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Abstract: Dynamic cantilever sensors have many applica-
tions, for example in material’s research, biology, as gas
andmagnetic field sensors. The sensing principle is based
on the effect that a force gradient or mass change applied
to the cantilever alter its oscillatory state which can be re-
lated to the parameter of interest. In order to detect very
small interactions, the cantilever needs to have a low stiff-
ness which is commonly achieved by a reduction of the
beam’s dimensions, especially its thickness. However, this
is limited by the commonly employed laser-based detec-
tion of the cantilever’s oscillatory state.

In this paper, we describe a novel co-resonant can-
tilever sensor concept which is based on the coupling
and eigenfrequency matching of a micro- and a nanocan-
tilever. This approach allows to access a large fraction of
the nanocantilever’s high sensitivity while ensuring a reli-
able oscillation detectionwith standard laser-basedmeth-
ods at themicrocantilever. Experiments in cantilever mag-
netometry and magnetic force microscopy demonstrate
the immense potential of the sensor concept. Furthermore,
applications are not limited tomaterial’s research, instead
this concept creates a cantilever sensor platform with
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many potential applications, for example as gas, mass or
pressure sensors.

Keywords: Cantilever sensor, MEMS/NEMS system, co-
resonant coupling, sensitivity enhancement, cantilever
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Zusammenfassung: Dynamische Cantilever-Sensoren
werden vielfältig eingesetzt, zum Beispiel in der Mate-
rialforschung, zur Untersuchung biologischer Proben, als
Gas- und Magnetfeldsensoren. Das Sensorprinzip basiert
darauf, dass der Schwingungszustand des Cantilevers
durch äußere Einflüsse, d.h. Kraftgradienten oder Mas-
sen, verändert wird, und daraus kann auf die Messgröße
geschlossen werden. Zur Messung sehr kleiner Interak-
tionen werden möglichst weiche Federbalken eingesetzt.
Eine geringe Federkonstante des Cantilevers wird im All-
gemeinen durch einen Verringerung seiner Abmessung,
insbesondere der Dicke, erreicht. Diese Optimierung des
Sensors für die Messung kleinster Kräfte, Kraftgradien-
ten undMassen ist jedoch dadurch begrenzt, dass für eine
zuverlässige Schwingungsdetektion Laser-basierteMetho-
den eingesetzt werden.

Im folgenden Artikel wird ein neuartiges ko-
resonantes Konzept für Cantilever-Sensoren vorgestellt,
welches auf der Kopplung und Eigenfrequenz-Anpassung
eines Mikro- und eines Nanocantilevers basiert. Mit die-
sem Ansatz wird ein großer Teil der hohen Empfindlich-
keit desNanocantilevers zugänglich,während gleichzeitig
eine zuverlässige Schwingungsdetektion mit den bekann-
ten Laser-optischen Methoden gewährleistet ist. In Expe-
rimenten in Cantilever Magnetometrie und Magnetkraft-
mikroskopie wurde das große Potential dieses Konzep-
tes gezeigt. Anwendungen beschränken sich aber nicht
auf die Materialforschung, sondern das Konzept ist dafür
geeignet, eine Cantilever-Sensor-Plattform zu schaffen,
die für verschiedenste Anwendungen eingesetzt werden
kann, zum Beispiel in der Gassensorik, als Massen- oder
Drucksensor.

Schlagwörter: Cantilever-Sensor, MEMS/NEMS Sys-
tem, ko-resonante Kopplung, Sensitivität, Cantilever-
Magnetometrie, Magnetkraftmikroskopie.

PACS: 85.85.+j, 75.75.Fk, 62.40.+i, 46.40.-f, 68.37.Rt
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1 Introduction
Dynamic cantilever sensors are widely used in the fields of
material’s research, biology or as gas sensors [1, 2, 3, 4, 5,
6, 7]. Inmany cases, a one-side clamped beam is employed
which is driven to oscillate at or close to its resonance fre-
quency. Any interaction on the cantilever, e. g. force gra-
dient or mass change, alters the beam’s oscillatory state
which is usually detected by laser-based methods. This
change of the oscillatory state is used to derive the prop-
erties of the sample under investigation. For each of its
eigenfrequencies, the cantilever can be described by a har-
monic oscillator model [8] which consists of an effective
cantilever mass meff , a damping element d and a spring
k. By assuming that an external force gradient applied to
the cantilever is represented by an additional spring Δk
and that the effective cantilever mass stays unchanged,
the eigenfrequency f0 of the first flexural cantilever mode
is [9]:

f Δk0 =
1
2π
√k + Δk

meff
. (1)

Consequently, the frequency shift Δf0 induced by the
interaction can be approximated by:

Δf0 = f
Δk
0 − f0 ≈

f0
2k
Δk. (2)

As equation (2) indicates, the frequency shift for a
certain external influence and, hence, the sensitivity is
mainly determined by the cantilever’s stiffness. Please
note that similar considerations can be made in order
to evaluate the frequency shift associated with a mass
change.

In order to extend the application range for these sen-
sors to very small interactions, it is therefore amain goal to
increase the sensitivity by reduction of the beam’s spring
constant. This can be achieved by decreasing cantilever
size, especially its thickness, as the following expression
for the static spring constant k of a cantilever with con-
stant cross section indicates:

k = 3EI
L3
. (3)

Here E denotes Young’s modulus, I the second mo-
ment of area and L the cantilever length. Please note that
equation (3) is also a very good approximation for the dy-
namic spring constant of the first flexural cantilever mode
whichwill be considered in the following.Assuminga rect-
angular cross section (widthw, thickness t) as an example,
the secondmoment of area is I = 1/12⋅wt3, hence the spring
constant reads:

k = Ewt
3

4L3
. (4)

These considerations lead to the design of cantilevers
where at least two out of three dimensions (thickness and
width) are nanosized.

While this measure increases the sensitivity, it, at
the same time, creates the challenge of reliably detecting
the nanocantilever’s oscillatory state. The commonly used
laser-basedmethods (interferometry or deflection) require
a certain thickness of the cantilever or a reflective coat-
ing to allow for enough reflectivity of the incident laser
light. Coating the cantileverwith ametal film, however, in-
creases the thickness and, hence, the stiffness, as well as
causes a reduction of the quality factor and an increase of
low-frequency forcenoise [10]. This problemmaybe solved
by the creation of a reflective spot only at the end of the
beam but this requires additional steps in the cantilever
fabrication process.

Furthermore, a certain cantilever width is necessary
which led to the development of sophisticated structures
with paddles either at or close to the cantilever end [11].

Additionally, other detection methods have been em-
ployed and successfully tested in the detection of the os-
cillatory state of nanocantilevers [12, 13]. However, all of
thesemethods require sophisticated equipment and some-
times even low temperatures.

It is therefore amain challenge todevelopahighly sen-
sitive but easy to read-out cantilever sensor which would
at best be compatible with the state-of-the-art laser-based
detection methods.

Our recently developed co-resonant sensor concept
addresses this challenge by coupling and eigenfrequency
matching of a micro- and a nanocantilever. This approach
gives access to a large fraction of the nanocantilever’s high
sensitivity while at the same time maintaining the ease
of detection with a microcantilever. The concept has been
tested in proof-of-principle experiments in cantilevermag-
netometry andmagnetic forcemicroscopy for various sam-
ples. In both cases the concept indicated an immense po-
tential for the study of novel nanomaterials but also be-
yond. In the following we will first introduce the main
ideas of the sensor concept and then present some results
from the aforementioned experiments.

2 The co-resonant sensor concept

The sensor concept is based on the coupling of a micro-
and ananocantilever. Themicrocantilever has dimensions
on the micrometer scale and therefore ensures the ease of
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detection of the oscillatory state of the coupled system.
The nanocantilever has at least a thickness of nanome-
ter size, resulting in a very low stiffness and therefore a
high sensitivity to external interactions as indicated by
equation (2). Furthermore, the eigenfrequencies of both
beams are brought close to one another (deviations typi-
cally less than 10%) which induces a strong interplay be-
tween the two cantilevers and which will be denoted by
co-resonance in the following. Consequently, this results
in a coupled system where any interaction applied at the
highly sensitive nanocantilever influences the oscillatory
state of the coupled system as a whole. The change of
the oscillatory state can be detected with state-of-the-art
laser-based methods at the microcantilever. With this ap-
proach, a large portion of the nanocantilever’s high sen-
sitivity becomes accessible while maintaining the ease of
detection [14].

2.1 System modelling

As mentioned above, a cantilever can be described by a
harmonic oscillatormodel with different numerical values
for each of its eigenfrequencies [8]. This model can also be
applied to the co-resonantly coupled system, resulting in a
coupledharmonic oscillatormodel asdepicted infigure 1a.
Furthermore, the external interaction can be included as
an additional spring k3 attached to the nanocantilever. k3
represents an external force gradient and the derivation of
this coherence canbe found elsewhere, for example in [15].

In order to evaluate the sensor’s behaviour, the am-
plitude response curves, especially of the microcantilever,
are of interest because this is the quantity which is eval-
uated experimentally. These can be derived by solving
the system of differential equations which describes the
coupled harmonic oscillator model. These evaluations
are very complex and it is therefore favorable to employ
electro-mechanical analogies in order to use the capabili-
ties of circuit analysis tools. The details of the circuit mod-
elling are discussed in [16]. Here it suffices to state that the
analogies force F ≡ current I and velocity v ≡ voltage U
are used which preserve the structure of the mechanical
model [17, 18, 19]. The resulting circuit model depicted in
figure 1b is used for all subsequent simulations.

In the following discussion of the effects of the co-
resonant coupling, the exemplary values listed in table 1
will be used for micro- and nanocantilever. They are com-
parable to values observed for actual sensors. Further-
more, we will only discuss the amplitude response curves
for the microcantilever as these are the ones which are
evaluated experimentally. However, please note that the

Figure 1: (a) Mechanical model of a coupled harmonic oscillator
driven by a periodic force applied at the microcantilever and (b) cor-
responding electric circuit model. d1,2, k1,2 andm1,2 are the beams’
damping constant, spring constant and effective mass, respectively.
The external interaction is modelled by an additional spring k3.

Table 1: Exemplary values for micro- and nanocantilever used for the
evaluation of the circuit model. Please note that the values are given
for the individual subsystems in the unmatched frequency case.
The quality factor of the nanocantilever is subject to change during
eigenfrequency matching due to a change in effective nanocan-
tilever mass.

Parameter Microcant. (1) Nanocant. (2)

Eigenfreq. f [Hz] 100000 variable
Spring const. k [N/m] 1 0.001
Quality factor Q 4000 500

same simulations and considerations are possible for the
nanocantilever and can be found in [16].

In the following, it will be necessary to distinguish be-
tween the properties of the individual subsystems and the
co-resonantly coupled system. Therefore, the former will
be noted by the indexes 1, 2 and the properties of the cou-
pled system by indexes a, b.

2.2 Effect of frequency matching

To study the effect of frequency matching, the model from
figure 1 is considered without the additional spring k3. In
the first case, we assume an unmatched frequency state,
where the eigenfrequency of the microcantilever is f1 =
100 kHz and that of the nanocantilever f2 = 200 kHz. The
corresponding amplitude response curve for the micro-
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Figure 2: Amplitude response curve of the microcantilever calcu-
lated for the values from table 1 with nanocantilever eigenfrequency
of (a) 200 kHz and (b) 102 kHz (2% frequency deviation).

Table 2: Numerical values for the two resonance frequencies fa,b of
the coupled system in case of unmatched and matched (2% devi-
ation) eigenfrequencies f1,2 of the individual beams. In both cases
we assume ideal coupling of the two subsystems and only a change
in the nanocantilever’s eigenfrequency (matched or unmatched to
the microcantilever) influences the resonance frequencies of the
coupled system.

Unmatched Matched

f1 100 kHz 100 kHz
f2 200 kHz 102 kHz
fa 99.984 kHz 99.142 kHz
fb 200.032 kHz 102.890 kHz

cantilever is depicted in figure 2a and numerical values are
listed in table 2. It exhibits one clear resonance peak very
close to the eigenfrequency of the microcantilever. How-
ever, since it is a coupled system, a second resonance peak
exists very close to the eigenfrequency of the nanocan-

Figure 3: Amplitude response curve for the microcantilever in case
for 2% frequency deviation between the eigenfrequencies of micro-
and nanocantilever with and without an interaction k3. The fre-
quency shift induced by the interaction is indicated for both reso-
nance peaks.

tilever. The amplitude of the second peak is too small to be
visible in the microcantilever’s amplitude response curve
due to the vastly different parameters of the subsystems.

This changes significantly in case of the eigenfre-
quency matching, where two clear resonance peaks are
evident in themicrocantilever’s amplitude response curve
(figure 2b). Furthermore, the resonance frequencies of the
coupled system are clearly distinct from the individual
beams’ eigenfrequencies, indicating that they belong to
the coupled system as a whole.

2.3 Effect of an interaction

Adding an interaction to the system, i. e. considering the
completemodel fromfigure 1, allows to study the influence
of the co-resonance on the sensitivity of the system. The
sensitivity S in this case can be defined as the frequency
shift of the resonance peak Δf induced by an external force
gradient Δk = k3, hence S = Δf /k3, and is dependent on the
spring constant according to equation (2).

As an example, an interaction of k3 = 10−5 N/m was
used in a simulation which is two orders of magnitude
smaller than the smallest spring constant of the system.
Figure 3 depicts the corresponding amplitude response
curves for the microcantilever at 2% frequency devia-
tion between micro- and nanocantilever. It can clearly be
seen that the frequency shift induced by k3 is different
for the two resonance peaks: the left-hand side peak with
the higher amplitude shows a smaller frequency shift of
Δfa = 144Hz compared to the peak with the smaller ampli-
tude on the right Δfb = 396Hz.
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To put that in perspective, the resulting frequency
shifts are compared to those of the individual subsystems.
The individual microcantilever has a frequency shift of
Δf1 = 0.5Hz, while the individual nanocantilever shows a
frequency shift of Δf2 = 509Hz. These values indicate that
the coupled system’s relevant sensor properties lie in be-
tween those of the individual beams. Furthermore, the res-
onance peak with the smaller amplitude is stronger influ-
enced by the nanocantilever’s properties, i. e. it exhibits a
bigger frequency shift, while the peak with the larger am-
plitude is more dominated by the microcantilever’s prop-
erties.

These considerations lead to effective parameters
(spring constant, quality factor) in describing the be-
haviour of the two resonance peaks of the co-resonantly
coupled system. Numerical values for the spring constants
are ka = 0.0043N/m and kb = 0.0013N/m for the left and
right peak, respectively. A comparison to k1 = 1N/m for the
microcantilever and k2 = 0.001N/m for the nanocantilever
demonstrates the effect of the co-resonant coupling on the
spring constant and ultimately the sensitivity of the cou-
pled system. It shows that a large fraction of the nanocan-
tilever’s low stiffness becomes accessible within the cou-
pled state. Further analysis of these effective parameters,
e. g. their dependence on the degree of frequency match-
ing and the individual beams’ parameters, is the subject of
an ongoing study.

So far, we can conclude that the co-resonant coupling
of amicro- and ananocantilever gives access to a large por-
tion of the nanocantilever’s high sensitivity while at the
same timepreserving the ease of oscillation detection. Fur-
thermore, the co-resonance leads to the necessity of effec-
tive parameters for describing the two resonance peaks of
the coupled system.

3 Application in cantilever
magnetometry

Cantilever magnetometry is a technique to studymagnetic
properties of samples. The sample is placed at the free end
of a cantileverwhich is driven to resonant oscillations. The
beam’s oscillatory state (amplitude, phase and frequency)
is commonly determined by focusing a laser beam at the
cantilever’s free end and detection of the reflected light
with a sectioned photodiode or by interferometric means.
Application of a static external magnetic field results in a
magnetic interactionwith the sample, inducing a restoring
torqueon the cantileverwhichalters thebeam’s oscillatory
state. The change in oscillation properties can be related to

the magnetic properties of the sample. In case of a Stoner
Wohlfarth single domain ferromagnetic sample, the shift of
the cantilever’s resonance frequency can be approximated
by [20, 21]:

Δf ≈ μ0
2

f0
k0L2eff

⋅m ⋅ HextHa
Hext + Ha

. (5)

The first part represents the sensor properties, i. e. res-
onance frequency without magnetic field f0, spring con-
stant k0 and effective cantilever length Leff = Lcant/1.377
[2]. The second part contains the sample properties which
are magnetic moment m and anisotropy field Ha as well
as the externally applied magnetic field Hext . In order to
measure small magnetic particles which only generate a
weakmagnetic interaction, the sensor has to be optimized.
According to expression (5), a higher resonance frequency
and shorter cantilever length are favorable. However, the
tuning of these properties is limited as the reliable oscil-
lation detection has to be ensured. Therefore, the main
parameter for optimization is the spring constant. With
the co-resonant approach, the low spring constant of a
nanocantilever can be exploited as described in section 2.

3.1 Sensor geometry and fabrication

The co-resonant sensor geometry employed for cantilever
magnetometry as well as a sketch of the resulting mea-
surement setup are shown in figure 4a and d. A carbon
nanotube (CNT) was used as nanocantilever due to its low
spring constant and very good mechanical stability. The
CNTs were grown by aerosol-assisted chemical vapor de-
position [22], separated by ultrasonication and dispersed
onto a TEM-grid. An individual CNT was transferred to the
free end of a commercially available tipless silicon micro-
cantilever (Nanosensors TL-CONT, NanoWorld AG) by mi-
cromanipulation and attached by electron beam-assisted
material deposition (amorphous carbon), to achieve a me-
chanical coupling in series.

The eigenfrequencies of both beams were determined
with a custom-made vibration stage inside a scanning
electron microscope (SEM) by sweeping the excitation fre-
quency and searching for the maximum oscillation ampli-
tude (example in figure 4b). The microcantilever’s eigen-
frequency was measured before the attachment of the car-
bon nanotube andwas assumed to only changeminimally
due to the coupling with the very light CNT. The nanocan-
tilever’s individual eigenfrequencywas determined by ‘de-
coupling’ the system, i. e. by holding the microcantilever
in place with the micromanipulator and therefore only
driving the nanocantilever oscillation. Matching of the
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Figure 4: (a) SEM image of a co-resonantly coupled sensor consisting of a silicon microcantilever and a carbon nanotube nanocantilever,
(b) exemplary oscillation of the nanocantilever, (c) free end of the nanocantilever with attached carbon nanotube containing few individual
Co2FeGa Heusler nanoparticles, (d) setup for co-resonant cantilever magnetometry. The amplitude response curve was measured for the
sensor shown in (a).

eigenfrequencies was achieved by electron beam-assisted
material deposition at the free end of the nanocantilever.
The nanocantilever’s oscillationwas observed in the scan-
ning electron microscope to ensure closely matched fre-
quencies.

The sample was another carbon nanotube filled with
few individual Co2FeGa Heusler nanoparticles, which was
placed at the free end of the nanocantilever by micro-
manipulation (see figure 4c). Heusler compounds are a
class of intermetallic materials which feature very favor-
able transport andmagnetic properties,making them can-
didates for prospective applications in spintronics, energy
technology and thermoelectrics [23]. Detailed information
about the fabrication process and the sample can be found
in [24, 25, 26].

3.2 Results

Detailed results have been published in [24] and therefore
only the key points will be summarized here.

All experiments were conducted under high vacuum
and at room temperature with standard magnetic force
microscope equipment which allowed for sensor exci-
tation with a piezo-actor and oscillation detection via
laser-deflection. The external magnetic field was applied
through an electromagnet with variable field strength de-

pending on the electric current. The frequency shift for
both resonance peaks of the coupled system was tracked
with a phase-locked loop.

The frequency shift in dependence of the external
magnetic field shows a hysteretic behaviour which can
be expected for a ferromagnetic sample. However, when
tracking the frequency shift of the smaller resonance peak
(right-hand side peak fb in figure 4d), distinct jumps in
the frequency shift signal were observed. It is known from
othermagnetometry experiments that such jumps indicate
the magnetization reversal of a magnetic sample [21]. In
the aforementioned experiments we observed three clear
jumps which we associate with the magnetization rever-
sal of the biggest Heusler nanoparticles of our sample. It
is unlikely that these jumps originated from thermal fluc-
tuations or noise as they occurred reproducibly when the
experiment was repeated at different times and on several
days. Furthermore, the derived magnetic switching fields
agree well with values reported in another study for en-
sembles of Heusler-filled carbon nanotubes [25, 26].

Besides the magnetic switching fields, an average
magnetic moment, anisotropy field and particle aspect ra-
tio (based on the demagnetization factors) could be de-
rived by fitting the measured frequency shift data. A very
good agreement is found between the values for both res-
onance peaks of the coupled system as well as with few
other published experiments.
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Consequently, these experiments indicate the im-
mense potential of the co-resonantly coupled approach in
cantilever magnetometry. We were, for the first time, able
to observe magnetization reversal of individual Heusler
nanoparticles at room temperature and with standard
laser-deflection detection. Furthermore, we demonstrated
that both resonance peaks of the coupled system strongly
benefit from the high sensitivity of the nanocantilever.

4 Application in magnetic force
microscopy

Besides cantilever magnetometry, the co-resonant sensor
concept has been applied in magnetic force microscopy
(MFM) to test its feasibility for this technique. The mea-
surement setup is similar to cantilever magnetometry but
in contrast to that, the cantilever is equipped with a mag-
netic interaction tip at its free end and the sample is placed
underneath the beam on a xy-stage. The oscillating can-
tilever is scanned across the sample and the magnetic tip-
sample interaction forces alter its oscillatory state. The
change in amplitude, resonance frequency and/or phase
is used to derive information about themagnetic stray field
of sample, field gradients and topography.

Usually, the cantilever is driven to oscillate at its
first flexural mode, i. e. the tip performs an up-and-down
movement, which gives access to magnetic stray field gra-
dients in the z-direction. Mühl et al. have developed a bi-
directional scanning force microscopy concept which also
allows the determination of magnetic stray field gradients
in the in-plane direction, i. e. x and y [27, 28]. In that case,
the cantilever is not driven at its first but at the second
flexural vibration mode. This features a nodal point in
the oscillation envelope which only exhibits an oscillat-
ing change of slope. When the magnetic interaction ele-
ment is placed at this nodal point with some distance to
the cantilever by means of a spacer element, the alternat-
ing change of slope is translated into a lateralmovement of
this element. With this approach, in-plane as well as out-
of-plane stray field gradients are accessible since the can-
tilever can also be driven at its first flexural mode where
the spacer element and interaction tip perform the com-
mon z-movement (see figure 5).

The co-resonant concept comes into play when an
iron-filled carbon nanotube (FeCNT) is used as an inter-
action element and the eigenfrequency of the first flexural
modeof the FeCNT ismatched to the one of the secondflex-
uralmode of themicrocantilever. In that case, the FeCNT is
not a rigid interaction element anymore, but also performs

Figure 5: (a) Illustration of the bi-directional scanning force mi-
croscopy approach. The cantilever is equipped with a spacer el-
ement and an interaction tip at the position of the nodal point of
its second flexural mode. This allows for the measurement of per-
pendicular (out-of-plane; 1st flexural mode) as well as lateral (in-
plane; 2nd flexural mode) force gradients. (b) SEM image of an ac-
tual sensor consisting of a silicon microcantilever and a FeCNT as
nanocantilever, thereby adding the possibility of co-resonant signal
enhancement. (c) Co-resonantly enhanced oscillating sensor. The
FeCNT is performing a resonant oscillation due to eigenfrequency
matching of the second flexural mode of the microcantilever and
first flexural mode of the FeCNT.

a resonant oscillation, leading to a tremendous increase in
sensitivity [29, 30].

4.1 Experimental details

The sensor is fabricated by micromanipulation, focused
ion beam and scanning electron beam techniques. First,
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the oscillation of the microcantilever is measured with
a vibration stage to determine its eigenfrequencies and
identify the position of the nodal point (which can also
be calculated). There, a pillar is grown by electron beam-
assisteddeposition of amorphous carbon. Finally, a FeCNT
is attached to the end of the spacer element by micro-
manipulation and electron beam-assisted material depo-
sition, with both long axes aligned. The eigenfrequency
of the nanocantilever is determined again on the above-
mentioned vibration stage in the SEM by holding the mi-
crocantilever with the micromanipulator, thereby decou-
pling the system. Frequency matching is achieved by ma-
terial deposition at the free end of the FeCNTas for the can-
tilever magnetometry sensors [28].

The FeCNT is filled with a single magnetic domain
iron core [31] so that effectively only the magnetic pole
at the FeCNT’s free end interacts with the sample’s mag-
netic stray field and therefore constitutes a very defined
monopole-like magnetic interaction [28].

By the co-resonant coupling, a system with effective
parameters is created like in the case of cantilever mag-
netometry. Hence, the effective spring constant of the cou-
pled system is drastically reduced compared to the individ-
ual microcantilever, resulting in a strongly increased sen-
sitivity as demonstrated by the experimental results for a
Co/Pt multilayer sample [29].

For these measurements, the co-resonantly coupled
sensor was first excited at the first flexural mode of the
microcantilever, performing ameasurement of the perpen-
dicular magnetic stray field gradient. In a second step, the
measurement was repeated for the in-plane direction by
driving the system at the co-resonantly enhanced second
flexural mode of the microcantilever. Please note that this
is one of the two resonance frequencies of the coupled sys-
tem which are close to the second eigenfrequency of the
microcantilever.

4.2 Results and discussion

The CoPt multilayer sample is a well-known system in
terms of its magnetic domain structure and therefore it
is possible to use the measured perpendicular, i. e. out-
of-plane, stray field map to analytically calculate a theo-
retical in-plane stray field map with a Fourier transform-
based approach. This calculation assumes a rigid carbon
nanotube, i. e. no co-resonant signal enhancement. De-
tails about these calculations can be found in [28, 32, 33].

The calculated image can be compared to the mea-
sured in-plane data obtained with the co-resonantly en-
hanced sensor. A line section for such a comparison is

Figure 6: Line section of lateral operation mode frequency shift
data measured on a Pt/Co multilayer sample with a bidirectional
magnetic force microscopy sensor equipped with an FeCNT as inter-
action tip. The calculated lateral data is based on data of the same
position measured with the same sensor in perpendicular operation
mode assuming a rigid, i. e. not co-resonantly enhanced, carbon
nanotube. Additionally this calculated data was multiplied by a
factor of 50 to match the magnitude of the measured lateral data,
thereby demonstrating the co-resonant signal enhancement.

depicted in figure 6. Please note that a Fourier filter was
applied to the calculated data for increased clarity as the
perpendicular, i. e. out-of-plane, experimental data and,
therefore, the derived in-plane data had a low signal-to-
noise ratio due to experimental limitations. The in-plane
experimental data was used as measured.

Both line sections, for calculation and measurement,
agree very well in terms of the curve shape. However, the
calculated data had to be multiplied by a factor of approx-
imately 50 to reach the same magnitude as the measured
data. This is a direct consequence of the co-resonant cou-
pling and demonstrates its immense potential for signal
enhancement in this technique. Further experiments indi-
cated an even higher signal enhancement by three to four
orders of magnitude.

5 Conclusion

Finding ways to enhance the sensitivity of cantilever sen-
sors is key for extending their application range for ex-
ample as a means to study novel nanomaterials or as
highly sensitive mass and gas sensors. The co-resonant
sensor concept has the potential of creating such a highly
sensitive sensor platform by coupling and eigenfrequency
matching of a micro- and a nanocantilever. First experi-
ments in the study of magnetic properties of samples in
cantilever magnetometry and magnetic force microscopy
demonstrated thehugepotential of this approach. Further-
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more, a theoretical basis for understanding and describ-
ing the behaviour of the co-resonantly coupled system has
been established by mechanical and electric circuit mod-
elling. Although not all implications are fully understood
yet, it is very likely that many new applications based on
that concept may evolve in the future, beyond material’s
research.
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