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ultrasensitive vectorial force sensor

Nanowire



Nanowire

• Molecule detection

• Single photon detector

• Nanowire laser

PRL 112, 117604 (2014).

Nat. Mater. 14, 636 (2015).

Sci Rep 5, 11040 (2015).



Nanowire

M. Bechelany, These de doctorat (2006).



Electrostatic excitation

A. 

A. Gloppe, These de doctorat (2014). Nature Phys. 7, 879 (2011).



Electrostatic excitation

A. 

PRL, 89, 276103 (2002). Nature Phys. 7, 879 (2011).



ultrasensitive vectorial force sensor

Ultrasensitive displacement measurement



Photodiode

z

x

Displacement detection

Nat. Nanotechnol. 12, 156 (2016).
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Displacement detection

𝛿𝑉⊖,⊕ 𝑡 = 𝜹𝒓 𝑡 ⋅ 𝛁𝑉⊖,⊕

𝒆⊖,⊕ = 𝛁𝑉⊖,⊕ ∕ 𝛁𝑉⊖,⊕

𝜹𝒓 𝑡 ⋅ 𝒆⊖,⊕ = 𝛿𝑉⊖,⊕ 𝑡 ∕ 𝛁𝑉⊖,⊕

𝑉⊖,⊕ 𝒓𝟎 + 𝛿𝒓(𝑡) ≃ 𝑉⊖,⊕ 𝒓𝟎 + 𝛿𝒓 𝑡 ⋅ 𝛁 V⊖,⊕|r0

Quadrant Photodiode
75, qui f

sous vide). La grande distance de travail d

y

x



Brownian motion

Nat. Nanotechnol. 12, 156 (2016). Nat. Nanotechnol. 9, 920 (2014).

trajectory of nanowire



Damped harmonic oscillator

Mercier de Lepinay, These de doctorat (2017).

𝜌𝑆
𝜕2𝑢

𝜕𝑡2
𝑦, 𝑡 + 𝐸𝐼

𝜕4𝑢

𝜕𝑦4
𝑦, 𝑡 = 0

Euler–Bernoulli equation



Damped harmonic oscillator

𝛿 ሷ𝑟 = −Ω2𝛿𝑟 − Γ𝛿 ሶ𝑟 + 𝐹 ∕ 𝑀𝑒𝑓𝑓

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝛿𝑭𝒕𝒉 ∕ 𝑀𝑒𝑓𝑓

𝑆𝛿𝑟1 Ω = 𝛿𝑟1 Ω 𝛿𝑟1
∗ Ω = 𝜒11

2𝑆𝐹𝑡ℎ,1

Thermal noise spectrum

𝛿𝒓 Ω ≡ 𝜒 Ω 𝛿𝑭𝒕𝒉 Ω 𝜒−1 Ω = 𝑀𝑒𝑓𝑓
Ω1
2 − Ω2 − 𝑖Γ1Ω 0

0 Ω2
2 − Ω2 − 𝑖Γ2Ω

𝛿𝒓 Ω ≡ ∫ 𝛿𝒓 𝑡 𝑒−𝑖Ω𝑡𝑑𝑡

Mechanical susceptability 𝝌

𝑆𝐹𝑡ℎ,1 = 2𝑀𝑒𝑓𝑓Γ1𝑘𝐵𝑇



Power spectrum of displacement

Nat. Nanotechnol. 9, 920(2014).



Power spectrum of displacement

Nat. Nanotechnol. 9, 920(2014).



ultrasensitive vectorial force sensor

2-Dim vectorial force sensor



Optical force

In the

case of optical forces, this can be evaluate

d by integrating

the Maxwell stress tensor over the nanowir

e surface (see the

Supplementary Information).

which only

appear in dimensions larger than one. This 

speci

that optical forces do not derive from a pot

ential energy, is revealed

in strongly con

ecognized early in the

fi

ce of the Lorentz force

contribution to the light



External force added

𝑭 𝒓𝟎 + 𝛿𝒓 ≃ 𝑭 𝒓𝟎 + 𝛿𝒓 ⋅ 𝛁 𝐅|𝐫𝟎

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 +
𝑔11 𝑔21
𝑔12 𝑔22

𝛿𝒓 + 𝛿𝑭𝒕𝒉/𝑴𝒆𝒇𝒇

𝑔𝑖𝑗 ≡
1

𝑀𝑒𝑓𝑓
𝜕𝑖𝐹𝑗 𝑟0

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝑭 𝒓𝟎 + 𝛿𝒓 + 𝛿𝑭𝒕𝒉 ∕ 𝑀𝑒𝑓𝑓

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝑭 𝒓𝟎 ∕ 𝑀𝑒𝑓𝑓 + 𝛿𝒓 ⋅ 𝛁 𝐅|𝐫𝟎 + 𝛿𝑭𝒕𝒉 ∕ 𝑀𝑒𝑓𝑓

𝛿 ሷ𝒓 = −
Ω1
2 − 𝑔11 −𝑔21
𝑔12 Ω2

2 − 𝑔22
𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝛿𝑭𝒕𝒉/𝑴𝒆𝒇𝒇



External force added

𝛿𝒓 Ω ≡ 𝜒 Ω 𝛿𝑭𝒕𝒉 Ω

𝜒−1 Ω = 𝑀𝑒𝑓𝑓
Ω1
2 − Ω2 − 𝑖ΓΩ − 𝑔11 −𝑔21

−𝑔12 Ω2
2 − Ω2 − 𝑖ΓΩ − 𝑔22

Ξ Ω = 𝑀𝑒𝑓𝑓 Ω1
2 − Ω2 − 𝑖ΓΩ − 𝑔11 Ω2

2 − Ω2 − 𝑖ΓΩ − 𝑔22 − 𝑔12𝑔21

𝛿𝒓 Ω ≡ ∫ 𝛿𝒓 𝑡 𝑒−𝑖Ω𝑡𝑑𝑡

Langevian noise spectrum

𝑆𝛿𝑟𝛽 Ω =
𝑆𝐹𝑡ℎ
Ξ Ω 2

cos2 𝛽 Ω2
2 − Ω2 − 𝑔22

2 + Ω2Γ2 + 𝑔21
2

+sin2 𝛽 𝑔12
2 + Ω1

2 − Ω2 − 𝑔11
2 + Ω2Γ2

+sin 2𝛽 𝑔12 Ω2
2 − Ω2 − 𝑔22 + 𝑔21(Ω1

2 − Ω2 − 𝑔11

Γ = Γ1 ≃ Γ2

𝒆𝜷 : measurement vector

𝛽 ≡ cos−1(𝒆𝟏 ⋅ 𝒆𝜷)



Force dependent spectrum

Nat. Nanotechnol. 12, 156 (2016).

𝜕𝑥𝐹𝑥 + 𝜕𝑧𝐹𝑧 𝜕𝑥𝐹𝑥 − 𝜕𝑧𝐹𝑧 𝜕𝑥𝐹𝑧 + 𝜕𝑧𝐹𝑥 𝜕𝑥𝐹𝑧 − 𝜕𝑧𝐹𝑥



Non-conservative optical force

Nat. Nanotechnol. 9, 920(2014).

𝛁 × 𝑭 ≠ 0



EP

Exceptional point of two normal modes



Interaction via non-conservative force

𝑭 𝒓𝟎 + 𝛿𝒓 ≃ 𝑭 𝒓𝟎 + 𝛿𝒓 ⋅ 𝛁 𝐅|𝐫𝟎

𝑔𝑖𝑗 ≡
1

𝑀𝑒𝑓𝑓
𝜕𝑖𝐹𝑗 𝑟0

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝑭 𝒓𝟎 + 𝛿𝒓 ∕ 𝑀𝑒𝑓𝑓

𝛿 ሷ𝒓 = −
Ω1
2 0

0 Ω2
2 𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓 + 𝑭 𝒓𝟎 ∕ 𝑀𝑒𝑓𝑓 + 𝛿𝒓 ⋅ 𝛁 𝐅|𝐫𝟎 ∕ 𝑀𝑒𝑓𝑓

𝛿 ሷ𝒓 = −
Ω1
2 − 𝑔11 −𝑔21
−𝑔12 Ω2

2 − 𝑔22
𝛿𝒓 −

Γ1 0
0 Γ2

𝛿 ሶ𝒓

Ω1
2 − Ω2 − 𝑖Γ1Ω − 𝑔11 −𝑔21

−𝑔12 Ω2
2 − Ω2 − 𝑖Γ2Ω − 𝑔22

𝛿𝒓 Ω = 0



Interaction via non-conservative force

𝒆− ≡
1

𝑔12
2 + Ω2

2 − 𝑔22 − Ω−
2

Ω2
2 − 𝑔22 − Ω−

2

𝑔12

𝒆+ ≡
1

𝑔21
2 + Ω2

2 − 𝑔22 − Ω−
2

−𝑔21
Ω2
2 − 𝑔22 − Ω−

2

Ω±
2 ≡

Ω2
2 + Ω1

2 + 𝑔22 + 𝑔11
2

− 𝑖Γ ±
1

2
( Ω2

2 − Ω1
2 − 𝑔22 + 𝑔11

2 + 4𝑔12𝑔21

Dressed eigenfrequency

Dressed eigenmodes

𝒆− ⊥ 𝒆+ if 𝛁 × 𝑭 ≠ 0( 𝑔12 ≠ 𝑔21)

𝑔𝑖𝑗 ≡
1

𝑀𝑒𝑓𝑓
𝜕𝑖𝐹𝑗 𝑟0



Exceptional point

Nat. Nanotechnol. 9, 920(2014).



Eigenmode direction

Eigenmodes are not orthogonal.

Eigenmodes converge towards each other.

Polarizations are converted (linear to circular).



Distortion of spectrum

Nat. Nanotechnol. 12, 156 (2016).

Not well fitted with Lorentzian shape.

Peaks are asymmetric.Non-conservative force

Conservative force



Excess noise at EP

𝑆𝛿𝑟𝜃±
Ω =

2𝑘𝐵𝑇

Ω
𝐼𝑚𝜒±±[Ω] 1 +

𝑔21 − 𝑔12
2

Ω∓
2 − Ω2 2

+ Ω2Γ2

2𝑘𝐵𝑇

Ω
𝐼𝑚𝜒±±[Ω] =

2Γ𝑘𝐵𝑇

𝑀𝑒𝑓𝑓 Ω±
2 − Ω2

2
+ Ω2Γ2

Fluctuation-Dissipation Theorem Enhancement factor



Response measurements



Q & A



Q : Compare the resolutions of the displacement measurement along x and 
z direction.

A : From the overall structure of voltage signals, it seem that the resolution 
along x direction should be better than the one along z direction.
However, the resolution depends on the gradient and the dip in V+ signal is 
deeper; it is hard to decide it with given data.

z

x



Q : Is there any possibility that enhancement of the response is a 
consequence of the increased optical power?

A : Theoretically, the constant force only shift 
the equilibrium position of the nanowire. 
However, nonlinearity threshold is very close to 
the bifurcation point. They should measure the 
response in the region between the bifurcation 
point and nonlinearity threshold. If it decrease 
after the EP, then it can be confirmed.


