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ABSTRACT We introduce the use of ferromagnetic resonance
(FMR) to actuate mechanical resonances in as grown arrays of carbon
nanotubes (CNTs) loaded with Ni particles (Ni-CNTs). This contactless
method is closely related to the magnetic resonance force micro-

scopy technique and provides spatial selectivity of actuation along
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the array. The Ni-CNT arrays are grown by chemical vapor deposition
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and are composed of homogeneous CNTs with uniform length (~600 nm) and almost equal diameter (~20 nm), which are loaded with Ni catalyst particles

at their tips due to the tip growth mode. The vibrations of the Ni-CNTs are actuated by relying on the driving force that appears due to the FMR excited at

about 2 GHz in the Ni particles (diameter ~100 nm). The Ni-CNT oscillations (frequency ~40 MHz) are detected mechanically by atomic force microscopy.

The acquired oscillation images of the Ni-CNT uniform array reveal clear maxima in the spatial distribution of the oscillation amplitudes. We attribute these

maxima to the “sensitive slices”, i.e., the spatial regions of the Ni-CNT array where the FMR condition is met. Similar to magnetic resonance imaging, the

sensitive slice is determined by the magnetic field gradient and moves along the Ni-CNT array as the applied magnetic field is ramped. Our excitation

method does not require the presence of any additional microfabricated electrodes or coils near the (NTs and is particularly advantageous in cases where

the traditional electrical actuation methods are not effective or cannot be implemented. The remote actuation can be effectively implemented also for

arrays of other magnetic nanomechanical resonators.

KEYWORDS: carbon nanotubes - carbon nanotube arrays - mechanical resonance - ferromagnetic resonance -

magnetic resonance force microscopy - NEMS

provide unique capabilities as high-

frequency mechanical resonators for
a number of sensing applications."? Although
substantial progress has been made in using
high-frequency CNT resonators,®~° their ac-
tuation remains challenging. The actuation
of CNT resonators becomes even more chal-
lenging when using CNT arrays for sensing
applications,” where the large number of
sensing elements provides an increase of
the sensitivity,® as well as for imaging and
data processing technologies.” Different
actuation methods are available for CNT
resonators, including electrical capacitive
ac actuation,’®"" the recently proposed dc
field emission actuation,''® and acoustic
actuation.' In the case of the most fre-
quently used ac electrical actuation, an
electrical signal has to be applied to electro-
des placed close to the CNTs. A similar
nearby counter electrode is necessary for

F ree-standing carbon nanotubes (CNTs)
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the dc field emission actuation method."
The fabrication of the electrodes, which
have to be able to carry high-frequency
signals close to single CNTs or arrays of
CNTs, is far from trivial. On the other hand,
when the CNTs are grown after the elec-
trode fabrication, the high temperatures
necessary for CNT chemical vapor deposi-
tion (CVD) based growth may alter the
mechanical integrity and the electrical per-
formance of the electrodes. Moreover, the
poor control of the CNT growth direction
combined with the presence of a nearby
electrode may cause a short circuit and
result in defective devices.

Acoustic actuation as a contactless tech-
nigque is potentially free from the aforemen-
tioned shortcomings and consequently
may be applicable to arrays of CNT reso-
nators. In this technique a vibrating sub-
strate is used to induce CNT oscillations.
Unfortunately, the frequency response of
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Figure 1. (a) SEM image of a Ni particle layer electrochemically deposited on the sidewall of a TiN electrode. (b) Low and
(c and d) higher magnification views of the Ni-CNT array grown by CVD from the deposited Ni particles. (€) Schematic view of

the Ni-CNT array.

the transducer-substrate system is very nonuniform
and becomes rapidly attenuated at higher frequencies.
A high-voltage driving signal is therefore required,
which can interfere with the detection signal. Another
contactless technique is based on optical'® and mag-
netic actuation.'®'” The primary excitation mechanism
of optical actuation is of thermal origin.'® Due to the
high thermal conductivity of CNTs, it is difficult to
achieve effective optical excitation which is based on
nonuniform thermal expansion of the device material.
Magnetic actuation of freely suspended CNTs can be
achieved by using an external ac magnetic field that
interacts with submicrometer magnetic particles that
need to be attached to the CNTs. In this case, the CNT
resonators can be actuated using two different ap-
proaches. In a first approach, a submicrometer mag-
netic particle interacts with a strong magnetic field
gradient. A microscopic coil arranged in close proxi-
mity of the CNTs is needed to create such a gradient.
The microfabrication of the coils is even more challen-
ging than the microfabrication of electrodes suited
for high-frequency electrical actuation. A second ap-
proach relies on a “gradient free” arrangement in
which the CNT resonator is driven in “torque mode”,'®
i.e., torque induced deflection of the resonator with a
magnetized particle in a homogeneous ac magnetic
field. This approach may not be applicable for sub-
micrometer particles, which are attached to the CNTs,
because such small particles typically are superparamag-
netic with their magnetic moment aligned along the
vector field resulting from the applied dc and ac fields.
In this paper, we introduce a novel contactless
actuation method for CNT arrays loaded with Ni parti-
cles (Ni-CNTs), which does not require any additional
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nearby electrodes or coils. The proposed method relies
on the mechanical actuation of the Ni-CNTs that are
under ferromagnetic resonance (FMR) in an external
inhomogeneous magnetic field. This method is closely
related to the magnetic resonance force microscopy
(MRFM) technique.'®?® The MRFM technique is based
on the force interaction between a time dependent
resonating magnetic moment of a sample, which is
mounted on a compliant micromechanical resonator,
and an inhomogeneous external magnetic field.'® We
use the dynamic mode atomic force microscopy (AFM)
technique for detecting the high-frequency mechan-
ical resonances of the Ni-CNT arrays.>"** Our method is
successfully applied to actuate an as grown uniform
high-density array of CNT mechanical resonators.
Furthermore, our method offers spatial selectivity for
actuating different parts of the array.

RESULTS AND DISCUSSION

The Ni-CNT arrays are grown by CVD from Ni catalyst
particles obtained by electrochemical deposition (ECD)
on the sidewalls of titanium nitride (TiN) electrodes.?*~%’
CNTs are grown by CVD underneath the Ni particles that
are lifted off from the TiN electrode sidewalls due to the
tip growth mode (see Figure 1b—d), thus remaining
horizontally freestanding and loaded with Ni particles
at their tips. Scanning electron microscopy (SEM)
images of an as-grown Ni-CNT array are presented in
Figures 1a—d. The homogeneous CNT growth rate
produces CNTs with comparable lengths /-7 (around
600 nm) and almost equal diameters dcyr (about
20 nm), as schematically indicated in Figure 1e. The
length of the Ni-CNT arrays is determined by the length
of the electrodes, as the Ni-CNTs uniformly grow from
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Figure 2. (a) Schematic view of the setup for the actuation
and the detection of the mechanical resonances of a Ni-CNT
array. (b—d) Time dependence of the different signals that
are applied in the setup presented in (a); (b) amplitude
modulated microwave magnetic field B, generated by the
coil L,; (c) magnetic field modulation produced by the coil
Lps (d) the resulting Ni-CNT oscillation.

the electrode sidewalls which are as long as 100 um.
The corresponding linear density of the Ni-CNT arrays
is determined to be 25 &= 5 Ni-CNTs/um.

In Figure 2a, we present a scheme of the setup for
actuation and detection of the mechanical resonances
of the Ni-CNT arrays. A polarizing magnetic field B,
produced by amagnet M, is applied to the sample with
the Ni-CNT array in order to align the Ni particle spins. A
microwave magnetic field B, generated by a nearby
coil L,, is oriented perpendicularly to B,. The frequency
f, of B, is resonant with spins in the Ni particles in
which the polarizing field induced spin energy level
splitting equals the energy of the microwave radiation.
The oscillations of the Ni-CNTs are driven by modulat-
ing the polarizing magnetic field with amplitude B¢
and frequency f,r. The frequency of the amplitude
modulation of B, is set to enable the AFM detection
of the Ni-CNT oscillations, as will be explained below.
A small permanent magnet M, arranged in close
vicinity of the Ni-CNT array is used to produce a
spatially inhomogeneous magnetic field which plays
two important roles: (i) it couples the Ni-CNT mechan-
ical resonator to the magnetic moments in the Ni
particles,?® and (ii) it defines the spatial regions of the
Ni-CNT array where the FMR condition is met. Through
the gradient-dipole force between the Ni particle spins
and the magnet M, the cyclic spin inversion drives
the Ni-CNTs into modulated oscillations®® as plotted
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schematically in Figure 2d. When the driving modula-
tion frequency f,r approaches the mechanical reso-
nance frequency (fyz) of one of the Ni-CNTs, the
amplitude A of its oscillations becomes large with an
amplification factor proportional to the quality factor Q
of the Ni-CNT resonator.

The Ni-CNT oscillations are mechanically detected
by AFM operating in dynamic mode.?' The AFM canti-
lever is unable to follow the fast (MHz) oscillations of
the Ni-CNTs. Nevertheless, it is able to detect the
envelope of the amplitude modulated Ni-CNT oscilla-
tions due to the nonlinear relation between the force
exerted on the AFM cantilever and the sample-tip
distance. The AFM detection sensitivity is enhanced
by matching the amplitude modulation frequency of
B, to the fundamental resonance frequency of the AFM
cantilever. Similar to Reference®® the second eigen-
mode of the cantilever (f.;no = 380 kHz) is used to
provide standard AFM operation and topography ima-
ging, whereas the Ni-CNT oscillation imaging is rea-
lized at the cantilever fundamental frequency (feane =
60 kHz). Finally, the dynamic AFM mode set point
and oscillation amplitude are adjusted to minimize
the influence of the parasitic forces acting between
the Ni-CNT and the AFM tip.?" To increase the detec-
tion sensitivity, the measurements are performed in He
gas atmosphere (which provides a 2 times enhance-
ment of the Q-factors of the Ni-CNT resonators).

In Figure 3, we present an AFM topography image
of a Ni-CNT array (Figure 3a) and the corresponding
oscillation image (Figure 3b). Note that the imaged
sample region is the one corresponding to the SEM
image in Figure 1c. The topographic AFM image re-
veals that the CNTs form a quite uniform array parallel
to the substrate with Ni particles clearly visible at their
tips. The oscillation image has a color contrast that
reflects the oscillation amplitude of the Ni-CNTs. This
contrast is maximized by tuning f,rin order to reach the
mechanical resonance condition for the majority of the
Ni-CNTs in the array. Note that the most pronounced
contrast appears at the free tips of the Ni-CNTs, while a
few Ni-CNTs are kept together by the Ni deposit at their
tips. The oscillation amplitude of the latter Ni-CNTs is
considerably smaller and is not visible in the oscillation
image in Figure 3b.

In Figure 3¢, we present the mechanical resonance
curve (oscillation amplitude A versus f,s) obtained for
the Ni-CNT indicated by the arrow in Figure 3b. The
mechanical resonance occurs at a frequency fyz of
45 MHz. To determine the quality factor Q, we fit the
measured resonance curve to a Lorentzian curve. For
the Ni-CNT indicated by the arrow in Figure 3b, Q is
around 17.

In Figure 3d, we plot the dependence of the oscilla-
tion amplitude A on the polarizing magnetic field
B,. The dashed line corresponds to a fit based on a
Lorentzian shape of the FMR signal, which allows to
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Figure 3. (a) A 3.75 x 3.75 um” AFM topography image and
(b) corresponding oscillation image for the Ni-CNT array
presented in Figure 1c. (c) Mechanical resonance curve
obtained for the Ni-CNT indicated by the arrow in (b). (d)
Oscillation amplitude A and FMR frequency fryz as a func-
tion of the polarizing magnetic field B,,.

determine the ferromagnetic resonance field corre-
sponding to the ferromagnetic resonance frequency
framr- The FMR line width AB ~ 10 mT, which we infer
from this fit, corresponds to the typical value obtained
for Ni nanoparticles with a high degree of structural
disorder.>® Note that the widening of the FMR reso-
nance resulting from the magnetic field gradient can
be neglected due to the small size of the Ni particles.
Similar measurements were performed at different mi-
crowave frequencies fgyz and the obtained fryz on B,
dependence is plotted in Figure 3d. Our results demon-
strate that the FMR frequency s depends linearly on B,,.
The fur(Bp) plot also reveals the presence of an offset
field. This result is consistent with the field dependence of
four for a spherical ferromagnetic particle:’

femr = (Bp + Bor) (1

where y is the effective gyromagnetic ratio (y/2m = 28
MHz/mT) and B, = 33 mT is an offset in the polarizing
magnetic field that can be attributed to the vertical

VOLODIN ET AL.

740

7
0((““\\

- -~
(o, 10 6 4w

Figure 4. 3D plot of the mechanical resonance frequencies
fur of the Ni-CNTs indicated by the red arrows in Figure 1c as
a function of dyp and Icyr, and the related fit (green surface)
of the data, which is based on eq 2 assuming that mcyr is
much smaller than my.

component of the magnetic field B, that is generated
by M, (see Figure 2a). This confirms the validity of our
experimental procedure as a reliable actuation method
of the Ni-CNT arrays by means of FMR induced in the Ni
particles.

If we model a Ni-CNT as a cylindrical elastic beam
with an additional mass concentrated at its tip (the Ni
particle), the fundamental mechanical resonance fre-
quency fy of the Ni-CNT resonator can be expressed as>>

fn — 3nEddy,
64/2NT(mNp +0.24ment)

&y | 3wk dir 18E

8 \/ Ryrmwe -8 Pridelenr

where E is the Young modulus of the CNT, deyr, Ient
and mcyrare the diameter, the length, and the mass of
the CNTs, respectively (see Figure 1e), dyp and myp are
the diameter and the mass of the Ni particles, respec-
tively, and py; is the specific mass density of Ni.

In Figure 4, we present a 3D plot of the mechanical
resonance frequencies fy of the Ni-CNTs as a function
of dyp and Icyr. The resonance frequencies are mea-
sured for the set of 11 Ni-CNTs indicated by the red
arrows in Figure 1c. The measured data are fitted using
eq 2 in the limit mgyr << myp, confirming the depen-
dence of the frequency fiz on the length of the CNTs
and the mass of the Ni particles. The best fit of the data
upon variation of dyp and /ey corresponds to a Young
modulus of the CNTs of about 90 GPa, which is in the
range of the previously measured Young modulus of
CVD grown CNTs.>® We finally note that the different
amplitude of the oscillations of the Ni-CNTs imaged in
Figure 3b has to be attributed to the different geomet-
rical parameters of the oscillators, primarily the CNT
lengths and the Ni particle masses.

An important question arises concerning the possi-
ble sensing applications of our Ni-CNT arrays. Two key
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parameters are responsible for the sensitivity of reso-
nant mass sensors: i) the effective mass of the resona-
tor and ii) the stability of its resonance frequency.>*
Minimizing the effective mass of the resonator and
maximizing the stability of its resonance frequency
are especially desirable for mass sensing applications,
as the smallest detectable mass is given by Am ~ 2
Mpes X (Af/fyp)3* where mges is the effective mass of
the resonator and Af/fy is the instability of its reso-
nance frequency. In our configuration the mass of a Ni
particle is myp ~ 5 fg, which is much larger than the
mass of the CNT m¢yr. Consequently, the effective
mass of the resonator is mges ~ myp. For a frequency
instability which we estimate to be of about 3 x 103
(for the 3 ms averaging time employed), the smallest
mass detectable by our resonators is Am ~ 30 ag.

As mentioned, the sensitivity of our resonant mass
sensor could be increased by decreasing myp. How-
ever, from a fabrication point of view, Ni particles with
diameters as large as 100 nm are needed to guarantee
the tip growth mode of all the CNTs in the array. This
way, we ensure that the resulting Ni-CNT resonators
have similar lengths and are all loaded with particles of
similar size at their tips (see Methods). Another way to
increase the sensitivity of our resonant mass sensor is
to decrease its resonance frequency instability. The
relatively high frequency instability is primarily deter-
mined by the low mechanical quality factor Q of our
Ni-CNTs that is in the range of 10—20. The low Q may
be attributed to the air drag. Indeed, our measure-
ments performed in He gas atmosphere reveal a 2
times enhancement of the Q-factors of the Ni-CNT
resonators. Similar low Q values were obtained for
CNT resonators oscillating in air at atmospheric pres-
sure, while the same CNT resonators measured in
vacuum exhibited ~10 times higher Q-factors.?> There-
fore, we can assume that the Q-factors of our Ni-CNT
resonators can be significantly enhanced by using a
vacuum environment which would allow zeptogram-
level mass detection.

Since our actuation technique is based on the force
interaction between a time dependent resonating
magnetic moment of a Ni particle and an inhomoge-
neous external magnetic field the force sensitivity of
the Ni-CNT resonators is an important property for the
efficiency of the actuation technique. The force sensi-
tivity of the Ni-CNT resonators, or, strictly speaking, the
minimum detectable force gradient is 9F/dz = 2k x
(AFf/fur) ~ 2.4 x 1073 N/m (kis the spring constant of
the Ni-CNT). Note that the estimated sensitivity
value is ~30 times smaller than the actuation force
gradient which is evaluated from the experimental
data.

We now turn to the spatial distribution of the oscilla-
tion amplitudes along the Ni-CNT array. In Figure 53,
we present a larger scale 10 x 10 um? AFM topography
image of a Ni-CNT array. The corresponding oscillation
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Figure 5. (a) A 10 x 10 um? AFM topography image and
corresponding oscillation images of the Ni-CNT array ac-
quired at different external magnetic fields B,: (b) 25 mT, (c)
30 mT, and (d) 35 mT.

images acquired at different external magnetic fields
B, are presented in Figure 5b—d. The oscillation am-
plitudes of the individual Ni-CNTs cannot be resolved
in these large scan area images. On the other hand, the
oscillation images reveal clear maxima in the spatial
distribution of the oscillation amplitudes. The maxima
occur at different positions along the Ni-CNT array,
depending on the applied magnetic fields B,. We
attribute this observation to the displacement of a
“sensitive slice”, i.e., the spatial region of the Ni-CNT
array where the ferromagnetic resonance condition is
met.'®?° Note that the observed spatial distribution in
Figure 5b—d of the oscillation amplitudes cannot be
attributed to the geometrical differences between
different Ni-CNT resonators because the array is quite
uniform and the driving frequency remains constant
upon variation of By,. Similar to MRFM the sensitive slice
is defined by the magnetic field gradient and moves as
the applied magnetic field is ramped.'®?° We estimate
that the magnetic field gradient due to the presence of
the bar magnet M, in the vicinity of the Ni-CNT array is
approximately 400 T/m. For our 10 um long Ni-CNT
array, this corresponds to a field difference around 4
mT along the array. Because the FMR line width of the
Ni particles, which is about 10 mT, is comparable to this
difference, we are able to distinguish resonance signals
arising from different spatial locations in the Ni-CNT
array by means of the applied magnetic field gradient.
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These results unambiguously demonstrate that our
FMR-based actuation method provides spatially selec-
tive actuation of mechanical resonances in specific
parts of the Ni-CNT arrays.

CONCLUSIONS

In conclusion, we demonstrated the effectiveness
of a new contactless method to actuate CNT-based
nanomechanical resonators. The method relies on the

METHODS

Sample Fabrication. The Ni-CNT arrays are grown by CVD from
Ni catalyst particles obtained by electrochemical deposition
(ECD) on the sidewalls of TiN electrodes. The 200 nm thick
TiN electrodes are deposited on SiO, (200 nm)/p* doped Si
substrates. A 50 nm thick layer of silicon oxinitride (SION) is
deposited on top of the TiN electrodes in order to prevent CNT
growth from the top of the electrodes. More details about the
electrode structures, the growth method and the characteriza-
tion of as-grown carbon nanotubes can be found in refs 24—27.
An ECD potential of —3 V, which is applied for 1 s, enables the
deposition of high-density (around 10'? cm™2) and quite large
(diameter around 100 nm) Ni catalyst particles (see Figure 1a).
Next, CNTs are grown by CVD underneath the Ni particles that
are lifted off from the TiN electrode sidewalls due to the tip
growth mode (see Figures 1b—d). The growth of CNTs under-
neath the Ni particles suggests that the CNT nucleation is
promoted under the Ni particle layer rather than on top of it.
Carbon poisoning of the Ni top surface may be the reason for its
inactivity as CNT growth catalyst. On the other hand, the Ni
bottom surface is better protected from poisoning and is able
to catalyze the CNT growth. To induce the tip growth of all
the CNTs in the array, particles as large as 100 nm needed to be
used. The tip growth mode provides a higher negative variation
of free energy with respect to base growth mode only for
particle size larger than a certain value, as it was recently found
by Dijon et al.® In our experiments, particle diameters smaller
than 80 nm rather catalyzed the base growth of carbon nano-
tubes and/or traces of metal catalyst remained along the carbon
nanotube length.

Experimental Setup. A cylindrical permanent magnet M, (2cm
in diameter) is placed close to the sample with the Ni-CNT array
in order to produce a uniform polarizing magnetic field B, that
aligns the Ni particle spins. The value of B, can be tuned
between 3 and 50 mT by adjusting the distance between the
magnet and the sample. A small coil L, (2 mm in diameter) is
placed nearby in order to generate a microwave magnetic field
B, (about 0.2 mT). B, is oriented perpendicularly to B, and it is
amplitude modulated, as illustrated in Figure 2b. The frequency
of the amplitude modulation of B,, (in the range of tens of kHz) is
set to enable the AFM detection of the Ni-CNT oscillations, as
will be explained below. On the other hand, the microwave
frequency f, of B, can be tuned between 1and 2 GHz (L band) to
induce FMR in the Ni particles. A radio frequency coil Ly is
placed on top of the permanent magnet M,. The coil is used to
modulate the polarizing magnetic field with an amplitude B¢
and a frequency fy¢ (in the MHz range), which sets the driving
frequency for the Ni-CNTs. A small permanent magnet M,
(Sm—Co alloy cylinder with 0.5 mm diameter and T mm height)
arranged in close vicinity (0.2—0.5 mm) of the Ni-CNTs is used to
produce a spatially inhomogeneous magnetic field (B,), which
couples the magnetization of the Ni particles to the mechanical
oscillations of the Ni-CNTs.?

For the AFM based measurements, we use a customized
commercial scanning probe system (Autoprobe M5, Bruker)
equipped with the Nanonis SPM controller (SPECS Zurich
GmbH). Before imaging the oscillation amplitude, we first need
to perform an optimization of the measured oscillation signal.
First, a standard AFM topography image of the Ni-CNT array is
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excitation of the ferromagnetic resonance of Ni parti-
cles present at the tips of freestanding CNTs. The
Ni-CNTs form a large array of mechanical resonators
with a high density and they may be used for sensing
applications. Our actuation method offers spatially
selective actuation of specific parts of the array of
nanomechanical resonators. This can be particularly
advantageous in cases where traditional actuation
methods are not effective or cannot be implemented.

acquired. Next, the AFM cantilever is placed above a Ni particle
of interest. The microwave frequency f, is then set close to the
expected value for FMR at given B, and the driving frequency fu¢
is swept between 10 and 80 MHz. As a result of recording the
response of the cantilever, the mechanical resonance curve
A(fyny) of the chosen Ni-CNT is obtained. Further enhancement
of the oscillation amplitude A is achieved by varying B, and
correspondingly tuning the FMR.
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