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Introduction
Supended nanowires are very attractive force sen-
sors: they come with an extremely large aspect ra-
tio (up to 5000) with diameter and length of typically
150nm/100μm respectively, and effective masses in
the picogram range. They identically oscillate along
the 2 transverse directions, which allows us to operate
themas vectorial 2D force sensors with sensitivities in
the range of attonewton/√Hz at room temperature [1].
This applicationnote showshow these characteristics,
together with the HF2LI phase-locked loop (PLL), can
be employed to realize two-dimensional force mea-
surements based on the optical readout of the vibra-
tion of SiC-nanowires.

2D - Force Field Sensing

Nanowire Mechanics
When the force field is applied at the extremity of
a singly-clamped suspended nanowire, its dynamics
can be assimilated to the one of its 2 fundamen-
tal, transverse eigenmodes. The deflection δr of the
nanowire extremity thus follows:
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with the eigenmode frequencies Ω1,2/2π, the intrinsic
damping rateΓand theeffectivemassMeff of theoscil-
lator. In the absence of any external force, the driving
forceF is a stochastic Langevin force vector δFth(t) at
the origin of the Brownianmotion of the oscillator (Fig-
ure 1).
Immersed in the local force field under investigation,
the nanowire experiences an additional external force
Fext (r0 + δr) which is evaluated at position of the

nanowire extremity r0 + δr. In a first order approxima-
tion, it can be expanded as

Fext (r0 + δr) = Fext(r0) + [(δr · ∇)F]r0 . (2)

Here the first termdefines a static local forcewhile the
second is the gradient experienced by the nanowire
along its oscillations. The former causes a static de-
flection of the nanowire’s rest position (up to a few nm)
whereas the latter contributes to the restoring forces
and thus alters the nanowire’s mechanical properties.
With this linearization, Equation 1 can be formulated
in Fourier space by

δr [Ω] = χ [Ω] · (δFth [Ω] + δFdrive), (3)

where an external driving force has been added, with
the dressed mechanical susceptibility matrix χ which

Figure 1. Thescheme illustrates the vibrationpatternof the two first
fundamental mechanical-modes of a suspended nanowire. Due to
a slight geometrical asymmetry the nanowire presents two perpen-
dicular modes (labeled 1 and 2) with around 1% relative frequency
splitting. The right part shows typical Brownian motion trajectories
in 2D of the nanowire tip (2 s acquisition).
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Figure 2. Optical readout scheme of the nanowire position in the xz
plane. The intensity maps (right) display the reflection signals mea-
sured during a scan of the nanowire in the xz-plane. Their local gra-
dients determine the readout vectors. The highlighted position pro-
vides 2 quasi perpendicular measurement vectors.

reads in the base of the bare eigenmodes:

χ−1 [Ω]
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Here we introduced the four components of the local
2D reduced force field gradients matrix: gij given by
1/Meff · ∂iFj which are proportional to the derivative
along the direction i of the force projected along the di-
rection j. This dressing does not modify the Langevin
force vector δFth. As such, it is possible to investigate
the force field by its impact on the nanowire thermal
noise in 2D, as was originally done in the group to de-
termine the force field gradients [2].
This measurement can also be realized with an exter-
nal driving force that will serve to realize driven re-
sponse measurements to determine the dressed me-
chanical susceptibility of the nanowire. To do so, we
will be using the dual PLL scheme described in this ap-
plication note.
Diagonalizing the matrix in Equation 4 introduces two
dressed eigenmodes of the perturbed system. The
2D force field gradients can produce eigenmode fre-
quency shifts and rotations of the eigenvectors. We
have shown [2] that themeasurement of those 4 quan-
tities permits a complete determination of the local
force field gradient matrix (gij )
In order to detect a change of the two eigenmode orien-
tations, it is necessary to use a two dimensional read-
out of the nanowire motion.

Optical readout along 2 dimensions
Due to their high refractive index which leads to
the occurrence of internal Mie resonances, the SiC
nanowires have a large optical scattering cross sec-
tion, allowing for an efficient optical position readout
even though their diameter is much smaller than the
wavelength of visible light. Positioned in the waist
of a focused laser beam, the light reflected off the
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Figure 3. Nanowire thermal noise spectra for eigenmodecalibration
as measured along the ⊕ and ⊖ readout channels. The spectrum
has been acquired using the LabOne API.

nanowire can be collected via the focusing objective
and recorded on a split photodiode providing the sum
anddifference signals calculated from the amplitudes
measured on both segments of the photodiode. Fig-
ure 2 illustrates this readout technique and displays
the 2 maps obtained on each measurement chan-
nels when scanning the nanowire in the waist area:
δV⊖,⊕(r0). When the nanowire vibrates, it dynamically
modulates the photocurrents as: δV⊖,⊕(t) = δr(t) ·
∇V⊖,⊕, so that eachphotodiodeoutputperformsapro-
jective measurement of the nanowire motion along a
measurement vector defined by the local gradients of
the reflectedmaps. Positioning the nanowire at a posi-
iton slightly offset from the waist on the optical axis
allows us to operate with 2 quasi perpendicular mea-
surement channels.
Once theworkingpoint is set, weuse the LabOneSpec-
trum Analyzer module to measure the spectra of the
sum and difference signals to record and character-
ize the nanowire noise spectra. Figure 3 shows the
thermal noise spectrum of a nanowire with the eigen-
modes oriented 45 ◦ towards the readout vector so
that eachmechanical polarization is as efficently read
oneachmeasurement channel. The twodistinct eigen-
mode frequencies are 27.80 kHz and 27.94 kHz.

Dual Resonance Tracking

Experimental Realization

In the experimental setup we implemented a dual res-
onance tracking technique that uses two independent
PLLs. Compared to a thermal noise-based force gra-
dient measurement [2], this measurement technique
basedoncontrolleddriven trajectories (andnot on ran-
dom thermal noise trajectories) does not require the
fitting of spectra. In addition, the measurements can
be much faster and the speed is only limited by the
finite linewidth of the mechanical resonances, which
relates to the time the nanowire needs to adapt to a
change of the external force landscape. The experi-
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mental setup is sketched in Figure 4.
A vacuum chamber reduces the frictional damping of
the nanowire and isolates the setup from environmen-
tal perturbations. An XYZ piezo stage controls the po-
sition of the experiment (nanowire and sample) rel-
ative to the fixed laser beam. A second XYZ Piezo
stage controls the position of the sample relative to
the nanowire. The optical force of an amplitudemodu-
lated green laser, co-injectedwith the red probe beam,
serves todrive thenanowire, playing the role of the test
driving force δFdrive in Equation 3, with an efficiency of
approx 1fN/μW.
This green laserbeam isable toaddressbothnanowire
transverse modes since they are initially not aligned
with the optical axis. The split photodiode is used
to record the driven trajectories, which are employed
to detect eigenmode rotations and mechanical fre-
quency shifts. To do so, the sum and difference sig-
nals are routed to the HF2PLL signal inputs. One sig-
nal output modulates the pump laser intensity via an
acousto-optical modulator (AOM). Therefore, the AOM
control signal is simultaneously amplitudemodulated
at both mechanical frequencies.
To maximize the driven signals along both measure-
ment vectors, we rotate the nanowire until its bare
eigenmodes form an angle of about 45◦ with respect
to the optical axis. This also ensures that the pump
laser can drive both modes efficiently. Figure 5 shows
themeasured response in thedescribed configuration.
This response curve provides the set-point parame-
ters for the PLL. They can easily be read in the LabOne
Sweeper module. During a measurement, four of the
six available demodulators analyze the two input sig-
nals at both resonance frequencies. Thus, all quanti-
ties necessary to reconstruct eigenmode orientations
and eigenfrequency shifts are measured simultane-
ously.

Force Gradient Imaging

We demonstrate the imaging capabilities of the setup
using a test sample that generates an electrostatic
force field with known characteristics. The sample
consists of a structured conducting surface on which

Figure 4. Experimental setup illustrating the 2D optical readout
channels (red probe laser beam), the intensity modulated optical
drive (green pump laser), the voltage bias and their connections to
the HF2LI instrument.

Figure 5. Amplitude and phase of sum and difference signals mea-
suredwith the LabOneSweeper in response to the optical drive. This
responsemeasurements serves to set the dual PLL parameters that
will subsequently track both mechanical resonances.

Figure 6. Measured force field planar divergence about 500nm
above an array of approx. 400nm large holes drilled in a conducting
surface. The bright central feature is located above a hole in the cen-
ter of the scanned area. A bias of -0.2 V has been applied between
surface and nanowire. Due to the attraction towards the periphery
of the holes, themeasured projected force field is repulsive from the
center of the hole (positive planar divergence).

a bias voltage can be applied.
During the imaging, we scan the sample under the ex-
tremity of the nanowire while recording the frequency
shifts and amplitude changes, which are caused by
eigenmode rotations. A TTL signal on the HF2LI’s DIO
connector synchronizes the acquisition with the Piezo
stage movement. The Data Acquisition Module of the
LabOne API (application programming interface) con-
veniently synchronizes spatial scans and acquisition
tasks by forwarding the results to a measurement in-
terface written in Python for this experiment. The di-
rect integration of the measurement into the existing
sample positioning infrastructure allows us to directly
image the local force field gradient without the need
for extensivepostprocessing. The force field gradients
are thus measured in quasi real time (approximately
10 measurements per second), which allows us to ex-
tensively explore the sample under investigation.
One of these characteristics is the 2D force divergence
∇ · F = Meff(g11 + g22) which is displayed in Figure 6
for the electrostatic force above an array of holes. The
observed repulsive force field of circular shape can be
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understood by the fact that the nanowire is attracted
towards the periphery of the holes. By recording and
mapping all four force field gradients above the sam-
ple under inestigation, it is possible with a 2D spa-
tial integration to reconstruct the 2-dimensional force
field (see [2]).

Outlook
Integrating the dual PLL of the HF2LI has increased
the measurement speed by about 50 times compared
to previousmeasurements [2] based on thermal noise
analysis in 2D. Additionally, the direct tracking of the
resonance frequencies and projected driven oscilla-
tion amplitudes on each channels enables us to image
force fields in quasi real-timewithout the need of time
consuming post processing. As a next step, we will im-
plement a bidirectional drive using both HF2LI signal
outputs in order to enhance experimental control and
facilitate signal post processing.
Exploiting these benefits together with the intrin-
sic sensitivity and versatility of nanowires, measure-
ments based on the described technique cleans the
road towards novel explorations in physics based on
ultrasensitive nano-mechanical vectorial force field
sensors, such as imaging the Casimir force in non-
standard geometries, sensing weak magnetic struc-
tures like Skyrmions or investigating the coupled dy-
namics of a nanowire and a single spin.
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