
S1 

 

Supporting Information 

 

Versatile Multilayer Metamaterial 

Nanoparticles with Tailored Optical Constants 

for Force and Torque Transduction 
 

 

Ying Tang,§ Seungkyu Ha,§ Thomas Begou, Julien Lumeau, H. Paul Urbach, Nynke H. Dekker,* 

and Aurèle J. L. Adam* 

 

 

Supporting Figures 

Figure S1. Fresnel coefficients calculated for Nb2O5/SiO2 multilayers. 

Figure S2. FEM-calculated optical trapping forces and torques for a Nb2O5/SiO2 MM nanocuboid. 

Figure S3. EMT-predicted optical constants of different multilayer compositions, in comparison with those of 

CaCO3 crystals. 

Figure S4. FEM-calculated maps of equilibrium axial trapping position for Nb2O5/SiO2 MM nanocuboids. 

Figure S5. FEM-calculated maps of linear trapping stiffnesses and equilibrium axial trapping position for 

Nb2O5/SiO2 MM nanocuboids with material filling ratio 0.3, extended to larger particle widths. 

Figure S6. FEM-calculated map of rotational hydrodynamic drag coefficients for nanocuboids. 

Figure S7. Torque transfer efficiency calculated for Nb2O5/SiO2 multilayers. 

Figure S8. Fabrication process of MM particles. 

Figure S9. Optical transmission through Nb2O5/SiO2 multilayers. 

Figure S10. Dimensional analysis of the fabricated Nb2O5/SiO2 MM nanocuboids. 

Figure S11. Schematic of the OTW setup. 

Figure S12. OTW-measured stiffnesses and drag coefficients of Nb2O5/SiO2 MM nanocuboids in comparison 

to FEM-calculation results for both linear and angular operations. 

 

Supporting Tables 

Table S1. Target dimensions of Nb2O5/SiO2 multilayer stacks. 

Table S2. OTW-measured and FEM-calculated optical trapping parameters of Nb2O5/SiO2 MM nanocuboids. 

 

Supporting References  



S2 

 

Supporting Figures 

 
 

Figure S1. Fresnel coefficients calculated for Nb2O5/SiO2 multilayers. The Fresnel coefficients ((a) |��|, |��|; (b) 

|��|, |��|) as a function of transverse wavenumber (��/��) are calculated on multilayer (ML) structures with different 

layer-pair number (N = 2−8; differently colored dotted and dashed lines) and on an equivalent single-layer (SL) 

structure, whose effective optical constants are predicted by effective medium theory (EMT) (green and magenta 

solid lines). For both ML and SL structures, we assumed the same filling ratio (� = 0.5). The ML structures are 

symmetric regardless of layer-pair number N by using SiO2 as both the first and last layers, each of half the thickness 

of a single SiO2 layer in the middle of the stack. In the calculations on one-dimensional models using our custom 

Matlab code (according to ref 1), we set the surrounding medium as water, the total thickness of each structure as 

300 nm, and the vacuum wavelength of the incident beam as 1064 nm for both model structures, while refractive 

index values of the constituent materials are obtained from our measurements (Figure S9). The inset graphic in panel 

(a) represents the schematics of the six layer-pair ML model (top) and its equivalent SL model (bottom) in the 

surrounding medium. For the Fresnel coefficients of each ML structure, goodness-of-fit parameters (R2 for which 1 

indicates perfect match and smaller values indicate larger mismatch) with respect to those of SL structure are 

displayed in legend. This result shows that, as long as N is large enough (>2), EMT (i.e., SL model) can describe the 

optical response of the ML stack with high accuracy (R2 lies between 0.98−1.00 for both p- and s-polarizations of the 

incident beam).  
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Figure S2. FEM-calculated optical trapping forces and torques for a Nb2O5/SiO2 MM nanocuboid. (a) The 

optical force along the z-axis, 	
 , is calculated for three-dimensional models of an optically trapped multilayer 

nanocuboid (ML; red squares) and its equivalent single-layer nanocuboid (SL; blue circles) in water, with the particle 

orientation as shown in Figure 1d of the main text. The blue curve is interpolated from the calculated data points of 

the SL structure (blue circles). The axial equilibrium trapping position ��  (Figure S4) is the x-intercept of the 

interpolated force curve, while the axial trap stiffness �
  (Figure 2a,b of the main text) is the gradient of the force 

curve at �� as indicated by the solid black tangential line that approximates the harmonic potential well (i.e., a linear 

Hookean spring). For the FEM calculation of the ML model, the chosen ML is a Ni2O5/SiO2 stack with layer-pair 

number 6 and filling ratio � = 0.5, while the thickness of each individual layer is 25 nm (except the first and the last 

SiO2 layers, which are 12.5 nm-thick). For the SL model, the effective optical constants of the SL are calculated using 

EMT and used as an input. For both models, the width and height of the particles are 300 nm and 1200 nm, 

respectively (AR = 4), while refractive index values of the constituent materials are obtained from our measurements 

(Figure S9). The magnitude of the optical force is nearly the same for the ML and SL models (as indicated by the near-

unity goodness-of-fit parameter R2 shown in the legend), which validates the use of the SL model in the FEM 

calculations of optical trap stiffness maps (Figure 2 of the main text). The similar FEM-calculation results on the same 

nanocuboids are presented for (b) the optical force along the y-axis, 	� , from which the lateral trap stiffness �� 

(Figure 2c,d of the main text) is obtained and (c) the optical torque around the z-axis, �
 , from which the angular 

stiffness ��  (Figure 2e,f of the main text) is obtained. Unlike the case of axial stiffness �
 , less data points need to be 

calculated by FEM to extract the lateral stiffness �� and the angular stiffness �� , utilizing the symmetry in the shape 

of the lateral force curve and the relationship with the maximum torque at angular displacement of 45° (��  = 2��), 

respectively. (d) The three-dimensional schematics of the six layer-pair ML model (left) and its equivalent SL model 

(right) in the surrounding medium (water).  
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Figure S3. EMT-predicted optical constants of different multilayer compositions, in comparison with those 

of CaCO3 crystals. Four different multilayer pairs are considered as candidates for achieving a high birefringence 

with a moderate refractive index, similar to calcite and vaterite CaCO3 crystals. Each multilayer pair consists of the 

same low-index layer of SiO2 thin film (n = 1.4671)2 and a high-index layer selected among HfO2 (n = 2.0813),3 Nb2O5 

(n = 2.2537),4 and TiO2 thin films deposited by either evaporation (TiO2(a); n = 2.0718)5 or ALD (TiO2(b); n = 2.3078).6 

For each combination, the accessible ranges of average refractive index �� (blue bar for left y-axis) and birefringence 

∆n (red bar for right y-axis) at 1064 nm are shown. The optical constants of CaCO3 crystals (�� = 1.5611, ∆n = 0.1629 

for calcite;7 �� = 1.6, ∆n = 0.1 for vaterite8) are marked with corresponding symbols (see legend). 
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Figure S4. FEM-calculated maps of equilibrium axial trapping position for Nb2O5/SiO2 MM nanocuboids. The 

equilibrium axial trapping position �� is calculated for Nb2O5/SiO2 MM nanocuboids with material filling ratios (a) 

� = 0.3 and (b) � = 0.5. The solid blue lines represent contour lines for nanocuboids of constant heights, and range 

from 500 nm (leftmost) to 3000 nm (rightmost) at intervals of 500 nm. The particle dimensions chosen for 

fabrication (A3−5, B3−5, and C3−6) are indicated by the crossing points of the black dash-dotted lines, overlaid with 

corresponding symbols (same color coding as in Figure 2 of the main text). The black pixels on the map of � = 0.5 in 

panel (b) indicate the particle dimensions that cannot be trapped in 3D. The pixel size of each map is ∆AR = 0.1, ∆W 

= 5 nm. 
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Figure S5. FEM-calculated maps of linear trapping stiffnesses and equilibrium axial trapping position for 

Nb2O5/SiO2 MM nanocuboids with material filling ratio 0.3, extended to larger particle widths. The linear 

trapping maps for the Nb2O5/SiO2 MM nanocuboids with material filling ratio � = 0.3 are calculated with particle 

widths W up to 550 nm. The maps of (a) axial stiffness �
 , (b) equilibrium axial trapping position ��, and (c) lateral 

stiffness �� are shown. The particle dimensions for the axial and lateral stiffness maxima in the maps are indicated 

by magenta circles in panels (a) and (c). The solid blue lines represent contour lines for nanocuboids of constant 

heights, and range from 500 nm (leftmost) to 3000 nm (rightmost) at intervals of 500 nm. The particle dimensions 

chosen for fabrication (A3−5, B3−5) are indicated by the crossing points of the black dash-dotted lines, overlaid with 

corresponding symbols (same color coding as in Figure 2 of the main text). The black pixels on the maps indicate the 

particle dimensions that cannot be trapped in 3D. The pixel size of each map is ∆AR = 0.5, ∆W = 25 nm. 
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Figure S6. FEM-calculated map of rotational hydrodynamic drag coefficients for nanocuboids. The rotational 

hydrodynamic drag coefficient (��) is calculated for nanocuboids in water, as a function of particle aspect ratio AR 

and width W. Together with the FEM-calculated angular stiffness maps (�� ; Figure 2e,f of the main text), this 

rotational drag map was used to calculate the maximum angular speed maps (�� = (��/2)/(2���); Figure 2g,h of the 

main text). The solid white lines represent contour lines for nanocuboids of constant heights, and range from 500 nm 

(leftmost) to 3000 nm (rightmost) at intervals of 500 nm. The particle dimensions chosen for fabrication (W = 300 

nm and 400 nm; AR = 3, 4, 5, and 6) are indicated by the crossing points of the black dash-dotted lines. The pixel size 

of the map is ∆AR = 0.1, ∆W = 5 nm. 
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Figure S7. Torque transfer efficiency calculated for Nb2O5/SiO2 multilayers. (a) Two-dimensional map of torque 

transfer efficiency (TTE) defined as |sin(h��Δ�)|×100 (derived from the ideal theory in ref 9), which is a function of 

particle height h and birefringence Δ� with the wavenumber �� as a constant. For each material, its birefringence 

and the particle height for 100% TTE are marked with the corresponding horizontal line and symbol, respectively. 

The Nb2O5/SiO2 MMs with material filling ratios � = 0.3 (Δ� = 0.1289; black dash-dotted line and light blue diamond) 

and � = 0.5 (Δ� = 0.1643; black dashed line and pink diamond) are shown, whose birefringence values are calculated 

using EMT (eqs 1−3 of the main text) with the experimentally obtained refractive index values of the constituent 

materials (Figure S9) as an input. For comparison, several birefringent crystals in nature (blue solid lines and squares) 

are shown together: rutile TiO2 (Δ� = 0.2623),10 calcite CaCO3 (Δ� = 0.1629),7 vaterite CaCO3 (Δ� = 0.1),8 and quartz 

SiO2 (Δ� = 0.0087).7 For quartz, the optimal height (~30 µm) for the 100% TTE is outside the range of the map. The 

pixel size of the map is 25 nm and 0.0025 for particle height and birefringence, respectively. (b) Comparison of one-

dimensional TTE curves as a function of particle height, which are the same as the data along the horizontal lines of 

corresponding birefringence values in the two-dimensional map shown in panel (a), for Nb2O5/SiO2 MMs with 

material filling ratios � = 0.3 and � = 0.5 (same color coding as in panel (a)). The predicted TTE of the ten fabricated 

nanocuboid batches are displayed (same color coding as in Figure 2 of the main text). For each filling ratio, the 

particle height for 100% TTE is marked with the corresponding diamond symbol, as also indicated in panel (a). 
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Figure S8. Fabrication process of MM particles. (a) Schematic diagram of the fabrication protocol for MM 

nanoparticles in general is shown, using the example of Nb2O5/SiO2 MM nanocuboids (color coding for different 

material layers is indicated in the legend). (Step 1) Thorough cleaning of a Si substrate. (Step 2) Deposition of a Cr 

sacrificial layer by electron-beam evaporation. (Step 3) Plasma-assisted reactive magnetron sputtering deposition of 

a Nb2O5/SiO2 multilayer stack. (Step 4) Spin-coating of a layer of positive electron-beam resist. (Step 5) Patterning of 

the resist layer with electron-beam lithography. (Step 6) Deposition of a Cr etch mask layer by Ar-plasma sputtering. 

(Step 7) Lift-off of the unwanted Cr in non-patterned regions by using adhesive tape, followed by removal of the 

remaining resist in heated resist stripper solution. (Step 8) Etching into the multilayer structure by reactive ion 

etching. (Step 9) Removal of the top Cr etch mask layer and bottom sacrificial Cr layer by dipping the sample into Cr 

wet etchant solution (bright yellow). (Step 10) First washing of the sample to remove the Cr etchant by dipping the 

sample into DI water (which turns light yellow). (Step 11) Second washing of the sample to completely remove Cr 

etchant by dipping the sample into fresh DI water (whose color remains unchanged), without any agitation. (Step 12) 

Harvesting the MM nanocuboid particles by submerging the sample into a DI water-filled plastic tube and vortexing 

for 30 s. The remaining Si substrate is removed, leaving only the MM nanocuboid particle solution in the tube. (b) 

The MM particles are patterned in a hexagonal array with gap size 1 µm, as shown in the top-view images recorded 

after lift-off of the excess Cr layer to form Cr etch mask (left panel; Step 7) and after reactive ion etching of the 

multilayer with the Cr etch mask (right panel; Step 8). In both images, the rectangles are the particle patterns (W = 

300 nm, AR = 5) covered with the Cr mask layer. The regions outside of the particles are either the top SiO2 layer of 

the multilayer structure (left panel) or the bottom sacrificial Cr layer (right panel). (c) After their harvesting (Step 

12), the MM nanocuboids can be randomly dispersed onto a Si substrate for SEM inspection (particle batches of A3,4, 

B4,5, and C5,6 are shown). All scale bars in panels (b) and (c) represent 1 μm. 
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Figure S9. Optical transmission through Nb2O5/SiO2 multilayers. The optical transmission is measured as a 

function of wavelength, for three different Nb2O5/SiO2 multilayers deposited on silica reference substrates: (a) wafer 

A (� = 0.3, W = 300 nm), (b) wafer B (� = 0.3, W = 400 nm), and (c) wafer C (� = 0.5, W = 300 nm). The measured 

transmission (Meas.) is plotted together with the calculated values (Calc.), and their goodness-of-fit parameters (R2) 

are shown in legend. 

 

Control of multilayer growth. To precisely control the thickness of each layer, we measured the evolution of the 

optical transmission at 410 nm through a silica reference substrate during deposition of a multilayer by plasma-

assisted reactive magnetron sputtering. Each reference substrate was pre-coated with a 58 nm-thick Nb2O5 layer in 

the sputtering chamber. Then, a Si substrate with a sacrificial Cr layer was added to the same chamber via a load-

lock chamber, and a multilayer was coated with a designed combination of filling ratio and width (Table S1). After 

the completion of multilayer deposition, we measured the transmission of the reference sample over a wide range 

of wavelengths that includes 1064 nm using a spectrophotometer (Lambda 1050, Perkin Elmer). The measured 

transmission curves (Meas.) show excellent agreement with the calculated curves (Calc.),11 as indicated by R2 values 

close to 1. These results confirm that the error on the thickness of each layer does not exceed ~1 nm, and the deduced 

refractive index � of each material at 1064 nm is reproducible (� = 1.4677 for SiO2;  � = 2.2590 for Nb2O5). 
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Figure S10. Dimensional analysis of the fabricated Nb2O5/SiO2 MM nanocuboids. The harvested MM 

nanocuboids can be randomly dispersed onto a Si substrate for (a, b) SEM inspections and (c, d) quantification of 

particle dimensions. We show examples of two nanocuboid batches: (a, c) batch B5 (� = 0.3, W = 400 nm, H = 2000 

nm) and (b, d) batch C5 (� = 0.5, W = 300 nm, H = 1500 nm). The multilayer structures of Nb2O5 (brighter stripes) 

and SiO2 (darker stripes) are clearly visible from the side-on particles (zoom-in images in insets of panels (a) and 

(b)), consistent with the nominal filling ratios � = 0.3 (B5) and � = 0.5 (C5). All scale bars in panels (a) and (b) 

represent 1 μm. The measured dimensional parameters of MM nanocuboids shown in panels (c) and (d) include 

heights (Htop, Hbot) and widths (Wtop, Wbot) which were measured from the top flat surface (i.e., the surface protected 

by a Cr mask during dry etching; parameters with subscript ‘top’) and the bottom flat surface (i.e., the surface 

interfaced with a sacrificial Cr layer until harvesting; parameters with subscript ‘bot’), as well as the width that 

corresponds to the multilayer thickness (WML). Each parameter is normalized with respect to its designed dimension, 

and thus the displayed statistical values are the normalized mean (circle) and the relative standard deviation 

(errorbar), obtained from N = 3−15 individual MM nanocuboids. Each dimension is highly uniform, having only <3% 

relative standard deviation, and mostly confined within the ±10% variation (between horizontal dash-dotted black 

lines) with respect to the designed dimension (horizontal dashed red line). Overall, the dimensions measured on the 

top surface (Htop, Wtop) and on the bottom surface (Hbot, Wbot) are tend to be smaller and larger than the designed 

values, respectively, due to the etch mask erosion and slightly positive sidewall angle of the used dry etching 

condition.12 Meanwhile, the values of WML match well with the designed dimensions due to the precisely controlled 

thickness during the multilayer deposition (Figure S9).  
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Figure S11. Schematic of the OTW setup. The 1064 nm-wavelength trapping laser beam path is displayed as red 

solid lines, whose width represents the beam diameter (not to scale). The component acronyms are as follows: diode-

pumped solid-state continuous wave TEM00 1064 nm laser (Laser), optical isolator (ISO), beam expander (BE), 

infrared mirror (IRM1−5), iris (Iris1,2), polarizing beam splitter (PBS), 50:50 non-polarizing beam splitter (NPBS1,2), 

Glan laser polarizer (GLP), quarter-wave plate (QWP1,2), high-speed InGaAs photodiode (PD1−4), position-sensitive 

detector (PSD), acousto-optic modulator (AOM), electro-optic modulator (EOM), flow cell (FC), and two identical 

water-immersion lenses with NA 1.2 and 60× magnification (objective lens (OL) and condenser lens (CL)). The main 

optical components are categorized as: polarizing optics (GLP, QWP, PBS; green), non-polarizing optics (IRM, BE, OL, 

CL, NPBS; light blue), detectors (PD, PSD; dark blue), and modulators (AOM, EOM; yellow). 

 

Configuration of the OTW setup. The first part of the beam path is for controlling the laser beam power, polarization 

state, and diameter. The beam is coupled with ISO to prevent possible damage to the laser head in case of any intense 

backscattering events. The AOM and PD1 form a feedback loop that stabilizes intensity fluctuations of the laser beam. 

Iris1 selects the 0th order output beam from the AOM and blocks the 1st order output. The GLP increases the 

polarization extinction ratio (up to 1:105) between the p- and s-polarized components, before the beam enters the 

EOM for polarization modulation. The BE increases the beam diameter to overfill the back aperture of the OL with 

filling factor 1.7. QWP1 ensures a linearly polarized beam is sent to the optical trap (with polarization direction 

rotatable by EOM). The OL tightly focuses the beam to effectively trap particles inside the FC, and the beam power 

delivered at the focal plane is precisely calibrated.9 The beam is then collected by the CL and split into two beams of 

equal power by NPBS1, relayed to two different analysis units. In the position detection unit, the beam is equally split 

once more by NPBS2, and then the x- and y-positions of the trapped particle are detected by PSD while the z-position 

is detected by PD2 with Iris2 (whose opening is optimized to properly capture the Gouy phase shift13). The optical 

force is then deduced from the measured particle position. This separate detection of lateral and axial positions 

permits simultaneous optimization of both lateral and axial measurements, which have conflicting requirements for 

iris size.14 The torque detection unit (PBS and PD3,4), in combination with QWP2, enables the measurement of 

transferred angular momentum.15 For high-precision measurements, noise from various sources should be blocked 

or suppressed. In this setup, the laser beam path is enclosed by metallic tubes and the setup is enclosed in a box made 

of thick plates to prevent turbulent air currents and acoustic noise. Further, every PD is powered by a lead battery to 

reduce interference from high-frequency electrical noise. In addition, the AOM is operated at low RF power to avoid 

excess heating and thus to prevent instrumental drift that appears as a large amount of low-frequency noise.16 



S13 

 

 

Figure S12. OTW-measured stiffnesses and drag coefficients of Nb2O5/SiO2 MM nanocuboids in comparison 

to FEM-calculation results for both linear and angular operations. The OTW-measured values of (a) the lateral 

stiffness along the x-axis (��), (b) the lateral stiffness along the y-axis (��), (c) the axial stiffness (�
), (d) the angular 

stiffness (��), (e) the linear drag along the x-axis (��), (f) the linear drag along the y-axis (��), (g) the axial drag (�
), 

and (h) the angular drag (�� ) are shown for all ten batches of MM nanocuboids (A3−C6). Empty symbols and 

errorbars denote the mean and standard deviation of the OTW-measured parameters in each batch. For comparison, 

the corresponding FEM-predicted values are overlaid (filled symbols). The color coding is the same as in Figure 3 of 

the main text. The data sets in panels (b, d, f, h) are the same as shown in Figure 3 of the main text and Table S2. (i) 

For each MM nanocuboid batch, the label and three-dimensional particle schematic (drawn to scale) are displayed 

(illustrating different dimensions, film thicknesses, and material filling ratios; color coded as in Figure 1d of the main 

text and multilayer-structured as in Table S1). 
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Supporting Tables 

 

Table S1. Target dimensions of Nb2O5/SiO2 multilayer stacks. The designed layer thicknesses of the Nb2O5/SiO2 

multilayer stacks are shown for wafers A, B, and C. The thickness of the unit layer-pair is 50 nm for all wafers, and 

each layer thickness is determined by the material filling ratio (� = 0.3 for wafers A and B; � = 0.5 for wafer C). In 

total, six layer-pairs are used for the W = 300 nm wafers (A and C), and eight are used for the W = 400 nm wafer (B). 

To make the particles symmetric, the first and last layers are SiO2 of half the thickness of a single SiO2 layer in middle 

of the stack. These values were used as the target dimensions in multilayer deposition (Figure S9). 

 

 

Layer no. Material 
Layer thickness [nm] 

Wafer A Wafer B Wafer C 

1 SiO2 17.5 17.5 12.5 

2 Nb2O5 15 15 25 

3 SiO2 35 35 25 

4 Nb2O5 15 15 25 

5 SiO2 35 35 25 

6 Nb2O5 15 15 25 

7 SiO2 35 35 25 

8 Nb2O5 15 15 25 

9 SiO2 35 35 25 

10 Nb2O5 15 15 25 

11 SiO2 35 35 25 

12 Nb2O5 15 15 25 

13 SiO2 17.5 35 12.5 

14 Nb2O5  15  

15 SiO2  35  

16 Nb2O5  15  

17 SiO2  17.5  

Total  300 400 300 
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Table S2. OTW-measured and FEM-calculated optical trapping parameters of Nb2O5/SiO2 MM nanocuboids. 

The linear and angular trapping parameters for all MM nanocuboid batches (A3−C6) are listed. The experimental 

mean, standard deviation (SD), and numerical result (cal.) are shown for drag (�), stiffness (�), and response time 

(�� ). For angular trapping, the averaged maximal torque (�� ) and rotation frequency (�� ) are also shown. For 

straightforward interpretation, the values of �� , ��, and �� are scaled to 100 mW input beam power at the optical trap, 

from the measured ones taken at 92 mW. The experimental values were obtained by measuring N = 3−7 nanocuboids 

per batch. 
 
 

Param. Unit 
Wafer A  Wafer B  Wafer C 

A3 A4 A5  B3 B4 B5  C3 C4 C5 C6 

�� (mean) pN·s/mm 3.9 5.1 6.6  7.5 9.4 10.6  4.1 4.8 8.0 8.9 

�� (SD) pN·s/mm 0.3 0.2 0.1  1.0 0.4 0.3  0.2 0.5 0.8 0.5 

�� (cal.) pN·s/mm 6.1 7.1 8.1  8.1 9.5 10.9  6.1 7.1 8.1 9.1 

�� (mean) pN/µm/mW 2.6 4.4 5.2  5.9 7.1 6.7  3.2 5.5 7.3 6.8 

�� (SD) pN/µm/mW 0.1 0.1 0.1  0.8 0.3 0.4  0.1 0.8 0.6 0.5 

�� (cal.) pN/µm/mW 9.8 10.8 10.9  8.8 6.5 5.2  9.3 10.9 11.0 10.7 

��,� (mean) µs (at 100 mW) 14.7 11.7 12.9  12.6 13.2 15.8  13.0 8.7 11.0 13.0 

��,� (SD) µs (at 100 mW)  1.3 0.4 0.3  2.4 0.8 1.1  0.6 1.5 1.5 1.1 

��,� (cal.) µs (at 100 mW)  6.2 6.6 7.4  9.2 14.7 20.9  6.6 6.5 7.4 8.5 

Ny  6 3 6  4 4 5  5 5 6 7 

�� (mean) pN·nm·s 0.32 0.39 0.58  0.98 1.23 1.35  0.37 0.35 0.53 0.58 

�� (SD) pN·nm·s 0.03 0.02 0.04  0.02 0.16 0.06  0.03 0.02 0.03 0.02 

�� (cal.) pN·nm·s 0.50 0.63 0.76  1.21 1.55 1.85  0.50 0.63 0.76 0.90 

�� (mean) pN·nm/rad/mW 133 186 213  282 317 350  203 249 283 288 

�� (SD) pN·nm/rad/mW 6 7 13  6 4 6  6 6 5 5 

�� (cal.) pN·nm/rad/mW 271 338 380  519 548 548  374 467 509 519 

��,� (mean) µs (at 100 mW)  24.3 21.2 27.1  34.9 38.9 38.6  18.1 13.9 18.8 19.9 

��,� (SD) µs (at 100 mW)  2.4 1.4 2.6  1.0 5.2 2.0  1.5 0.7 1.1 0.7 

��,� (cal.) µs (at 100 mW)  18.3 18.7 20.1  23.2 28.3 33.8  13.3 13.5 15.0 17.3 

�� (mean) nN·nm (at 100 mW)  6.6 9.3 10.6  14.1 15.9 17.5  10.2 12.4 14.2 14.4 

�� (mean) kHz (at 100 mW) 3.3 3.8 2.9  2.3 2.0 2.1  4.4 5.7 4.2 4.0 

Nθ  5 3 5  4 5 5  6 6 4 7 
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