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Supplementary Figure 1: Laser and detection system15
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Schematic representation of the measurement setup. The cavity can be probed16

simultaneously by two different lasers: A tunable grating stabilized external cavity17

diode laser at λ = 780 nm (TOPTICA DLpro) and a wavelength stabilized laser18

diode (Thorlabs LP785-SAV50) at λ = 785 nm. The 780 nm laser beam is coupled19

into a singlemode fiber and its polarization can be changed with a fiber polarization20

controller (λ/4−λ/2−λ/4). A 90/10−beamsplitter (Thorlabs TN785R2A2) allows21

the coupling of both wavelengths into the cavity singlemode (SM) fiber. Without22

the need of any coupling optics, the light is directly coupled into the cavity. The23

transmitted light from the cavity is then collected by a multimode (MM) fiber, de-24

tected with an avalanche photodetector (Thorlabs APD 110A/M) and recorded by25

an oscilloscope (LeCroy HRO66Zi).26

Each cavity fiber is clamped on a piezo-electric actuator. The actuators are operated27

in opposite directions to change the cavity length. Here we are using a triangular28

voltage signal for the operation of the actuators, which is generated by a signal29

generator and amplified (Falco Systems WMA-280).30

The laser can be phase-modulated by an electro-optic modulator (EOM, Laser Com-31

ponents NIR-MPX800) to produce sidebands at precisely known frequency separa-32

tions, which allow us to calibrate the resonance linewidth in frequency units.33
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Supplementary Figure 2: Fabrication of the first cavity system by direct34

laser writing35
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In the following, we describe the fabrication of the cavity system shown in Fig. 1a36

and b (cavity 1), which comprises a glass ferrule allowing for the precise alignment37

of the optical fibers forming the cavity and a microfluidic channel, which is oriented38

perpendicular to the cavity.39

In the first step, using an automatic dicing saw (Disco DAD3350), we cut a v-shaped40

notch into the central part of the glass ferrule, which gives access to the cavity. A41

corresponding micrograph is shown in the figure above.42

In the second step, we fabricate the microfluidic channel using a commercial di-43

rect laser writing setup (Photonic Professional GT, Nanoscribe GmbH) with a44

25× NA 0.8 objective lens (LCI Plan-Neofluar Imm Corr DIC M27, Carl Zeiss Mi-45

croscopy GmbH) and the liquid negative-tone photoresist IP-S (Nanoscribe GmbH).46

The total writing time is about 3.5 h. Due to the large dimensions of the polymer47

structure, several measures have to be taken: First, we use a galvanometer mirror48

scanning system to increase the writing speed. Second, we use the so-called dip-in49

configuration, which means that the objective lens is immersed in the liquid photore-50

sist itself, thereby removing the constraint on the height of the structure imposed51

by the working distance of the objective lens. Third, instead of polymerizing the52

whole structure during the actual writing process, we only polymerize an outer shell53

as well as an internal support scaffold. Following the development of the structure54

in mrDev 600 (micro resist technology GmbH), the liquid photoresist inside of the55

structure is cured using a UV flood-exposure.56

In the third and last step, in order to ensure that the system is watertight, we apply57

a hydrophobic coating in a two-step process: First, the structure is conformally58

coated with a Al2O3 layer with a thickness of several ten nanometers using atomic-59

layer deposition. Second, following a brief air-plasma treatment, the structure is60

immersed in a 3 mM solution of octadecyltrichlorsilane (CAS 112-04-9) in toluene.61
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Supplementary Figure 3: Cavity system with a drilled hole for the62

microfluidic channel63
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Our experimental data was recorded by two different cavity setups (see Supple-64

mentary Note 1). Both setups incorporate a glass ferrule with a precision hole, into65

which we insert the cavity fibers opposite of each other. In contrast to the photore-66

sist structure of the setup shown in Fig. 1a, here, the microfluidic section consists67

of a cone-shaped hole, which is drilled into the glass ferrule by a femtosecond laser.68

The microfluidic hole has a mean outer diameter of 560 µm, a mean inner diameter69

of 320 µm and intersects the existing precision hole orthogonally in the center of70

the ferrule. Commercially available microfluidic tubes are directly attached to the71

microfluidic access from each side.72

73
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Supplementary Figure 4: Extracting time shift and decrease of ampli-74

tude from the detection signal75
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For the measurement of the cavity frequency shift and transmission change, the76

cavity length is modulated with a triangular voltage driving two shear piezo-electric77

actuators with a frequency of 3 kHz (yellow). Only when the cavity length hits the78

resonance condition, the fundamental mode (blue) occurs and can be detected on79

the photodiode. On each trigger event (green), one sweep action of the piezos is80

executed. If the cavity is empty (no particle inside the light field), the resonance81

peak height remains unchanged (U = const.), but changes its temporal position82

∆t due to thermal, acoustic, mechanical and electronic noises mostly at low fre-83

quencies. These drifts are then removed by a background subtraction method (see84

Supplementary Fig. 5). In the schematics, the drift is considered to be constant.85

The empty cavity condition is shown in the figure at the trigger times t2 and t3.86

If a nanoparticle enters the cavity light field, it produces a decrease of the reso-87

nance amplitude and a temporal shift (see trigger event at t1), which corresponds88

to a change of the resonance condition of the cavity length. In our experiments,89

we measure the amplitude value Umax, the temporal position ∆t and the resonance90

linewidth δt for each trigger event at time steps of 0.33 ms. Using the sidebands91

produced by the phase modulation, we convert the measured temporal shift ∆t into92

a frequency shift ∆ν (see Supplementary Fig. 5).93
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Supplementary Figure 5: Data evaluation for nanoparticle transit94

events95

a) b)

c) d)

Each nanoparticle transit event produces a change in the resonance linewidth δt,96

resonance amplitude Umax and cavity length depending on the nanoparticle position97

inside the light field. The cavity length change is measured as a temporal shift98

∆t (see Supplementary Fig. 4). Supplementary Fig. 5a shows δt over time and a99

parabola fit to the undisturbed section of the measurement of the linewidth (empty100

cavity), b) shows the temporal shift in units of cavity temporal linewidths δt/δtfit101

over time and a parabola fit to the undisturbed section of the measurement of the102

temporal linewidths and c) shows the drift corrected shifts δt/δtfit −∆tfit. This is103

converted into a frequency shift by the calibration described above (Supplementary104

Fig. 1, 4). d) shows Umax over time and a parabola fit to the amplitude values of105

the undisturbed cavity. The transmission change is defined as106

∆T (t)/T0 = 100%×
(

1− Umax(t)

Umax,fit(t)

)
.
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Supplementary Figure 6: Time duration of the measured transit events107

A measured transit event is shown in Supplementary Fig. 5c. From each transit108

event, the dwell time of the nanoparticle inside the cavity is determined (signal >109

noise) and all 330 transit events are plotted in the histogram above.110
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Supplementary Figure 7: Determination of the refractive index from111

the measured decrease of amplitudes112

113

For the measurement of the SiO2 nanoparticles with rhydr = 71.5 nm (sample A)114

we used the cavity shown in Fig. 1 with a finesse of F = 18400 and a cavity length115

of 27.3 µm. Due to the fabrication, our cavity mirrors are not perfectly spherical at116

the center and exhibit different radii of curvatures (ROC) rc:117

rc,x (µm) rc,y (µm)

SM-Fiber 62.4 56.6

MM-Fiber 58.9 131.0

118

The calculated impact on the transmission change values for the given ROCs119

are negligible small. Hence, we can use the mean values 〈rc,SM〉 = 59.5 µm and120

〈rc,MM〉 = 95.0 µm for the determination of the refractive index np from the exper-121

imental data in Fig. 2c. In the figure above, the χ2(nk)-function is shown. Here122

we compare different simulations with fixed particle radius and different refractive123

indices ∆T (νi, nk) (see Supplementary Note 2) with the mean transmission change124

〈∆T (νi)〉 at each frequency shift (see black dashed line in Fig. 2c:125

χ2(nk) =
∑
i

|∆T (νi, nk)− 〈∆T (νi)〉|2

〈∆T (νi)〉
.

A parabola fit (red) to the center of the minimum (red crosses) gives the value126

np = 1.41± 0.01. The error is deduced from the y-error of the parabola fit.127
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Supplementary Figure 8: Determination of the refractive index from128

the measured frequency shifts129

130

With the cavity shown in Supplementary Fig. 3 with a finesse of F = 56710131

and a cavity length of 5.4 µm, we measured the frequency shift of the fundamental132

mode produced by SiO2 nanoparticles with rhydr = 75.3 nm (sample B). Since we133

simultaneously measure the position of two higher order cavity modes in addition134

here, our data acquisition was not able to measure also the transmission change135

correlated to the frequency shifts, such that we have to extract the refractive index136

only from the measured frequency shifts. Here we have to consider the frequency137

shifts for different ROCs:138

rc,x (µm) rc,y (µm)

SM-Fiber 46.1 53.1

MM-Fiber 79.2 87.8

139

This leads to a larger error for the refractive index and can be avoided in future140

experiments by always measuring the decrease of amplitude (see Supplementary141

Fig. 7).142

a) b)

In a) we show a histogram of the measured frequency shifts (red crosses) from143

59 transit events. The high peak at small frequency shifts arises due to the empty144

cavity frequency noise of the measurement, and can be fitted by a Gaussian func-145

tion (blue) and subsequently subtracted from the measured distribution (green).146

This yields the frequency shifts predominantly produced by the single nanoparti-147

cle transits. b) shows the nanoparticle’s frequency shifts on a logarithmic scale148

(green). Here, a characteristic steep decay at 8.05 GHz appears, which corresponds149

to the maximum measurable frequency shift for a single nanoparticle located at an150
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antinode of the standing wave cavity light field. In order to determine the refractive151

index, probability distributions of the theoretical frequency shifts produced by a sin-152

gle nanoparticle with different refractive indices are calculated for the mean mirror153

curvatures 〈rc,SM〉 = 49.6 µm and 〈rc,MM〉 = 83.5 µm (also see Supplementary Note154

3). Here we enter for the hydrodynamic radius the maximal value of rhydr = 77.2 nm155

of the size distribution (see Supplementary Fig. 10, DLS measurement), since the156

maximal measured shift tends to occur for particles with large size. The analysis157

yields refractive index of np = 1.465. Taking into account the frequency noise of158

0.15 GHz, we get an estimation for the measurement error of nmeas,err = 0.001. In159

order to evaluate the systematic error, we calculate the refractive indices which160

produce the same frequency shift of 8.05 GHz for the different possible ROC com-161

binations. We end up with a systematic error of nsys = 0.003. b) shows simulations162

for np = 1.453, np = 1.456 and np = 1.459 for rhydr = 77.2 nm (blue) and the mean163

hydrodynamic radius rhydr = 75.3 nm (red). For increasing refractive indices the164

maximal theoretical frequency shift increases.165

166
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Supplementary Figure 9: SiO2 spheres with rhydr = 71.5 nm167

Sample A was purchased from microParticles GmbH. The nanoparticles are specified168

to have a mean hydrodynamic radius of rhydr = 71.5 nm.169

a) Sample properties provided by the manufacturer170

www.microparticles-shop.de

The information shown in the figure was taken from the web page www.microparticles-171

shop.de (June, 2020). We got additional information via email transfer:172

The refractive index of the SiO2 nanoparticles was determined by refractive index173

matching and their size distribution was determined by DLS measurements.
174

175
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b) SEM measurements176

The figure above shows SEM pictures of the SiO2 nanoparticles, which are dried177

on a graphene grating. The measured mean radius is rSiO2
= 63.5 nm and thus178

smaller than the hydrodynamic radius of 71.5 nm provided by the supplier.179
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Supplementary Figure 10: SiO2 spheres with rhydr = 75.3 nm180

Sample B was purchased from ALPHA nanotech. The nanoparticles were charac-181

terized by TEM by the manufacturer, and a physical radius of r = 60 nm is specified.182

The figure above is taken from the company’s data sheet.183

To independently determine the hydrodynamic radius, we have performed DLS184
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measurements of sample B. The z-average yields a hydrodynamic radius of rhydr = 75.3 nm185

with a standard deviation σr =
√
PdI · rhydr = 3.8 nm.186

Via email transfer we got from ALPHA nanotech the information that they didn’t187

measure the refractive index of the glass nanospheres, but ”as there is no impurity188

added into the silica nanospheres, the silica nanospheres should have the same phys-189

ical parameters as silica materials”. Accordingly, we assume the refractive index of190

the bulk silica nanospheres to be nSiO2 = 1.4537 (at 780 nm).191
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Supplementary Figure 11: Hydration shell192
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Due to negative surface charges, a hydration shell is formed when the SiO2194

nanospheres are solved in water. This leads to an increased effective radius195

(rhydr > rSiO2) as well as to an effective refractive index neff , which is lower than196

the one of the solid sphere. With our cavity sensor, we measure rhydr and neff . The197

value for the intrinsic size rSiO2 can be obtained by scanning electron (sample A,198

see Supplementary Fig. 9) or transmission electron micrographs (sample B, see199

Supplementary Fig. 10). The value for the refractive indices of the bulk spheres200

are nSiO2 = 1.42 (sample A, see Supplementary Fig. 9) and nSiO2 = 1.4537 (sample201

B, see Supplementary Fig. 10). Following [1], we can calculate the mean refractive202

index nh of the shell, by solving203

n2
eff − n2

H2O

n2
eff + 2n2

H2O

=
(2n2

h + n2
SiO2)(n

2
h − n2

H2O)r3
hydr + (n2

SiO2 − n2
h)(2n2

h + n2
H2O)r3

SiO2

(2n2
h + n2

SiO2)(2n
2
H2O + n2

h)r3
hydr + 2(n2

SiO2 − n2
h)(n2

h − n2
H2O)r3

SiO2

.

We get

nh =

√
−p

2
+

√
p2

4
− q,

with204

p =
n2

eff(r3
SiO2 + 2r3

hydr)− n2
SiO2(2r

3
SiO2 + r3

hydr)

2(r3
SiO2 − r3

hydr)
and

q = −n
2
SiO2n

2
eff

2
.

We get nh = 1.40± 0.04 for sample A and nh = 1.46± 0.01 for sample B.205
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Supplementary Figure 12: Temporal evolution of the frequency shift206

histograms for the higher order transverse modes207

a) b)
TEM01 TEM10

In a) and b) the time evolution of the measured frequency shift probability distri-208

butions for the higher order TEM01 and TEM10 modes are shown. The red solid line209

shows a single nanoparticle transit event, which is used for the reconstruction of the210

spatial coordinates of the nanoparticle track (main text Fig. 3b green and blue).211

It was measured within the first 2 hours. Dashed black line: simulated density of212

states for a single nanoparticle with refractive index np = 1.46 and rhydr=75.3 nm,213

green: frequency shifts of about 59 transits (after 2 hours measurement time), blue:214

frequency shifts of about 71 additional transits (3 hours) and 4) about 210 addi-215

tional transits (8 hours). In contrast to the time evolution of the TEM00 frequency216

shifts (see Fig. 2e, blue), the typical steep decay of the density of states for single217

nanoparticle transits doesn’t occur for the first 2 hours measurement time for the218

higher order modes (Supplementary Fig. 11 a,b green). Since the TEM00 mode219

detects single nanoparticles with a low error probability, we can exclude agglom-220

erations for the most transit events within the first 2 hours. Instead we assume a221

nanoparticle density inside the cavity which allows 2 separate nanoparticles being si-222

multaneously inside the larger TEM01 and TEM10 mode at the same time. In future223

measurements, a higher probability for measuring only a single nanoparticle with224

all three modes could be reached by reducing the concentration of the nanoparticle225

solution.226
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Supplementary Figure 13: Data evaluation for the TEM00, TEM01 and227

TEM10 mode228

a) b) c)

d) e) f)

g) h) i)

Here we show the measured raw data of the transit events, which is used for229

the calculation of the spatial coordinates of the SiO2 nanoparticle with the size230

rhydr = 75.3 nm (see Fig. 3b). In a), b) and c) the measured resonance linewidths231

of the TEM00, the TEM01 and the TEM10 mode are depicted. d), e) and f) show232

the measured timeshifts, which are already recalculated in timeshift per linewidth233

units. g), h) and i) show the lineshift/linewidth with subtracted drift. More detailed234

information for the evaluation are given in Supplementary Fig. 5.235
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Supplementary Figure 14: Noise measurement for the TEM00, TEM01236

and TEM10 mode237

In order to deduce the noise form the measured frequency shifts in Fig. 3b, we238

plot the frequency shifts in an histogram. As already explained in Supplementary239

Fig. 5, the Gaussian fit to the measured counts at small frequency shift values gives240

the measurement noise: σ00 = 0.14 GHz, σ01 = 0.16 GHz and σ10 = 0.14 GHz.241
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Supplementary Figure 15: Correlated TEM00 and higher order mode242

frequency shifts243

Here we show the correlation between the measured frequency shift of the funda-244

mental mode ∆νTEM00 and the higher order modes ∆νTEM01 (∆νTEM10). When con-245

sidering particle locations for maximal coupling e.g. on the x-axis (i.e. y = z = 0),246

we can calculate the corresponding frequency shifts (∆νTEM00, ∆νTEM10), see the red247

line in Fig. 14. This yields the maximally observable shift pairs (∆νTEM00, ∆νTEM10)248

since particle displacements along x, z will reduce one or possibly both values. The249

density of position states leads to a larger probability to find small shift values and250

only very few datapoints close to the top part of the red contour line, in agreement251

with the data. The observed correlation confirms the validity of using the frequency252

shifts of the two modes for position determination.253
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Supplementary Figure 16: Mean squared displacement254

c)

e)

b)a)

d)

x y

From the spatial coordinates in Fig. 3d, the mean squared displacement (MSD) is255

deduced for the x(t)- and y(t)-propagation of the nanoparticle. Here we divide the256

movement in sequences: A new sequence i starts if one of the spatial coordinates257

x, y, z reaches a border of the sensing octant. There, the determined position is258

folded back into the octant, such that the absolute distance to earlier positions259

becomes meaningless, and therefore a new sequence starts. a) and b) show the260

division of x(t) and y(t) into different sequences by using different colors. For each261

sequence i, the two-dimensional MSD is calculated with the following definition [2]262

MSDi(τ) =
1

T

T∑
k=0

((xi(t+ τ)− xi(t))2 + (yi(t+ τ)− yi(t))2)

and plotted in c) with different colors. The starting time for each sequence is set263

to zero. We derive the mean MSD 〈MSD(τ)〉 by calculating the mean value from264

all sequences MSDi(τ):265

〈MSD(τ)〉 =
1

N

∑
i

MSDi(τ)

Here, N is the number of MSD values at time τ and is plotted in d). One can see266

that the particles reach the sensing volume border within less than 10ms, which is267



21

dominated by the diffusion along z where the available distance is only λ/(4nm). e)268

shows 〈MSD(τ)〉 as a function of τ as well as the standard deviations σi as error269

bars. We observe a linear increase of MSD(τ), which is in agreement with free270

Brownian motion for the nanoparticle movement in x,y-directions. Hence, a linear271

fit to 〈MSD(τ)〉 gives the diffusivity D of the nanoparticle:272

D =
1

4

d

dτ
〈MSD(τ)〉.

Only for small τ , a good statistics is available (see number distribution in d)).273

Therefore, we only take the time window shown in e) for the fit (red). We also274

weighted the linear fit with the weighting function wi = 1/σ2
i . As a result,275

we get Dxy = (2.47± 0.67) · 10−12 m2/s. This gives a hydrodynamic radius of276

rhydr = kBT/(6πη〈D〉) = (86.9± 23.6) nm.277
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Supplementary Note 1: Cavity parameters for the different measure-278

ments279

280

For our measurements we used two different kind of cavities: The cavity system281

shown in Fig. 1a (cavity 1) and the cavity shown in Supplementary Fig. 2 (cavity 2).282

In the following, the parameters of each cavity are specified and the results shown283

in the main article are related to the cavity systems used. In cavity 1, we measured284

SiO2-spheres with hydrodynamic radius rhydr = 71.3 nm (see Supplementary fig. 8)285

and in cavity 2 we measured SiO2-spheres with hydrodynamic radius rhydr = 75.3 nm286

(see Supplementary Fig. 9).287

cavity 1 cavity 2

Finesse TEM00 18400 56710

Finesse TEM01 - 47789

Finesse TEM10 - 45668

Cavity length (µm) 27.3 5.4

FWHM TEM00 (MHz) 299 490

FWHM TEM01 (MHz) - 581

FWHM TEM10 (MHz) - 607

SM-Fiber: rc,x (µm) 62.4 46.1

SM-Fiber: rc,y (µm) 56.2 53.1

MM-Fiber: rc,x (µm) 58.9 79.2

MM-Fiber: rc,y (µm) 131.0 87.8

SM-Fiber transmission (ppm) 17.6 17.6

MM-Fiber transmission (ppm) 77 17.6

Fig. 2a ×
Fig. 2c ×
Fig. 2d ×
Fig. 2e ×
Fig. 3b ×
Fig. 3c ×
Fig. 3d ×
Fig. 3e ×
Fig. 3f ×

288

FWHM is the linewidth of the respective cavity mode. The data shown in Fig. 1b289

and 3a were recorded by cavity 1 with slightly different cavity parameters (different290



23

cavity length, alignment) to those listed above.291
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Supplementary Note 2: Theoretical expected resonance amplitude de-292

creases and frequency shifts293

294

Depending on the nanoparticle position inside the cavity light field, different res-295

onance amplitude decreases and frequency shifts occur. Both values reach their296

maximum value when the nanoparticle center is located at the antinode of the297

standing wave cavity light field. If the center is located at the node, a non-zero298

frequency shift occurs. This is due to the fact, that the nanoparticle hydrodynam-299

ical diameter is not negligible in comparison to the z-dimension of the antinode300

λ/2nm = 293 nm. Therefore, we have to consider a weighted polarizability of the301

nanoparticle [3], which is calculated by integrating over the spherical nanoparticle302

volume:303

〈α〉 =
α

Vp

∫
Vp

dVp

(
w0

w(z)

)2

exp
−2(x2+y2)

w(z)2 cos2(kz),

with the polarizability for a sphere304

α = 4πr3ε0
n2

p − n2
m

n2
p + 2n2

m

,

and using305

w(z) =
w0√

1 + (z/z0)2

for the beam radius of the Gaussian light distribution and w0 is the beam waist.306

The maximum frequency shift is then given by

∆νmax =
〈α〉c

2λmε0Vm
.

Here, λm is the laser wavelength in medium, c speed of light in vacuum, and307

Vm = πw2
0d/4 is the cavity mode volume.308

309

For the simulation in Fig. 2b we assume a linear change in frequency shifts from310

0 to ∆νmax. The correlated resonance amplitude decreases can be calculated by the311

additional loss Lp originating from light scattering and absorption by the nanopar-312

ticle.313

At first, we consider an empty cavity, though filled with water, but no nanoparticle314



25

is disturbing the signal. The transmission through this cavity is determined by the315

losses L1, L2 and the transmissions T1, T2 of the two cavity mirrors and the water316

loss Lm:317

T0 =
4T1T2

(L1 + L2 + T1 + T2 + 2Lm)2
.

When the nanoparticle enters the light field, it produces an additional loss Lp.318

Hence, the transmission can be expressed as319

T (Lp) =
4T1T2

(2Lp + L1 + L2 + T1 + T2 + 2Lm)2
.

The amount of loss Lp depends on the nanoparticle position inside the light field320

and reaches its maximum at the antinode, with321

Lp,max =
4σext

πw2
0

and σext being the extinction cross section of the nanoparticle and w0 being the
waist of the cavity light field. The extinction cross section depends on the size
and refractive index of the nanoparticle and is taken from Mie Theory. For the
nanoparticle losses Lp we assume a linear change between 0 and Lp,max. The the-
oretical decrease of amplitude ∆T depending on the losses Lp produced by the
nanoparticle can then be calculated as following:

∆T (Lp) = 100%

(
1− T (Lp)

T0

)
.
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Supplementary Note 3: Density of states - Theoretical frequency shift322

probability distribution for a single nanoparticle323

324

Here we explain how we calculate the frequency shift probability distribution of325

the TEM00 mode, which we use to fit the data and thereby deduce the refractive326

index (see Supplementary Fig. 8).327

328

Depending on the position (x0, y0, z0) of the nanoparticle inside the TEM00 mode,329

an according frequency shift ∆ν(x0, y0, z0) occurs:330

∆ν(x0, y0, z0) =
〈α〉00c

2λmε0Vm
, (1)

with the weighted polarizability331

〈α(x0, y0, z0)〉00 =
α(np)

Vp

∫
Vp

dVp · IGauss cos2(k(z − z0))

and the Gaussian intensity distribution332

IGauss =

(
w0

w(z − z0)

)2

exp
−2((x−x0)

2+(y−y0)
2)

w(z−z0)
2 .

Here, k = 2πnH20/λ780 is the wavenumber depending on the wavelength in water333

λ780/nH2O. For a given refractive index np, the theoretical frequency shift proba-334

bility distribution can be calculated and subsequently the derived frequency shift335

values plotted in an histogram.336

337
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Supplementary Note 4: Theoretical frequency shift matrices for the338

calculation of the 3D track339

340

In Supplementary Note 3 we already introduced the calculation of the theoretical341

frequency shift matrix of the fundamental mode. Equation (1) (Supplementary Note342

3) can be also used for the calculation of the TEM01 and TEM10 matrices, but the343

polarizabilities have to be adapted to344

〈α(x0, y0, z0)〉01 =
α(np)

Vp

∫
Vp

dVp ·
8(x− x0)

2

w01(z − z0)2
IGauss cos2(k01(z − z0))

for the TEM01 mode and

〈α(x0, y0, z0)〉10 =
α(np)

Vp

∫
Vp

dVp ·
8(y − y0)

2

w10(z − z0)2
IGauss cos2(k10(z − z0))

for the TEM10 mode. In addition, we have to change the wavenumber to345

k01 = k10 = 2πnH2O/λ785, since we probe the higher modes at a different wave-346

length (see Supplementary Fig. 1).347

348

In order to deduce the spatial coordinates of the nanoparticle from the measured349

frequency shifts, the latter are compared with the theoretical frequency shift values.350

For the theoretical shift matrices we choose spatial pixel steps with 16.9 nm in lateral351

directions (x,y) and 1.6 nm in longitudinal direction (z). A suitable pixel size can352

be estimated from the measured frequency noise of each mode (see Supplementary353

Fig. 13). By including the measurement noise to the measured frequency shifts, we354

find multiple possible positions of the nanoparticle inside the theoretical frequency355

shift matrices at measurement time tk. As a tracking algorithm we take from the356

multiple possible position the one which is closest to the earlier position at time tk−1.
357

358
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