

2 + 4(k1/m)2 − 4(Ω2
2 − Ω2

1)k2/m

)
.(S5a)

= Ω2 + k1/m∓
√

Ω4 η2 + 2Ω2ηk2/m+ (k1/m)2, (S5b)

where η is the control parameter and Ω is the frequency of both modes for η = 0 and no inter-

action. The splitting is minimal for Ω2
2−Ω2

1 = 2k2/m, which is reached for ηm = −k2/(mΩ2).
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For small k1, k2 � mΩ2 the eigenfrequencies at the avoided crossing are:

Ω±(ηm) =

√
Ω2 + k1/m∓

√
k21 − k22/m ≈ Ω +

k1
2mΩ

∓
√
k21 − k22
2mΩ

, (S6)

with the splitting of:

Ω−(ηm)− Ω+(ηm) ≈
√
k21 − k22
mΩ

. (S7)

The conservative interaction has to be larger than the non-conservative interaction k21 > k22 in

order to observe an avoided crossing. In the case of purely conservative interaction (k2 ≡ 0) the

splitting is minimal for ηm ≡ 0:

Ω± =
√

Ω2 + (k1 ∓ |k1|)/m ⇒ Ω+ = Ω, Ω− ≈ Ω +
k1
mΩ

Ω− − Ω+ ≈ k1
mΩ

= 2g. (S8)

In the case of k21 < k22 the modes become degenerate for a range of values of η = [η1, η2],

where:

η1(2) = min(max)

− k2
mΩ2

±

√(
k2
mΩ2

)2

−
(

k1
mΩ2

)2

 (S9)

Interaction suppression by polarization

The radiated electric field for an arbitrary polarization angle Θ consists of a radial and an az-

imuthal contribution:

ER(R) = −E0
αk2 sin Θ

4πε0R
eikR

(
2

k2R2
− 2i

kR

)
Eϕ(R) = −E0

αk2 cos Θ

4πε0R
eikR

(
1

k2R2
− i

kR
− 1

)
. (S10)

If the light is polarized along the x axis (Θ = 90◦), the azimuthal component of the radiated

field disappears Eϕ ≡ 0. However, the near-field radial component ER yields the following

conservative coupling rate:

gnear(d0,∆φ0 = 0) =
G

2Ω

(
− 2

k3d30
cos(kd0) +

2

k2d20
sin(kd0)

)
. (S11)
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For d0 ∼ 3λ the coupling rate is a factor of 2/(36π2) ≈ 5.6 × 10−3 of the coupling rate for

Θ = 0◦.

Electrostatic interaction

Electrostatic interaction between dielectric objects is purely conservative with the interaction

energy:

HC =
1

4πε0

q1q2√
(d0 + x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2

, (S12)

where q1 and q2 are particle charges, d0 is the trap separation and particle motions x1,2, y1,2 and

z1,2. We expand the Hamiltonian to the second order in z1,2 and obtain:

HC =
1

4πε0

q1q2
d0

(
1− (z1 − z2)2

2d20

)
≡ k1

2
(z21 + z22)− k1z1z2, (S13)

where we have defined k1 = − q1q2
4πε0m

1
d30

in analogy to the conservative optical interaction. The

coupling rate due to the electrostatic interaction is given by:

gC =
k1

2mΩ′
= − q1q2

8πε0mΩ′
1

d30
, (S14)

where Ω′ =
√

Ω2 − q1q2
4πε0md30

is the modified mechanical frequency due to the electrostatic inter-

action.

Experimental setup

The experimental setup is shown in Fig. S1. The trapping beam (λ = 1064 nm, Keopsys

fiber amplifier seeded by a Mephisto laser) is expanded to a diameter of 8.7 mm in order to

overfill the apertures of the spatial light modulator (SLM, Meadowlark Inc. 512x512 pixels)

and the microscope objective. We imprint a phase profile with the SLM into the trapping beam

that transforms into an amplitude profile in the Fourier plane of the trapping optics. The phase

profile is calibrated to compensate for aberrations, nonlinearities of the SLM response and non-

flatness of the SLM surface. Inset of Fig. S1 shows the phase profile used to generate two traps
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spaced by 3.4 µm. This phase profile is imaged onto the trapping optics using a 1:1 telescope

set in a 4f configuration (focal length of lenses 300 mm). The trap is then generated using a

microscope objective (CFU TU Plan Fluor EPI 50x, Nikon Corp., NA= 0.8, WD = 1mm),

focusing the beam to two traps of waist ≈ 730nm. The total power used in front of the vacuum

chamber is ≈ 1.2 W. We maintain a stable pressure of p ≈ 1.5 mbar in the vacuum chamber, at

which a single particle is in a thermal equilibrium with the environment.

Figure S1: Setup for generating multiple traps using a spatial light modulator. 1064 nm laser
light, with a diameter of 8.7mm, is reflected on a Spatial Light Modulator (SLM Meadowlark
Inc.) where a phase profile is imprinted. In the Fourier plane of the trapping objective the
phase profile is translated into an amplitude profile with correct imaging being ensured via a 4f
configuration using a 1:1 telescope. The light is recollimated and split for detection, with the
traps being selected using movable pin holes in 1:1 telescopes.

A pair of electrodes mounted on a 3D piezo stage (MX25, Mechonics Inc.) is placed around

the beam focus, with a spacing of Dc = (230 ± 15) µm. The light is recollimated using

an aspheric lens (C660TME-C, Thorlabs) and split at a polarization beamsplitter (PBS2) for

power monitoring. The reflected arm is split with a 50 : 50 beamsplitter. We mount a pinhole
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on a translation stage in the focus of a 1:1 telescope (f = 125 mm) in each of the beamsplitter

outputs, which we use to select individual laser beams in order to separate the detection. In

each arm the trapping beam goes onto one photodiode of a balanced photodetector (PDB425C,

Thorlabs), while the reference beam of equal power (taken from PBS1) is focused onto the other

photodiode in order to suppress the intensity noise. We acquire 2 seconds of data at a sampling

rate of 2.5 MSa/s with an oscilloscope (PicoScope 5444D).

Charge calibration

In order to estimate the magnitude of the electrostatic interaction between the particles, we

performed charge calibration for each particle used in the experimental runs. We increase the

trap separation to approximately 18 µm in order to minimize all interactions and cross-talk in the

detection. We subsequently apply a sinusoidal voltage (Fd(t) = F0 sin(Ωdt)) to the electrodes

set along the x axis, with the driving frequency Ωd close to the mechanical frequencies along

the x axis Ωx. We measure the particle displacement as a function of the driving frequency (7):

〈x2d〉 =
〈F 2

d 〉
m2(Ω2

x − Ω2
d)

2
(S15)

Here, 〈·〉 is the time average, 〈F 2
d 〉 = F 2

0 /2 is the applied half-amplitude force, m = (7.0±0.7)

fg is the particle mass, Ωx is the trap frequency (in rad/s) along the x axis, Ωd is the drive

frequency (in rad/s).

Assuming a model for a massive point charge in a parallel-plate capacitor, we get F0 = qV
Dc

where q = Ne is the particle charge, V is the applied voltage and Dc = (230 ± 15) µm is the

distance between the electrodes. We can express Eq. S15 in terms of the number of charges to

get:

N =

√
2mDc

eV

∣∣Ω2
x − Ω2

d

∣∣√〈x2d〉 (S16)

After a position-displacement calibration (41), we extract 〈x2d〉 by integrating over the drive
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frequency in the spectrum. Table S1 lists the number of charges for each particle used in the

main text.

Figure S2: a) Example spectra with the drive frequency Ωd = 2π × 200 kHz. The mechanical
frequencies are set to be different in order to check that we have independent readout of the
particles. b) Time trace of the driven particle motion at the drive frequency. The phase between
the particles is indicative of the sign of the charges. Equal and opposite sign of charges is
reflected in the in-phase or out-of-phase response to the drive, respectively.

Figure in the main text |N1| |N2| sign(N1N2) gC/Ω
′

3a 23± 5 5± 2 -1 (4.6± 2.1)× 10−4

3b 3± 1 1± 1 1 -(1.2± 1.3)× 10−5

4c 1± 1 0± 1 n.a. (0± 4)× 10−6

4d 110± 24 96± 21 1 -0.047± 0.015

Table S1: Results of the charge calibrations performed on 4 sets of particles. N1 and N2 are the
number of elementary charges on the particles. Each row represents a set of particles used for
measurements in the main text. We provide the coupling rate due to the electrostatic interaction
at a distance of 3.2 µm ≈ 3λ and for the mechanical frequency Ω = 2π × 50 kHz.

Interaction model used for fitting

We correct for aberrations in situ with the SLM, however the trapping field still has the shape

of an Airy function in the focus due to the high numerical aperture of the microscope objec-

tive. This leads to a small overlap of the trapping fields at distances larger than the trap waist,
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therefore we are unable to separate the trapping fields in the description of the total interaction.

This leads to a ”self-interference” effect, where for example at the position of particle 2 the

scattered field of particle 1 interferes with the tail of the trapping field for particle 1 (14). We

model this with a standing wave in the focal plane with a relative electric field magnitude A.

Already a weak tail of the trapping potential can have a large impact as it becomes comparable

to the magnitude of the dipole radiation. This effect leads to a slight modification of the trap

positions.

Furthermore, the radiation pressure of the scattered fields displaces the particles from the de-

sired trap positions. The actual distance between the particles is smaller (larger) in the presence

of an attractive (repulsive) force. This is confirmed when we compare coupling rates obtained

for ∆φ0 = 0 and ∆φ0 = π in Fig. 3a in the main text; the period between the zero crossings of

the coupling rate is larger for positive coupling rates, which is a result of the displacement by

the optical force.

We include both effects in the model of the dipole-dipole interaction and find an excellent

fit between the model and the experimental data for distances larger than ∼ 2.4 µm in Figure

3a in the main text. We point out that at smaller trap separations we neglect several features

of the trap potential and the near-field optical interaction, as well as the (small) effect of the

aerodynamic coupling. In future experiments at closer trap separations we will have to investi-

gate the trap potential shape, as well as include the dipole radiation component ∝ d−20 which is

non-negligible at trap separations d0 ∼ λ.

Normal mode splitting of the x and y motions

In the main text we have presented the results obtained only for the motion along the optical

axes (z axes). However, standard optical binding interaction exists for all three directions of the

particle motion due to the modification of the interparticle distance d2 = (d0 + x1 − x2)
2 +
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Figure S3: Normal mode splitting of the x motion due to the dipole-dipole interaction between
two particles at a distance d0 ≈ 2.2 µm.

(y1− y2)2 + (z1− z2)2. The coupling rate between the x motions has the following form: gx ∼

G/(2Ωxkd0). We observe an avoided crossing between the x motions at a distance d0 ≈ 2.2 µm

(Fig. S3). We extract the coupling rate of gx/Ω′x = 0.013±0.002, which is significantly smaller

than the coupling rate between the z motions from the main text as expected. The coupling rate

gx/Ω
′
x scales ∝ Ω−2x , thus the higher mechanical frequency by a factor of Ωx/Ω ≈ 4 yields a

smaller ratio gx/Ωx by a factor of ∼ 16 in comparison to g/Ω, which fits to the measured value

of g/Ω′ ≈ 0.186 from the main text. We are unable to observe the avoided crossing between

the y motions as the coupling rate is smaller than the mechanical damping.
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