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ABSTRACT

Co-resonance is a novel approach to strongly enhance

the sensitivity of dynamic mode cantilever sensors while
maintaining the ease of detection with state-of-the-art
laser-based methods. The concept makes use of the cou-
pling and eigenfrequency matching of a micro- and a
nanocantilever. While the highly sensitive nanocantile-
ver is in interaction with the environment, the detection
of the co-resonantly coupled system’s oscillatory state
takes place at the microcantilever.
Here we give an overview over the sensor concept, its
consequences on sensor parameters and first applica-
tions of the co-resonant approach in the characterization
of novel (nano)materials.
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1 INTRODUCTION

Dynamic mode cantilever sensors are used for many
different applications, for example in materials research
to study magnetic properties of small particles and thin
films [1, 2, 3], in biology for real-time observation of cell
processes and as balances [4, 5, 6] or as gas sensors to
detect trace analytes in gases (”artificial nose”) [7].

In contrast to static mode cantilever sensors where the
static bending is used as a measurement signal, ampli-
tude, oscillation frequency and phase shift are observed
in the dynamic mode. For this case, the cantilever’s
sensitivity is mainly determined by the beam’s stiffness,
i.e. its spring constant, and effective mass. Both quanti-
ties need to be decreased in order to increase sensitivity.
This can be achieved by reducing the cantilever’s di-
mensions, especially its thickness and width, leading to
the use of nanocantilevers (at least in two out of three
dimensions). However, this approach is limited as the
commonly employed laser-based detection methods re-
quire a certain thickness and width of the cantilever for
reliable oscillation detection.

Hence, methods need to be devised which allow the use
of highly sensitive nanocantilevers but at the same time
maintain the ease of oscillation detection.
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Figure 1: Principle of the co-resonant sensor concept
with optical read out at the microcantilever. The ex-
ternal interaction can have various forms, such as a
mass/pressure change on the nanocantilever, magnetic
field or force gradient. Furthermore, a sample can be
placed onto the nanocantilever and in combination with
a known interaction, the sample properties can be de-
rived (e.g. cantilever magnetometry).

2 CO-RESONANT SENSOR
CONCEPT

Our recently developed co-resonant sensor concept
addresses this challenge by mechanical coupling of a
micro- and a nanocantilever and the matching of their
eigenfrequencies [8]. This introduces a strong interplay
between the two cantilevers. Consequently, any inter-
action applied at the highly sensitive nanocantilever in-
fluences the oscillatory state of the coupled system as
a whole and the change of the oscillation can be de-
tected with standard laser-based methods at the micro-
cantilever (see figure 1). Please note that, depending
on the application, the nanocantilever is either subject
to an unknown external interaction (e.g. mass change,
force gradient) which is to be quantified (e.g. in scan-
ning probe methods) or a sample is placed on the na-
nocantilever and a known external interaction applied,
allowing for a characterization of the sample (e.g. in
cantilever magnetometry).
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Figure 2: (a) Mechanical model of the coupled har-
monic oscillator, consisting of a sping k2, damping
element d;» and effective mass m; o for each subsys-
tem. (b) Electric circuit model where the conversion
force = current and velocity = voltage has been used.

Another consequence of the co-resonance is that the
parameters of both resonance peaks of the coupled sys-

tem lie in between the properties of the individual beams.

Hence, a large fraction of the high sensitivity of the na-
nocantilever is accessible with this concept without re-
quiring advanced methods to determine the nanocanti-
lever’s oscillatory state. Consequently, the nanocantile-
ver has the potential for further miniaturization without
any restrictions applied by a possible detection method.

2.1 Modeling

A cantilever can be modeled as a coupled harmonic

oscillator consisting of lumped elements (spring k, damp-
ing element d and effective mass m) for each of its eigen-
frequencies [9]. Consequently, the coupled system can
be represented by a coupled harmonic oscillator model
as depicted in figure 2a. The numerical values for micro-
(index 1) and nanocantilever (index 2) have to be cho-
sen depending on the eigenfrequencies of the beams that
are matched [8].
According to the model, the coupled system’s behavior
is described by a set of differential equations. An ap-
proach which facilitates evaluation is to transform the
mechanical model into an electric circuit model (see fig-
ure 2b). This gives the opportunity of studying the sys-
tem with circuit analysis tools. Details thereof can be
found in [10].

2.2 Coupled system’s parameters

In the following, we will consider an exemplary sys-
tem with numerical values summarized in table 1. Fur-
thermore, it will be necessary to distinguish between
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Figure 3: Amplitude response curve for the co-
resonantly coupled system calculated for the microcan-
tilever for the unmatched and matched (2% eigenfre-
quency deviation) case.

the parameters of the individual beams and those of the
two resonance peaks of the coupled system which is in-
dicated by the indexes 1,2 (individual systems) and a,b
(coupled system), respectively. In addition, we will fo-
cus our discussion on the amplitude response curve of
the microcantilever as that is the one measured exper-
imentally. Please note that similar results are obtained
by evaluating the nanocantilever [10].

Figure 3 shows the coupled system’s amplitude res-
ponse curve taken at the microcantilever for the un-
matched and closely matched (2% eigenfrequency devi-
ation) state. Please note that the amplitudes have been
normalized to the highest amplitude of the unmatched
state.

It is evident that for the unmatched state the ampli-
tude response curve only exhibits one clear resonance
peak at a frequency f, very close to the eigenfrequency
of the microcantilever f;. Although one would expect
two resonance peaks due to the coupling, the second
peak’s amplitude is so small that it cannot be seen in the
coupled system’s amplitude response curve measured at
the microcantilever. This second peak f;, would be very
close to the eigenfrequency of the nanocantilever fs but
due to invisibility of the peak, the relevant frequency
range is not shown in figure 3.

For a 2% frequency deviation of micro- and nanocanti-
lever, i.e. fo =1.02- f; = 204 kHz, two clear resonance
peaks occur at the resonance frequencies f, = 198.3 kHz
and fp = 205.8 kHz of the coupled system. This is a de-
viation from the individual beam’s eigenfrequencies by
-2.8% for f, with respect to f1 and +1.9% for f, with
respect to fs.

Furthermore, the oscillation amplitude is changed de-
pending on the degree of frequency matching.

The most important effect in terms of a sensor ap-
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Table 1: Numerical values for micro-(1) and nanocantilever(2) derived from the experimental implementation of co-
resonantly coupled sensors. Please note that the values are given as the initial values before frequency matching for the
individual subsystems (columns 2 and 3). The two right-hand side columns summarize the values for both resonance
peaks of the coupled system in case of 2% eigenfrequency deviation A f, between micro- and nanocantilever (f; = 200

kHz, fo = 204 kHz).

Individual subsystems Coupled system, Af, = 2%
Parameter Micro (1) | Nano (2) || Left peak (a) | Right peak (b)
Frequency f 200.0 kHz 400.0 kHz 198.3 kHz 205.8 kHz
Spring constant k 1N/m | 0.001 N/m 0.0044 N/m 0.0013 N/m
Quality factor @ 10000 800 2670 1008

plication is that both resonance peaks can be described
by effective parameters (spring constant, quality factor)
which define the susceptibility to an external influence
(effective spring constant) and detectability (effective
quality factor) for each resonance peak [10]. These ef-
fective parameters depend on the degree of frequency
matching and lie in between the parameters of both in-
dividual cantilevers. They are summarized in table 1 as
well for the given parameters of the individual subsys-
tems and 2% eigenfrequency deviation.

From this exemplary values we find that the effective
spring constants for the coupled system are strongly re-
duced in comparison to the individual microcantilever
and reach values close to the stiffness of the individual
nanocantilever. The same can be found for the effective
quality factor.

2.3 Sensitivity enhancement

The enhanced sensitivity due to co-resonant coupling
is illustrated when considering an external interaction
(modeled as a spring) k3 = 5-107% N/m on the system.
The model given in figure 2 was used to calculate the
frequency shift A f induced by the interaction according
to:

Af kg

fo 2k

(1)

Equation 1 was employed for each individual subsys-
tem, hence fo = f12 and k = k; 2 for micro- and na-
nocantilever, respectively, and for each resonance peak
of the coupled system, i.e. fo = fop and k = szbf for
the unmatched and the matched state (2% deviation).
The resulting frequency shifts and the percentage values
in relation to the original frequency are summarized in
table 2. These values illustrate how the co-resonance
gives access to part of the nanocantilever’s high sensi-
tivity while still allowing to use the detection on the
microcantilever.
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Table 2: Frequency shift values for the individual sub-
systems and for both resonance peaks of the coupled sys-
tem for the unmatched and matched (2% eigenfrequency
deviation) state. The calculation was done based on the
model in figure 2 and for an interaction k3 = 5-107°
N/m.

Freq. shift Af Af/fo
Individual subsystems
Microcantilever (1) 0.5 Hz 0.0002%
Nanocantilever (2) 999.5 Hz 0.25%
Unmatched
Left peak (a) 0.6 Hz 0.0003%

Right peak (b)
Matched (2%)
Left peak (a)

Right peak (b)

not visible | not visible

0.06%
0.19%

120.2 Hz
390.0 Hz

3 APPLICATIONS

The immense potential of this concept was demon-
strated in first proof-of-principle experiments in can-
tilever magnetometry and magnetic force microscopy for
the study of magnetic properties of samples [3, 11].

In case of cantilever magnetometry, the sample was a
carbon nanotube filled with few individual CosFeGa Heu-
sler nanoparticles (diameter ~35 nm) and we were, to
our knowledge for the first time, able to directly observe
magnetic switching of these individual nanoparticles at
room temperature and with simple laser-deflection de-
tection [3]. These experiments strongly indicate the po-
tential for highly sensitive investigations of novel nano-
materials without the need for low temperatures or ad-
vanced setups.

In magnetic force microscopy, a likewise increase in sen-
sitivity was reported for the study of a magnetic multi-
layer sample [12, 13].
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4 CONCLUSION

The sensor concept is not limited to materials re-
search but may instead be employed as a platform con-
cept which can be tailored for other applications, for
example in gas sensors, magnetic field sensors or mass
detection. First numerical considerations indicate a like-
wise sensitivity increase as in the study of novel nano-
materials.
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