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Gözde Tütüncüoglu, Anna Fontcuberta i Morral, and Martino Poggio

1

Vectorial scanning force microscopy using a
nanowire sensor

http://dx.doi.org/10.1038/nnano.2016.189


© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

2 NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

SUPPLEMENTARY INFORMATION DOI: 10.1038/NNANO.2016.189

I. ZOOMED OUT SCANNING ELECTRON MICROGRAPHS OF NANOWIRES

AND FINGER GATE SAMPLE

(a) (b)

FIG. 1: (a) Zoomed out SEM image of the edge of the NW sample, showing several similar NWs.

(b) Zoomed out SEM image of the finger gate sample. The scalebar in both figures corresponds to

2µm.

II. NANOWIRE MOTION IN PRESENCE OF TIP-SAMPLE FORCE

We describe the motion of the NW tip in each of the two fundamental flexural modes as

a driven damped harmonic oscillator:

mr̈i + Γiṙi + kiri = Fth + Fi, (S.1)

where m is the effective mass of the fundamental flexural modes, Fth is the Langevin force,

Fi is the component of the tip-sample force along the mode oscillation direction r̂i, and

i = 1, 2. Following the treatment of Gloppe et al.1 and expanding Fi for small oscillations

around the equilibrium ri = 0, we have,

Fi ≈ Fi(0) + rj
∂Fi

∂rj

∣∣∣∣
0

. (S.2)

By replacing this expansion in (S.1), we have,

mr̈i + Γiṙi + kiri = Fth + Fi(0) + Fijrj, (S.3)
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where we use a shorthand notation for the force derivatives Fij ≡ ∂Fi

∂rj

∣∣∣
0
. As (S.3) makes

clear, the derivatives of the tip-sample force modify and couple the NW’s two unperturbed

flexural modes. We now rewrite this equation in vectorial form as,

mr̈+ Γ̄ · ṙ+ K̄ · r = Fth + F0, (S.4)

where r = ( r1
r2 ) and the equilibrium tip-sample force F0 = F(r = 0). The dissipation and

spring constant matrices are defined by:

Γ̄ ≡


Γ1 0

0 Γ2


 , (S.5)

K̄ ≡


k1 − F11 −F21

−F12 k2 − F22


 , (S.6)

where the role of the shear cross-derivatives, i.e. Fij for i �= j, in coupling the unperturbed

NW modes is clear2. In the presence of weak tip-surface interactions, as those studied here,

the dissipation rates of the NW modes are neglibly small compared to their unperturbed

resonant frequencies, i.e. Γ
2m

�
√

k
m
. In this limit, the NW mode frequencies and oscillation

directions are determined by K̄. Therefore, by diagonalizing K̄, we find a new pair of

uncoupled flexural modes. The corresponding spring constants and mode directions have

been modified from the unperturbed state by the spatial tip-sample force derivatives Fij:

k′
1 =

1

2

[
k1 + k2 − F11 − F22 +

√
(k1 − k2 − F11 + F22)2 + 4F12F21

]
, (S.7)

r̂′1 =
1√

(k2 − F22 − k′
1)

2 + F 2
12


k2 − F22 − k′

1

F12


 ; (S.8)

k′
2 =

1

2

[
k1 + k2 − F11 − F22 −

√
(k1 − k2 − F11 + F22)2 + 4F12F21

]
, (S.9)

r̂′2 =
1√

(k1 − F11 − k′
2)

2 + F 2
21


 F21

k1 − F11 − k′
2


 . (S.10)

These new modes remain orthogonal (r̂′1 · r̂′2 = 0) for conservative force fields (∇× F = 0,

i.e. F12 − F21 = 0), but lose their orthogonality for non-conservative force fields.

For tip-sample force derivatives that are much smaller than the bare NW spring constants

– which is the case here – the modified spring constants and the modified mode directions
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in (S.7) - (S.10) can be approximated to first order in the derivatives:

k′
1 ≈ k1 − F11, (S.11)

r̂′1 ≈
1√

(k1 − k2)2 + F 2
12


k1 − k2

−F12


 ; (S.12)

k′
2 ≈ k2 − F22, (S.13)

r̂′2 ≈
1√

(k1 − k2)2 + F 2
21


 F21

k1 − k2


 . (S.14)

In the limit of small dissipation discussed previously, the unperturbed resonance frequencies

of the flexural modes are given by fi =
1
2π

√
ki
m
. Similarly, the modified resonance frequencies

are given by f ′
i =

1
2π

√
k′i
m
. For small tip-sample force derivatives, we apply (S.11) and (S.13)

and arrive at f ′
i ≈ 1

2π

√
ki−Fii

m
. Expanding to first order in Fii, we find f ′

i ≈ fi − fi
2ki

Fii.

Solving in terms of the frequency shift induced by the tip-sample interaction, we have:

∆fi = f ′
i − fi ≈ − fi

2ki
Fii. (S.15)

We can now write a relation for Fii = ∂Fi/∂ri in terms of the measured frequency shift

induced by the tip-sample interaction and properties of the unperturbed NW modes:

∂Fi

∂ri
≈ −2ki

(
∆fi
fi

)
. (S.16)

Using (S.12) and (S.14), we can also write an expression involving the angle φi between the

bare mode direction r̂i and the corresponding modified mode direction r̂′i:

tanφi ≈
Fij

|ki − kj|
. (S.17)

This equation then allows us to solve for Fij = ∂Fi/∂rj for i �= j in terms of the measured

angles φi and the unperturbed spring constants:

∂Fi

∂Fj

≈ |ki − kj| tanφi. (S.18)

In this way, we are able to measure all spatial tip-sample force derivatives in the small

interaction limit (i.e. all derivatives much smaller than the unperturbed spring constants).
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