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ABSTRACT Due to outstanding mechanical and electronic proper-
ties, carbon nanotube nanoelectromechanical systems (NEMS) were
recently proposed as ultrasensitive magnetometers for single-molecule
magnets (SMM). In this article, we describe a noninvasive grafting of a
SMM on a carbon nanotube NEMS, which conserves both the mechanical
properties of the carbon nanotube NEMS and the magnetic properties of
the SMM. We will demonstrate that the nonlinearity of a carbon
nanotube's mechanical motion can be used to probe the reversal of a

molecular spin, associated with a bis(phthalocyaninato)terbium(lll)

single-molecule magnet, providing an experimental evidence for the detection of a single spin by a mechanical degree of freedom on a molecular level.
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single-molecule magnet (SMM) con-
sists of magnetic centers, typically
transition metal ions, embedded
in a shell of organic ligands.? The ligands
are designed to ensure the bonding of
the molecule to surfaces or junctions while
preserving and enhancing the ions' mag-
netic properties. The magnetic centers will
therefore behave as a single “giant” spin
due a strong interaction promoted by the
ligands.! Moreover, one can replace the mag-
netic centers and therefore alter the mag-
netic properties of the compound without
affecting the ligand shell and the interaction
with its environment."? One can also modify
the organic ligands by chemical engineering
in order to change the SMM's coupling to
its environment'? or promote the selective
grafting to a certain material, for example,
carbon nanotubes or graphene.*” Eventually,
chemical engineering allows the synthesis of
billions of perfectly identical molecules and
would enable the high density integration of
molecular spintronic devices.'?
Provided with a large spin ground state
combined with a strong uniaxial magnetic
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anisotropy, SMMs exhibit a wide range of
quantum mechanical phenonoma such as
quantum tunneling of magnetization®’ or
quantum phase interference® However,
probing the quantum mechanical nature
of an individual SMM still remains a con-
siderable challenge.

Various detector designs for individual
single-molecule magnets (SMMs) were conse-
quently proposed over the past decade.'
One can use for instance a scanning tunneling
microscope to probe an isolated SMM on a
conducting surface.”~'? Alternatively, one can
build a three-terminal molecular spin transis-
tor where an individual SMM is bridging
the gap between two nonmagnetic leads.'>'*
In such a configuration, the electric current is
flowing directly through the molecule, leading
to a strong coupling between the electrons
and the magnetic core. This direct coupling
thus enables a readout of the molecule's
magnetic properties with the electronic cur-
rent but also leads to a strong back-action on
the molecule's magnetic core.’

A less invasive approach consists of cou-
pling the SMM to a second nonmagnetic
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molecular conductor, which is subsequently used as
detector." For such an indirect coupling, the magnetic
core of the molecule is only weakly coupled to the
conductor but can still affect its transport properties,
thus enabling an electronic readout with only minimal
back-action.

Among the different possible detectors (nanowires,
carbon nanotubes, quantum dots, molecules), the
carbon nanotube stands out due to its unique struc-
tural, mechanical, and electronic properties.' Several
designs of supramolecular quantum spintronic devices
have been recently proposed, where a carbon nano-
tube is used to probe individual molecular spins via
different coupling mechanisms (magnetic flux, elec-
tronic, or mechanical).’

One can for instance probe the magnetic flux emanat-
ing from a single-molecule magnet grafted onto a SQUID
magnetometer based on carbon nanotubes.''® With
the cross section of a carbon nanotube (on the order of
1 nm?) being comparable with the size of the molecular
magnet, one would obtain an almost ideal flux coupling
in a carbon nanotube SQUID and a flux sensitivity of S¢, ~
107> ®y/(Hz)""2."® Such a sensitivity would allow one to
probe the magnetic flux generated by individual SMMs
like lanthanide complexes LnPc,>'” which was esti-
mated to be on the order of @y ~ 1074 @,.">"7

Alternatively, one can couple a SMM to a state-of-
the-art carbon nanotube transistor and use the electric
current in the nanotube to probe and manipulate the
spin of the SMM."®'® A carbon nanotube behaves as a
quantum dot at very low temperatures, showing an
impressive array of electronic properties ranging from
Coulomb blockade?® to Kondo effect.?' In this regime, a
carbon nanotube is sensitive to very small charge
fluctuations in its environment, which results in a mod-
ulation of the conductance in the carbon nanotube
quantum dot. For instance, the nanotube's conductance
can be altered by the magnetization reversal of a SMM
grafted to the carbon nanotube's sidewall, which gives
rise to a supramolecular spin valve behavior.'®'®

In this paper, we will demonstrate how to couple a
SMM to a carbon nanotube nanoelectromechanical
system (NEMS) and probe the molecular nanomagnet
with the carbon nanotube's mechanical motion at
cryogenic temperatures. We will describe the detec-
tion principle and the sensitivity of such a torque
magnetometer. Furthermore, we will provide an over-
view on the fingerprint-like characteristics of a pristine
carbon nanotube NEMS. In particular, we will address
the modulation of the resonance frequency and the
nonlinearity induced by an electric and magnetic field.
Then, we describe fingerprint-like properties of a ter-
bium double-decker SMM (hereafter TbPc,) and pro-
vide a highly efficient grafting process of TbPc, SMMs
onto a carbon nanotube NEMS. We will demonstrate
that this grafting process conserves both the magnetic
properties of the TbPc, and the mechanical properties
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Figure 1. Carbon nanotube NEMS as magnetometer for
molecular magnets. (a) False color SEM image of a carbon
nanotube NEMS with a local metallic backgate (blue) func-
tionalized with a molecular magnet (shown as a chemical
structure overlaid on the image). Under the influence of a
magnetic field H (blue arrow), the molecular magnet yielding
a magnetic moment J (green arrow) will experience a mag-
netic torque I" (red arrow), given by eq 1. By changing the
magnetic field |H|, one can therefore induce a change in the
molecule's magnetic torque |T'|. If the molecular magnet is
rigidly grafted to the carbon nanotube NEMS, a change of the
torque A|l'| will induce an additional tension in the carbon
nanotube beam, resulting in a shift of its resonance fre-
quency fo — fo + Af. (b) Shift of the carbon nanotube NEMS'
resonance frequency by the molecule's magnetic torque.

of the carbon nanotube. Finally, we will show that the
mechanical bistability of a carbon nanotube NEMS in a
nonlinear regime can be used to probe the magnetiza-
tion reversal of a single TbPc, SMM grafted to the
carbon nanotube.

RESULTS AND DISCUSSION

Carbon Nanotube NEMS as Magnetometer for Single-Molecule
Magnets. We consider a SMM with a magnetic moment
u = (gﬂB/h)j to be rigidly grafted to the suspended
carbon nanotube beam (Figure 1a).?? Upon applying
an external magnetic field ,uoﬁext, the SMM magnetiza-
tion will experience a torque given by

f‘SMM = ,uo/; X I_'iext = % TX ﬁext (1)

resulting in its rotation toward the magnetic field
direction. In order to minimize the magnetic anisotro-
py energy the SMM starts to rotate, hence inducing
mechanical strain in the suspended carbon nanotube
beam.?? The additional tension in the resonator will
result in a shift of the mechanical resonance frequency
of the carbon nanotube (Figure 1b).

Lassagne et al. studied the mechanical response
of a carbon nanotube NEMS to the magnetization
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Figure 2. Mechanical response of a carbon nanotube NEMS
to the magnetization reversal of a nanomagnet with uniaxial
anisotropy. (a) Magnetic hysteresis loop of the nanomagnet
for five different orientations of the magnetic field, with
respect to its easy axis of magnetization 6, = 90, 70, 45, 10,
5°. One can observe the uniaxial anisotropy upon rotating
the magnetic field away from the easy axis. (b) Frequency
shift Af as a function of the magnetic field. The curves
translate the hysteretic behavior and the magnetic anisot-
ropy of the nanomagnet. Modified from ref 22.

dynamics of a nanomagnet with a uniaxial magnetic
anisotropy and a magnetic moment of 100 ug.??
They determined the magnetic hysteresis of the nano-
magnet (Stoner—Wolfahrt model, Figure 2a) and the
magnetic field dependence of the carbon nanotube
NEMS resonance frequency (Euler—Bernoulli formal-
ism, Figure 2b) for different orientation of the magnetic
field with respect to the nanomagnets easy axis.
The model can be readily extended to a SMM, with a
magnetic moment of a few us.

The calculations reveal a discontinuous jump in the
nanotube's resonance frequency, induced by the mag-
netization reversal of the nanomagnet (highlighted by
the black arrows in Figure 2b). Furthermore, the field
dependence of the resonance frequency translates
the hysteretic behavior of the nanomagnet as well as
its magnetic anistropy. For a magnetic field aligned
close the nanomagnet's easy axis, a large hysteresis in
the magnetization m and the frequency Af is visible
(6o = 5° red loop in Figure 2ab). The hysteresis
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gradually disappears upon rotating the magnetic field
into the hard plane of the molecule (6, = 90°, black
loop in Figure 2a,b). The maximum frequency shift
reaches 90 kHz for a magnetic moment of 100 ug.

The sensitivity for such a magnetic torque detector
is limited by the frequency noise induced by thermo-
mechanical fluctuations and yields

1/2
. 1 kBT 2.7'[f0f3w

For a resonance frequency f, = 50 MHz and quality
factor Q = 10°,**% a spring constant k ~ 10~* N/m of
the carbon nanotube NEMS,?* one obtains a sensitivity
of Ofy, = 150 Hz/(Hz)""? at 40 mK.

Furthermore, the carbon nanotube NEMS should
provide a strong coupling with an individual molecular
magnet in order to achieve the maximum sensitivity
Ofh. Indeed, previous experiments on SMM grafted to a
carbon nanotube NEMS revealed a strong coupling on
the order of 1 MHz between an individual molecular
spin and the nanotube's mechanical motion.>*

One should therefore be able to reach a sensitivity
of 1 ug at cryogenic temperatures with such a carbon-
based torque magnetometer, thus providing a me-
chanical readout scheme for a single (molecular) spin.

Alternatively, one could also use the nonlinearity of
the carbon nanotube NEMS developing at higher drive
powers as a detector for the reversal of a molecular
spin. Indeed, a characteristic bistable state develops for
the mechanical motion in the nonlinear regime, and
one observes an asymmetric resonance line shape with
hysteresis between upward and downward frequency
sweeps. In this bistable region, the carbon nanotube
NEMS is unstable and a perturbation of the mechan-
ical motion can result in a transition between the two
metastable states, causing a jump in the nanotube's
conductance (Figure 3). Due to the strong nonlinear-
ity in carbon nanotube NEMS,?*?>2?% the detector
signal associated with this transition yields a high
signal-to-noise ratio. Furthermore, the nonlinearity
can be tuned by electric fields via the gate and bias
voltages,®® which provides an electrical control over
the mechanical bistability and thus over the magni-
tude of the detector signal. The mechanical bistability
in a carbon nanotube NEMS can be used to probe
a single molecular spin, as we will demonstrate in the
following article.

Pristine High-Q Carbon Nanotube NEMS. At cryogenic
temperatures, a carbon nanotube NEMS is in a regime
of Coulomb blockade, and the electronic transport
is governed by single-electron tunneling (SET).%° It
has been demonstrated in recent experiments that
the nanotube's mechanical motion affects the electron
transport in the carbon nanotube NEMS, thus enabling
an electronic/current readout for nanomechanical
oscillations in this system.>>%¢
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Figure 3. Nonlinear detection scheme for SMM magnetiza-
tion reversal. In this bistable state, an asymmetric line shape
develops with a hysteresis between up- and downward
frequency sweeps (red and black curves, respectively). In
the bistable region, the change of tension induced by the
magnetization reversal of a SMM on the carbon nanotube
(see text) can result in a switching from the upper (blue dot)
to the lower branch (green dot) of the resonance line shape,
causing a jump in the nanotube's conductance.

On the other hand, SET in a carbon nanotube NEMS
can also be considered as an external perturbation to
the nanotube's mechanical motion. This perturbation
can be described as an electrodynamic force acting
on the carbon nanotube. The contribution of this
force, which is in phase with the mechanical motion,
is responsible for a frequency modulation Af, whereas
a contribution of the force which is out of phase
with mechanical motion induces a modification of
the dissipation and the quality factor Q.2>*>%’

Based on previous observations, 2228 we will
demonstrate in the following that the mechanical
response of a carbon nanotube NEMS to SET can be
controlled by both electric fields (via gate voltage)
and magnetic fields, providing us with a fingerprint
of a nanotube's mechanical motion at cryogenic tem-
peratures (Figure 4).

Mechanical Fingerprint: SET Modulation of Frequency and
Nonlinearity by Gate Voltage. It has been demonstrated in
previous measurements that the mechanical response
of a carbon nanotube NEMS to SET can be controlled
by electric fields (i.e., via gate and bias voltages).>%>~%’

In a linear driving regime of the carbon nanotube
NEMS (device #1, Pgr = —90 dBm), we observe indeed a
characteristic frequency softening induced by single-
electron fluctuations (and the current) when tuning
the gate voltage through a Coulomb peak (Figure 5a).
As expected for low driving power, the resonator
also behaves as a harmonic oscillator and exhibits a
Lorentzian line shape with a quality factor of Q = 10°
(Figure 5b).

Upon increasing the drive amplitude (Pgs = —70 dBm),
the carbon nanotube NEMS is evolving from a har-
monic oscillator to a Duffing-like oscillator. In this case,
we observe the characteristic asymmetric line shape
associated with a nonlinear driving regime (Figure 5d).
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Figure 4. Pristine high-Q carbon nanotube NEMS. False
color SEM image of a suspended carbon nanotube with a
local metallic backgate (blue) and nanotube length of
850 nm. The RF actuation signal is injected into the local
metallic gate through a home-built bias T. As the induced
mechanical motion changes the charge flow through the
CNT quantum dot and vice versa, we can detect the CNT
resonance through a change in zero bias conductance.

In addition, SET in the carbon nanotube also modifies
the line shape of the resonance feature (Figure 5c).
This modulation of the nonlinearity by single-electron
fluctuations (and the current) is consistent with previous
observations.>%°

Mechanical Fingerprint: SET Modulation of Frequency and
Nonlinearity by Magnetic Fields. A magnetic field applied
along the carbon nanotube's axis shifts the chemical
potential landscape in the carbon nanotube quantum
dot.?73" A magnetic field H, applied parallel to the
nanotube therefore modulates the conductance diyy/
dV,q or SET in the carbon nanotube quantum dot as
depicted in Figure 6. Additionally, the magnetic field
can also modulate the tunnel barriers and the tunnel
couplings I's4 at the interface between the carbon
nanotube and the metal leads.”® The effect is attrib-
uted to an increased band gap in the carbon nanotube
at higher magnetic fields.?

A change in the conductance dig/dVsq and/or
the tunnel rates I';4 induced by magnetic fields
(and electric fields) furthermore modulates the carbon
nanotube's resonance frequency and dissipation, as
demonstrated in previous experiments.>?® Indeed, we
observe a shift of the nanotube's frequency f, in device
#1 at low driving power when tuning the magnetic
field (indicated by the dashed line in Figure 6a).
For larger driving power, the change in conductance
induced by the magnetic field is associated with a
strong modulation of the resonance line shape and
nonlinearity (Figure 6).

Carbon Nanotube NEMS Functionnalized with Single-Molecule
Magnets. In this section, we will present the fingerprint-
like characteristics for a particular SMM, a bis(phthalo-
cyaninato)terbium(lll) molecule. We will describe a
grafting procedure of this SMM onto a carbon nano-
tube NEMS and demonstrate that both the SMM's
magnetic fingerprint and the NEMS mechanical finger-
print are conserved. Finally, we present evidence for
a magnetization reversal in a TbPc, SMM induced by
the carbon nanotube mechanical motion.

ThPc, Single-Molecule Magnet. The TbPc; is a rare earth
SMM in which the magnetic moment is carried by a
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Figure 5. Gate dependence of the resonance frequency and nonlinearity in a pristine carbon nanotube NEMS (device #1). The
device length was estimated to 250 nm. Linear driving regime (Pge = —90 dBm): (a) conductance G4 of the carbon nanotube
NEMS as a function of the gate voltage V, (top panel); conductance change AG,q = G4(f) — Gg4(f = 0) induced by the
mechanical motion as function of the RF drive frequency fand the gate voltage V; (bottom panel). The black crosses highlight
the mechanical resonance frequency f, of the NEMS. (b) Conductance AGgq as a function RF drive frequency f at a gate voltage
of Vg =4.725 V, as denoted by the dashed blue line in (a). The resonance line width 6f = 5 kHz leads to a quality factor of Q =
120 000. The solid blue line is a Lorentzian fit of the resonance frequency. Nonlinear driving regime (Pgr = —70 dBm): (c)
conductance G.q of the carbon nanotube NEMS as a function of the gate voltage V (top panel); conductance change AGy =
Gy4(f) — Gsq4(f=0) induced by the mechanical motion as function of the applied RF frequency fand the gate voltage V, (bottom
panel). (d) Conductance AG,q as a function RF drive frequency f at a gate voltage of V; = 4.725 V, as denoted by the dashed
blue line in (c). The solid blue line is to guide the eye. All measurements are performed at a temperature of T = 20 mK.

single Tb®" ijon sandwiched between two organic

phthalocyanine (Pc) ligand planes.'”?* The TbPc, has
a S = 1/2 radical delocalized over the Pc ligand planes.
Due to r—a interaction, this radical can easily hybrid-
ize with the 7-electrons of any form of sp*-carbon
without affecting the magnetic properties of the Tb>"
ion.*>172* The pyrene arm and the six hexyl groups
added to one of the Pc planes are known for an
attractive van der Waals interaction with sp-carbon
and further enhance the grafting efficiency.*'®'°
Moreover, the hexyl groups induce a steric hindrance
in the molecule which prevents the reaggregation
of the TbPc¢, in a solution and the formation of TbPc,
clusters on the sidewall of the carbon nanotube.'®'®
The highly anisotropic 4f shell of the Tb*" ion and
its intrinsically strong spin—orbit coupling results in a
magnetic ground state of J = 6 and a pronounced
uniaxial magnetic anisotropy (Figure 7a). The ground
state doublet J, = +6 is separated from the excited
states by several hundreds of Kelvin, which makes
the TbPc, an Ising-like spin system at low temperature
(T < 5 K) and small magnetic field (8 < 10 T)."”**

GANZHORN ET AL.

A strong hyperfine interaction with the nuclear spin
I = 3/2 of the Tb>* ion splits the ground state doublet
J, = £6 into four states each (Figure 7b). Finally, the
ligand field generates a small transverse magnetic
anisotropy resulting in avoided level crossings (black
circles in Figure 7b).'72*

At cryogenic temperatures, magnetization reversal
can occur through two different processes. Around
zero magnetic field, the avoided level crossings allow
for quantum tunneling of magnetization |/,l,) —
|—=J1)."”~"° At high magnetic fields, the magnetization
reverses through a direct relaxation process involving
noncoherent tunneling events combined with the
emission of a phonon (Figure 7b).2*

Electronic Readout of the Magnetization Reversal in a ThPc,
Grafted to a Carbon Nanotube NEMS. The study of the
magnetization reversal of the TbPc, molecules grafted
to the carbon nanotube NEMS are carried out in a
3He/*He dilution refrigerator with a base temperature
of 20 mK using an electronic readout (Figure 8). It has
been demonstrated by Urdampilleta et al.'®'® that
the magnetization reversal of a TbPc, SMM affects
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Figure 6. Magnetic field dependence of the resonance
frequency and nonlinearity in a pristine carbon nanotube
NEMS (device #1). (a) Differential conductance of the carbon
nanotube NEMS as a function of the applied RF frequency f
and the magnetic field component H, parallel to the carbon
nanotube axis. The measurement is performed in a non-
linear driving regime of the NEMS (Pgr = —70 dBm) at a gate
voltage V,; =4.725V and a temperature of T=20 mK. The RF
frequency is swept toward larger frequencies with 5 kHz/s
(blue arrow) and the magnetic field is incremented in steps
of 1 mT. The dashed black line corresponds to the modula-
tion of resonance frequency f; in a linear driving regime
(Pre = —90 dBm). (b) Conductance G4 as a function RF drive
frequency f at four values of magnetic field as highlighted
by the horizontal lines in (a). The blue arrow denotes the
frequency sweep direction.

the electronic transport in a (suspended) carbon nano-
tube quantum dot at cryogenic temperatures, giving
rise to a characteristic supramolecular spin valve
behavior (Figure 9).

They demonstrated that two SMMs, coupled to the
carbon nanotube via m—m interaction, act as spin
polarizer and analyzer for the conduction electrons in
the carbon nanotube channel. Mediated by exchange
interaction, the magnetic moment of each molecule
induces a localized spin-polarized dot in the carbon
nanotube quantum dot, which can be controlled by a
magnetic field (Figure 9b,c).

At large negative magnetic fields, both molecular
spins are oriented in parallel to each other and the
quantum dot is in a high conductance state. Upon
increasing the magnetic field (following the red trace in
Figure 9a), the molecular spin A is reversed by quan-
tum tunneling of magnetization close to zero field,

GANZHORN ET AL.
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Figure 7. TbPc, SMM. (a) Schematic representation of a
pyren-substituted TbPc, SMM. A Tb>* ion (pink) is sand-
wiched between two organic phthalocyanine (Pc) ligand
planes. The high anisotropy of the 4f shell in the Tb*>" ion
and the strong spin—orbit coupling results in a magnetic
ground state J = 6 with J, = +6. The SMM also yields a spin
S = 1/2 radical delocalized over the Pc planes, which can
hybridize with the 7-electrons of carbon nanotubes via 7—x
interaction. A pyrene arm and six hexyl groups further
enhance the grafting efficiency to carbon nanotubes.
(b) Zeeman diagram of the ground state doublet J, = +6.
A strong hyperfine interaction splits the ground state
doublet into the four nuclear spin states of the Tb>* ion.
The magnetization reversal of the TbPc, SMM can occur via
quantum tunneling of magnetization (QTM) at the four
avoided level crossings around zero field (highlighted by
the black circle) or via direct transition involving the emis-
sion of a phonon.
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Figure 8. Carbon nanotube NEMS functionnalized with
TbPc, SMM's. False color SEM image of a suspended carbon
nanotube with a local metallic backgate (blue) functiona-
lized with a TbPc; SMM (shown as a chemical structure
overlaid on the image).

resulting in an antiparallel spin orientation and a
current blockade in the quantum dot (Figure 9b).
By further increasing the field, the second spin B is
reversed by a direct transition, restoring a parallel spin
orientation and the high conductance regime in the
quantum dot (Figure 9c). After reversing the sweep
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Figure 9. Spin valve behavior in a supramolecular spintronic device based on a carbon nanotube quantum dot functionna-
lized with TbPc, SMMs. Figures from refs 18 and 19. (a) Butterfly hystersis loop at T=40 mK. (b) Antiparallel spin configuration.
The spin states are inversed in the dot A, and the energy mismatch between levels with identical spin results in a current
blockade. (c) Parallel spin configuration for both molecules A and B. Energy levels with the same spin are aligned, allowing

electron transport through the carbon nanotube.

direction, one obtains the characteristic butterfly hys-
teresis loop of a spin valve device with a magnetore-
sistance ratio (Gp — Gap)/Gap Up to 300%. A detailed
description of the mechanism can be found in refs 18
and 19. Each current switching event, or switching
field, can be attributed to the magnetization reversal
of a SMM, thus providing us with an electronic readout
scheme for a molecular spin.

Conservation of the Molecule's Magnetic Fingerprint. It was
previously demonstrated that the van der Waals inter-
action between the TbPc, Pc ligand planes and the
sidewall of the carbon nanotube leaves the magnetism
of the Tb*" ion intact.*'®'? It was also shown that the
magnetic anisotropy of the above-described spin valve
effect is in very good agreement with the uniaxial
anisotropy of the Tb>" spin and therefore provides a
magnetic fingerprint for the ToPc, SMM.'®"°

We observe this magnetic fingerprint on 100% of
the carbon nanotube devices after grafting, indicating
a highly efficient grafting process which conserves
the magnetic properties of Tb*>" ion as demonstrated
in previous works.*'®'® We performed upward (trace)
and downward (retrace) magnetic field sweeps at
different field orientations in the plane of the sample.
Figure 10 depicts the difference in conductance
between trace and retrace, that is, the magnetic hys-
teresis as a function of the in-plane magnetic field
angle for two TbPc; concentrations. At high TbPc, con-
centration of 5 x 107° mol/L, one observes at least
two easy axis of magnetization corresponding to two
TbPc, SMMs with different orientations (Figure 10a).
One can subsequently reduce the TbPc, concentration
until two molecules remain and then study the mag-
netization reversal attributed to one of those TbPc,
molecules (Figure 10b).

Conservation of the Carbon Nanotube's Mechanical Finger-
print. The mechanical motion of the carbon nano-
tube resonator is characterized as described above.
For a concentration of TbPc, of 10~ mol/L in solution,
we observe a mechanical resonance with a frequency
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Figure 10. Magnetic fingerprint for TbPc, SMM for concentra-
tions in solution of (a) 5 x 10 ® mol/L and (b) 5 x 10”7 mol/L.
The arrows depict to the easy axis of the respective molecule,
whereas the dashed lines indicate the corresponding switch-
ing fields. The white color code indicates a region of zero
magnetic hysteresis, whereas the blue or red color code
corresponds to a bistable region.

around 100 MHz (Figure 11a) and a quality factors on the
order of Q ~ 18 000 for low drive power Pge = —100 dBm
(Figure 11b). At larger driving power, Pge = —90 dBm, we
observe a characteristic Duffing nonlinearity in the
carbon nanotube NEMS (Figure 11c,d). Both the non-
linearity and the resonance frequency modulate with
the gate voltage (i.e,, the current or SET in the device).
The observed quality factor at low driving power
is at least an order of magnitude smaller than for the
ultraclean carbon nanotube NEMS described earlier

VOL.7 = NO.7 = 6225-6236 = 2013 ACSN\A

J

WL

N

Na

WWW.acsnano.org

6231



(a)

7.5
[
2
o
112,54 Yo -
o [l & B°®
RSPS9 Slois
= AR
Ui Ak :
< 112,0- i ‘té | 0.0%0
< i 20,050
: %-0,15
111,54 : L 025
44 43 42 41
v.(v)
b
®) 0,10 . : :
8
0,05F p_=-100dBm & §f=5kHz 1
. Lo, =800 nm ff a=1810°
[2]
2
o
4

112,10 112,15

f(MHz)

112,05

-0,10
112,00

112,20

() 75
0
e
&
¥ 5
112,5- : 5
| : B 0,50
‘m i “los0
= TR, ¥ 010 &
Z 11204 l - =
= | ’ l 0,10 ©
< . : B Q
\| : i-o,so
: 20,50
111,54 “ : 5
\ :
44 43 42 41
v,(v)
(d)
1,50 . . . . .
1,25} ]
P__=-90 dBm 8f=100 kHz
- RF -
. 1,00 Lgyr =800 nm
2 o075}
S o050}
0,25}
0,00k

11,7 11,8 11,9 1120 112,1 112,2 1123
f(MHz)

Figure 11. SET dependence of the resonance frequency and nonlinearity in a carbon nanotube NEMS functionalized with TbPc,
SMM's (device #2). Linear driving regime (Pgz = —100 dBm): (a) conductance G4 of the carbon nanotube NEMS as a function of
the gate voltage V (top panel) and change in conductance AG,q as function of the RF drive frequency f and the gate voltage V,
(bottom panel). (b) Change in conductance AG,q as a function RF drive frequency f at a gate voltage of V; = —4.18 V, as denoted
by the dashed green line in (a). The resonance line width 6f = 5 kHz leads to a quality factor of Q = 18 000. The lower resonance
frequency and quality factor indicate an additional mass load, consistent with the presence of several TbPc, SMMs on the
sidewall of the carbon nanotube. The solid green line is a Lorentzian fit of the resonance frequency. Nonlinear driving regime
(Pre =—90 dBm): (c) conductance G4 of the carbon nanotube NEMS as a function of the gate voltage V, (top panel) and change in
conductance AG,q as function of the applied RF frequency f and the gate voltage V, (bottom panel). (d) Change in conductance
AGgq as a function RF drive frequency f at a gate voltage of V, = —4.18 V, as denoted by the dashed green line in (c). The solid
green line is to guide the eye. All measurements are performed at a temperature of T = 20 mK.

(see Figure 5). The result indicates that the grafted
TbPc, molecules induce additional dampening to the
mechanical motion of the nanotube. Indeed a TbPc,
SMM grafted to the sidewall of a carbon nanotube can
be considered as two-level system (TLS) and induce
additional dissipation in the NEMS.2%3? The additional
TbPc, mass load also reduces the resonance frequency
and therefore also the quality factor.

Increasing the TbPc, concentration in solution by at
least an order of magnitude results in a higher density
of grafted TbPc, on the carbon nanotube. This con-
siderably increases the number of two-level systems as
well as the mass load and therefore the dissipation.
Indeed, no mechanical fingerprint of the carbon nano-
tube NEMS was detected for TbPc, concentrations in
solution higher than 10~7 mol/L.

We can conclude that grafting TbPc, single-
molecule magnets from low concentration TbPc; solu-
tion onto carbon nanotube NEMS conserves both the
magnetic properties of the TbPc, and the mechanical
properties of the resonator and is therefore a key

GANZHORN ET AL.

component for the fabrication of carbon nanotube-
based supramolecular spintronic device.

Magnetization Reversal Detection of a ThPc, by Nonlinear
Mechanical Motion. Finally, we study the magnetization
reversal of a TbPc, SMM grafted to a carbon nanotube
NEMS (device #2, introduced in the previous section)
via the nanotube's mechanical motion. For this purpose,
we perform magnetic field sweeps along the nano-
tube's axis from positive to negative values (downward,
Figure 12a,c) and back (upward, Figure 12b,d) at differ-
ent values of the applied RF frequency, f, while monitor-
ing the nanotube's conductance. The measurement
is performed in a linear and nonlinear driving regime
of the NEMS, at a gate voltage Vig = —4.1 V and a
temperature of T =20 mK.

In the linear driving regime of the NEMS (Pg = —95
dBm), we observe a significant modulation of the reso-
nance frequency by a magnetic field (Figure 12a,b) in
agreement with previous experiments.”®> We also ob-
serve a small hysteresis in the magnetoconductance,
which is consistent with the magnetization reversal of
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Figure 12. Magnetic field dependence of the resonance frequency in a carbon nanotube NEMS functionnalized with TbPc,
SMM's (device #2). Linear driving regime (Pgz = —95 dBm): (a,b) differential conductance in the carbon nanotube NEMS
as a function of the applied RF frequency f and the magnetic field component H, parallel to the carbon nanotube axis.
The magnetic field is swept (a) downward and then (b) upward with 100 mT/s, and the RF frequency fis incremented in steps
of 1 kHz. The black arrows indicate the position of the resonance frequency. Nonlinear driving regime (Pgr = —80 dBm):
(c,d) differential conductance in the carbon nanotube NEMS as a function of the applied RF frequency f and the magnetic
field component H, parallel to the carbon nanotube axis for (c) downward and (d) upward magnetic field sweeps. The yellow
arrow in (c) and (d) indicates a jump in the differential conductance associated with the magnetization reversal of a
single TbPc, SMM. The dashed lines represent the magnetic field modulation of the resonance frequency in the linear regime
(Pre = —95 dBm). All measurements are performed at a gate voltage V,; = —4.10 V and a temperature of T =20 mK.

paramagnetic centers in the carbon nanotube activated
by the large magnetic field sweep rate. An identical
magnetic hysteresis was recently reported in the mag-
netoconductance of graphene devices.>®

At higher driving power (Pgg = —80 dBm), we find a
change of the NEMS nonlinearity in a magnetic field H,
in agreement with the NEMS's frequency and non-
linearity response to SET induced by a magnetic field
presented in ref 28. In addition to the modulation of
the nonlinearity, we also observe abrupt jumps in the
nanotube's conductance around yoHy =0and —0.65T
for downward magnetic field sweeps (respectively
toHyx = 0 and +0.65 T for upward magnetic field
sweeps) and for RF frequencies between f= 112 MHz
and f = 112.075 MHz. The conductance jumps are
highlighted by the yellow arrows in Figure 12¢,d.

For better visibility, the values of magnetic field
corresponding to these conductance jumps, the
switching fields H,sw, are extracted for down- and
upward magnetic field sweeps and plotted as a func-
tion of the applied RF frequency f (Figure 13). The
conductance switching either occurs around poH, = 0
or around £0.65 T, with a hysteresis between up- and
downward magnetic field sweeps (Figure 13). The
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Figure 13. Magnetization reversal of a TbPc, SMM in device
#2 as a function of RF frequency. (a) Switching fields toH, sw
of the TbPc, SMM extracted from downward (blue open
squares) and upward (red open dots) magnetic field sweeps
in (c) and (d), respectively, as a function of the applied RF
frequency f. The measurements are performed in a non-
linear driving regime of the NEMS (Pgr = —80 dBm) at a
temperature of T=20 mK and a magnetic field sweep rate of
100 mT/s. (b) Mechanical resonance line shape at a driving
power of Pgr = —80 dBm and magnetic field of uoH, = 0.65T.
The solid green lines are a guide for the eye.
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Figure 14. Magnetization reversal of a TbPc, SMM in device
#2 at the nanotube's resonance frequency f, = 112.025 MHz
as a function of the transverse magnetic field. Switching
fields oHx,sw of the TbPc, SMM for downward (blue open
squares) and upward (red open dots) magnetic field sweeps
as a function of the transverse magnetic field yoH,. The
measurements are performed in a nonlinear driving regime
of the NEMS (Pge = —80 dBm) at a temperature of T=20 mK
and a magnetic field sweep rate of 100 mT/s.

hysteretic and stochastic behavior of the conductance
switching is characteristic for the magnetization rever-
sal of a TbPc, SMM.'®'® The switching events around
zero field in Figure 13 could therefore be attributed to
QTM events, whereas the switching events around
toHyx sw = £0.65 T correspond to a direct relaxation of
the TbPc, SMM. Finally, the magnetization reversal of
the TbPc, appears only in a strongly nonlinear driving
regime (Figure 12) and is restricted to the bistable
region at the resonance frequency (Figure 13).
Additionally, we study the switching fields H, sy at a
frequency f=112.025 MHz (depicted by the light blue
dashed line in Figure 13) as a function of a transverse
magnetic field component H, (Figure 14). For both
downward and upward magnetic field sweeps
(Figure 14), the switching fields strongly depend on
the transverse field H, and follow two parallel lines, as
depicted by the dashed and dotted lines in Figure 14.
The projection of these switching fields on an axis
perdendicular to the dashed (dotted) lines is constant,
which is also consistent with the uniaxial magnetic
anisotropy of a single TbPc, SMM. The dashed and
dotted lines in Figure 14 thus correspond to QTM
events and direct transition events, respectively. There-
fore, the conductance switching observed in Figure 13

EXPERIMENTAL SECTION

The suspended carbon nanotube NEMS are grown via an
ultraclean, bottom-up fabrication process.>>~2>3 For this pur-
pose, a 1 um wide metallic local gate is patterned by optical
deep ultraviolet (DUV) lithography and subsequent e-beam
evaporation of Mo (20 nm) on a degenerately p-doped silicon
wafer with a 300 nm thick layer of thermal SiO,. A layer of
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and Figure 14 can indeed be attributed to the magne-
tization reversal of a single TbPc, SMM.

These findings suggest that the nonlinear dynamics
in the carbon nanotube enable the detection of the
TbPc, magnetization reversal. Indeed, a bistable state
develops for the mechanical motion in the nonlinear
driving regime, and one observes an asymmetric re-
sonance line shape with hysteresis between upward
and downward frequency sweeps (red and black curve,
respectively, in Figure 3). In this bistable region, the
carbon nanotube NEMS is unstable and any perturba-
tion of the mechanical motion results in a transition
between the two metastable states. This mechanical
bistability can for instance be used to probe the
magnetization reversal of the SMM.

As the magnetization reversal occurs in the SMM,
the resulting change of torque induces a variation
of tension in the carbon nanotube according to the
mechanism described in ref 22. For a working point
in the bistable region (blue dot on the black curve
in Figure 3), the change of tension induced by the
SMM's magnetization reversal on the nanotube can
therefore trigger a switching from the upper to the
lower resonance branch, causing an abrupt change in
the nanotube's conductance (Figure 3). Such a detec-
tion mechanism is limited to the nonlinear driving
regime and to the bistable region at the resonance
frequency, which is supported by the experimental
evidence in Figure 13 and Figure 14.

CONCLUSION

In this article, we described a grafting process of a
tailored TbPc, SMM to a carbon nanotube NEMS, which
conserves both the mechanical properties of a carbon
nanotube NEMS (high quality factors, nonlinearities,
SET modulation, etc.) as well as the magnetic properties
of a TbPc, SMM (uniaxial magnetic anisotropy, QTM,
etc.). The noninvasive nature of the grafting process
subsequently allows for a study of the SMM's magne-
tization reversal via the influence on the nanotube's
mechanical oscillation. We found evidence that the
mechanical bistability of a carbon nanotube NEMS in a
nonlinear regime can be used to probe the magnetiza-
tion reversal of the TbPc,. Our results provide the first
experimental evidence for the detection of a single
spin by a mechanical degree of freedom on a molec-
ular level and the first implementation of a molecular
magnetometer based on a carbon nanotube NEMS.

100 nm of Al,Os is then deposited by atomic layer deposition.
Using optical DUV lithography and e-beam evaporation of Mo
(20 nm) and Pt (160 nm), source-drain electrodes are aligned
above the local gate. Suspended carbon nanotubes are finally
grown by CVD at 800 °C from a CH, feedstock and Fe/Mo
catalyst spots patterned on the source-drain electrodes next to
the junction.>2*
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In a second step, pyrene-substituted TbPc, SMMs are syn-
thesized in powder form as reported in ref 4. The TbPc, powder
was subsequently dissolved in a solution of dichloromethane
and then drop-casted onto the sample. The droplet is dried
in a supercritical point dryer to avoid the destruction of the
suspended carbon nanotubes through capillarity effects.?* We
performed depositions of ToPc, molecules on carbon nanotube
NEMS from solutions with TbPc, concentrations ranging from
1077 t0 5 x 107° mol/L.

The measurements are carried out in a *He/*He dilution
refrigerator with a base temperature of 20 mK. The NEMS
actuation and detection scheme used in our experiments®>2*
is similar to the one used by Steele and co-workers.>>?° The RF
actuation signal is injected into the gate electrode via a home-
built bias T. As the induced mechanical motion changes the
charge flow through the CNT quantum dot and vice versa, we
can detect the CNT resonance through a change in zero bias
conductance.® For magnetic field measurements, the refrig-
erator was equipped with two orthogonal field coils, generating
up to 1.4 and 0.5 T, respectively, in the plane of the sample, with
a maximum sweep rate of 250 mT/s. All measurements were
done under zero bias with a standard lock-in technique.?>?*
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