NANO 5

pubs.acs.org/NanoLett

Graphene Spintronic Devices with Molecular Nanomagnets

Andrea Candini,*"" Svetlana Klyatskaya, Mario Ruben,

Wolfgang Wernsdorfer," and Marco Affronte™*

Centro S3, Istituto Nanoscienze—CNR, via Campi 213/a, 41125 Modena, Italy

*Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-Leopoldshafen, Germany
SIPCMS CNRS— Université de Strasbourg, 67034 Strasbourg, France

Mnstitut Néel, CNRS et Université Joseph Fourier, BP 166, F-38042 Grenoble Cedex 9, France

J‘Dipartimento di Fisica, Universita di Modena e Reggio Emilia, via Campi 213/a, 41125 Modena, Italy

e Supporting Information

ABSTRACT: The possibility to graft nano-objects directly on its surface makes
graphene particularly appealing for device and sensing applications. Here we report
the design and the realization of a novel device made by a graphene nanoconstriction
decorated with TbPc, magnetic molecules (Pc = phthalocyananine), to electrically
detect the magnetization reversal of the molecules in proximity with graphene. A
magnetoconductivity signal as high as 20% is found for the spin reversal, revealing the
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uniaxial magnetic anisotropy of the TbPc, quantum magnets. These results depict the
behavior of multiple-field-effect nanotransistors with sensitivity at the single-molecule level.
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ingle-molecule magnets (SMMs) have been demonstrated to
Spossess well-defined quantum states and quantum behavior at
the single molecule level.' The presence of a high-spin state
exhibiting a magnetic anisotropy barrier leads to the observation
of quantum tunneling of the magnetization (QTM). Very recently,
observation of QTM by X-ray magnetic dichroism was reported
for monolayers of isolated Fe, SMMs on a Au(111) substrate.?
The crossing between two molecular levels can also be studied at
finite field and tuned in different crystallographic directions in the
laboratory.” While these issues have been intensively studied in
ensembles of identical molecules, the observation of the magnetiza-
tion reversal on one or very-few molecules has not been reported yet.

Going beyond magnetic effects, the control of magnetic
molecules as active units in a spintronic device was recently
proposed.* In particular, the class of molecular quantum magnets
offers the spin degree that can be used to control the charge
transport in conducting systems sp carbon substrates, such as
graphene6 or carbon nanotubes,” have been proven to act as an
integrating base for embedding nanoscale molecular properties
into device environments, due to their particular combination of
high 2D and 1D aspect ratios with unique conductivity proper-
ties, such as bipolar tunability of charge and high mobility. With
such approaches, tiny detectors, including magnetic flux carbon
nanotube (CNT) nanoSQUIDs, have been fabricated.® An
important feature of carbon-based nanostructured materials is
also the direct exposure of the actlve—conductmg—area to the
external world. Finally, in view of spintronic devices, sp” carbon
substrates are of particular 1nterest due to the expected long spin
coherence lifetimes and lengths.”

Herein we present the design, realization, and characterization
of a novel hybrid spintronic nanodevice (see Figure 1) made by
the integration of a graphene nanoconstriction, working in the
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Coulomb blockade regime, and terbium(III) bis(phthalocyanine)
SMMs (see Figure 1la,b). Low-temperature experiments show
evidence for the electrical detection of the magnetization reversal
of the TbPc, SMMs through the parallel (external magnetic field
applied in the graphene plane) magnetoconductivity.

Our pristine devices consist of a few nanometers wide graphene
nanoconstriction obtained by two steps of electron beam litho-
graphy (EBL) and oxygen plasma etching. Graphene flakes are
obtained by the standard mechanical exfoliation method on top of a
p-doped silicon wafer (used as the backgate) coated with 300 nm of
oxide. The effective number of layers is determined by optical
contrast and checked by micro-Raman spectroscopy (see also the
Supporting Information). EBL is used to deposit metal contacts
(Ti/Pt 10/100 nm) on the graphene sheets and to pattern the
device with the desired geometry. To remove unwanted regions of
graphene, we used 1 s of exposure of oxygen plasma at SO W.
The resulting devices are similar to the one presented in Figure 1d,
where a scanning electron microscopy (SEM) image is presented.
Electrical measurements are performed by using the lock-in tech-
nique with an applied ac voltage (<100 4V @ 33 Hz) in a dilution
fridge operated at a base temperature of 40 mK and equipped with a
3D vector magnet with sweeping rates as fast as 0.2 T/s.

The low-temperature zero-bias differential conductivity G is
shown in Figure 2a. The device has an insulating behavior for all
the accessible gate regions, except for few resonances, in agree-
ment with what was reported for similar systems.'””"* The
differential conductivity G plotted as a function of both backgate
voltage V},, and the source—drain bias Vgp (Figure 2b), exhibits
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Figure 1. (a) Schematic representation of the TbPc, single molecule magnet (SMM). (b, ¢) Schematic view of the device, showing in (b) the molecule
attached to graphene and in (c) the nanoconstriction contacted by source(S) and drain(D) electrodes. The magnetic moments of the TbPc, SMMs
(hexyl and pyrenyl groups here omitted for clarity) on top of the constriction add another degree of freedom to tune the conductivity of the device.
(d) False-color SEM image of the device presented in the text. SiO, substrate and etched graphene are colored in purple. Graphene conductive regions
are colored in green. Source and drain electrodes are indicated. Coordinate axis are indicated as referred in the text.

typical Coulomb diamond-like characteristics. The charge trans-
port in such a device can be modeled by one or a few quantum
dots in series'' '® in which electrons tunnel through discrete
levels, due to both the reduced size and the charging energy Ec of
the dot capacitance. As largely reported in literature for similar
systems,"' "7 the formation of a quantum dot is ascribed to the
presence of edge roughness, which creates a disordered potential
along the nanoconstriction in the presence of a confinement gap.
Under these conditions, the dot energy levels are spatially
localized in conductive islands inside the constriction, separated
by tunnel barriers made by disordered graphene. The height of
the Coulomb diamond, measured along the voltage bias axis,
provides a charging energy of Ec ~ 35 meV and thus the actual
size of the dot. According to the work by Ponomarenko et al,,'°
the dot size scales as d &~ 500 mV nm/E,, yielding ~15—20 nm
for our case, in agreement with the SEM picture shown in
Figure 1b. Recently, there was an important advance in the
fabrication and comprehension of graphene quantum dots: in
particular, the sensitivity of the conductivity G to variation in the
electrostatic environment'® and to the orbital and spin states of
conducting electrons has been reported."”

If a magnetic field is applied within the graphene sheet, finite
magnetoconductivity appears only for backgate voltage values
that drive the nanoconstriction to conductivity resonances. This
effect offers the opportunity to electrically tune the magneto-
conductivity or to decouple the magnetic system from the sensor
device, which would help to reduce decoherence in the system.

The pyrene-substituted terbium(III) bis(phthalocyanine)
single-molecule magnets (TbPc, hereafter, see Figure 1a)***'
are synthesized as reported before*® and are deposited from the
liquid phase. Concentrations in dichloromethane (dcm) less
than 10~ ° mol-L ™" have been employed to avoid agglomeration
of molecules. Immediately before molecule deposition, the
devices are thermal annealed under Ar flux at 300 °C to remove
residues from the lithography processes. On the basis of our
previous work®' and on the molecular geometry,” an averaged
SMM density of ~10 molecules can be estimated for the herein
presented graphene nanoconstriction. Combined Raman and
conductance studies at room temperature show that the electro-
nic properties of the graphene sheets remain intact after SMMs
deposition for such low concentrations.”" Also at low tempera-
tures and in zero applied magnetic field, the electrical features of
the nanoconstrictions are not altered by the deposition of
molecules. Recent studies have shown that unsubstituted TbPc,
molecules adsorb flat lying on a Cu(111) surface, with the
phthalocyanine planes parallel to the surface plane.”* Similar
results have been recently resported for TbPc, on Au(111),> on
Cu(100),>* and on HOPG.” However, due to the corrugation of
the graphene surface and the presence of ripples, the orientation
of the pyrene substituted TbPc, SMMs can statistically present
some misalignment leading to a finite tilt angle between the main
device plane and the Pc plane. Concerning the magnetic proper-
ties of TbPc,, due to the presence of the ligand field, the Tb(III)
ion possess a split ] = 6 ground multiplet with J, = &6 sublevels
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Figure 2. (a) Differential conductivity G vs backgate voltage Vi,,. The
conductivity is always below the limit of detection (G < 10~ S), apart
from few resonance. The same behavior is found along all the scanned
gate region, between —20 and +20 V. (b) Color scale plot of the
differential conductivity G vs backgate voltage V4, and source—drain
bias V4. The appearance of the characteristic Coulomb diamonds
indicates that the transport is in the Coulomb blockade regime. The
typical charging energy for the largest diamonds is E. ~ 35 meV.

well isolated from excited states (J, = %5 are more than 600 K
above the §round state doublet) and an uniaxial magnetic
anisotropy,”® which is oriented perpendicularly to the phthalo-
cyanine planes,” resulting in an overall high energy barrier.
An avoided level crossing between the J, = £6 sublevels is
found at zero field, while multiple level anticrossing occurs
between —0.05 and 0.05 T, due to the hyperfine interaction
with the I = 3/2 Tb nuclear spin, opening several possible tun-
neling resonances.”” Further transitions between the J, = 46
sublevels may occur at higher fields mediated by phonons (the
so-called direct relaxation process). The magnetization behavior
of TbPc, observed in bulk crystals presents therefore the
following fingerprints: (i) a strong Ising-type anisotropy; (ii)
molecules that reverse their spin around zero field via tunneling;
(iii) phonon-mediated direct transitions at higher fields. In
addition, the hysteresis loop depends on the field sweep rate,
as the probability that a molecule reverses its magnetization at a
certain level crossing is given by the Landau—Zener mecha-
nism:>® it is observed that the magnetization reversal starts at
more negative fields for the slower rates, and the hysteresis loop is
broadened around zero field for the fast rates. These characteristics
were recently observed also on TbPc, monolayers by XMCD
measurements,””*”*° although hysteresis may be quenched at
increased temperatures by the interaction with the surface* and
depends on duration/method of measurement.*>>°

The effects of the molecule grafting on our graphene devices
become visible when a magnetic field is applied, as shown in
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Figure 3. Zero-bias differential magnetoconductivity of the device
graphene plus TbPc, SMM obtained at a fixed backgate voltage (Vi
is fixed at a conducting resonance). The blue curve represents the
magnetoconductivity under increasing field (trace), while for the red
curve the field is decreasing (retrace). The observed hysteresis is given
by the magnetization reversal of the TbPc2 SMMs deposited on the
graphene constrictions.

Figure 3. We have characterized more than 20 hybrid devices in
the Coulomb blockade regime and only in a few of them
significant deviations from the empty devices were detected,
indicating that the efficiency of molecular grafting is rather low
at this concentration. In the following we focus on one device on
which we obtained a full series of results (see also the Support-
ing Information). The magnetoconductivity curve G(H), ob-
tained at a fixed backgate voltage Vi, for the field applied in the
plane of graphene, shows the opening of a hysteresis loop
(Figure 3). Starting from negative field, the conductivity has
initially the value Gy, then it displays a positive bump for small
negative magnetic field values, and it abruptly drops crossing
zero field to be finally restored at its initial value G, for
increasing positive fields. A symmetric behavior is observed
with the magnetic field swept in the opposite direction. The
curve shown in Figure 3 is obtained on a single run (one sweep
up followed by one sweep down) but the main features are well
reproducible. The abrupt change in G(H) crossing zero mag-
netic field as well as the restoring of initial value G, at
sufficiently high fields (>0.2 T in Figure 3) are repeatedly
observed upon multiple field sweeping.

The difference between the up-sweep (trace) and the down-
sweep (retrace) G(H) curves, indicated as 0G(H) hereafter, can
be used to characterize the hysteresis cycle. We notice that
OG(H) values can be as high as ~20% of the initial conductivity.
The hysteresis loop is reproducibly found (with the same sign)
along the conductivity resonances shown in Figure 2a, while it
vanishes as soon as Vy,q is tuned out of the resonance peaks (see
also the Supporting Information).

In Figure 4 the magnetoconductivity curves for different mag-
netic field sweep rates are depicted. The hysteresis loop and the
jump of G(H) close to zero field are always present but some
features of the G(H) curve depend on the sweeping rate: for the
fastest ones, the upturn in G(H) before crossing zero field appears
closer to zero field and the successive drop gets broader.

Finally, Figure 5 shows the hysteresis loop dependence on the
magnetic field orientation. Here dG(H) is plotted in color code
for all the field directions in the xy plane of graphene. The border
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Figure 4. Differential magnetoconductivity G obtained at fixed back-
gate voltage V;,, for different field sweep rates. For clarity, the curves
taken at 0.002 and 0.05 T/s are vertically shifted by +20 and —20 nS,
respectively. The hysteresis loops are weakly depending on the field
sweep rates and remain open for very slow rates. When the field is swept
very slowly, the jump of the conductivity is straighter and the hysteresis
can begin even before zero field. The behavior is agreement with what is
expected from magnetization measurements on crystal samples.
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Figure 5. Color plot of 0G(H) (difference between trace and retrace) for
all directions of the magnetic field in the plane of graphene. The border
between the red regions and the noncolored ones represents the fields at
which the hysteresis loop is closing. The behavior is typical for magnetic
systems with uniaxial anisotropy and the easy axis is indicated. Along the hard
direction (perpendicular to the easy axis) no hysteresis is observed as the
magnetic field is not high enough to reverse the magnetization of the system.

between the red and the noncolored regions represents the field
H_ at which the hysteresis loop closes (i.e, G(H) recovers the
initial Gy, value). We notice that H, strongly depends on the
orientation: it is minimum at an angle of ~15° with respect to the
y direction (see Figure 1d for the definition of the x and y axis),
while it constantly increases (considering the absolute value)
away from this direction. Around an angle of —15° with respect
to the x direction, no hysteresis is observed. This behavior is
typical for magnetic systems with uniaxial anisotropy.

The emergence of a hysteresis in the magnetoconductivity
indicates the presence of “external” magnetic moments coupled

with the graphene device, and it is a signature that the transport
can be effectively tuned by the deposition of the TbPc, SMMs.
To unambiguously fix this point, we first distinguish the present
case with the recently reported (by our group) observation of
hysteresis loops in the magnetoconductivity of pristine graphene
devices,>' associated to the magnetization reversal of magnetic
impurities or defects present in the graphene layer. When TbPc,
magnetic molecules are intentionally deposited on devices—this
work—the observed hysteresis loops present a number of
differences with respect to the case associated to magnetic
impurities. First, the hysteresis remains even for very slow rates;
second, the hysteresis loop is strongly anisotropic, with the
presence of a clear easy axis; finally, 0G(H) is not changing of
sign with the backgate voltage and we always observe a drop of
conductivity after crossing zero field. It is also important to note
that the intensity of 9G(H) is much higher in the present case,
being up to 20% of the initial conductivity, while for the case of
bare graphene devices 0 G(H) is around 5% for the highest sweep
rates.>’ We can therefore exclude that magnetic impurities
embedded in graphene are the origin of the hysteresis loop
shown in the present work.

Conversely, all the main characteristics of the TbPc, hysteresis
loops are found in the G(H) signal of our devices. The abrupt
change of G(H) around H = 0 can be associated to the fact that
the TbPc, molecules have high probability to reverse their
magnetization close to zero field (see below for a more detailed
description). Second, at slow sweep rates the TbPc, molecules
can reverse their magnetization even before zero field, and at
higher rates the transition around H = 0 becomes broader
(Figure 4), that is what is expected because of the Landau—Zener
effect.””*® The fingerprint of the uniaxial anisotropy of the TbPc,
molecule is also observed, as shown in Figure S. Here, the angle
15° with respect to the y direction indicates the direction of the
“easy axis” of the molecule, while —15° with respect to the x
direction is the “hard” one, where no hysteresis is found since the
field is not high enough to reverse the magnetization of the
system.

In the following, we get more insight into the functioning of
our device. In first instance, the TbPc, SMMs interact with the
graphene layer through a dipolar magnetic field. The Tb(III) ion,
located at about 4—5 A above the graphene sheet,”" produces a
stray field that can be evaluated, in a dipole approximation ¢oH ~
u/r’ (where u = gjuup], with ] = 6), to be about 0.2 T spread in an
area of about 1 nm”. Considering a random distribution of
molecules on the device, the resulting magnetic field profile is
highly inhomogeneous and can influence the tunneling of the
conducting electrons through the barriers between the charged
islands forming the graphene constriction.”> We may also con-
sider a charge redistribution in the molecules associated to the
magnetization reversal. In the Coulomb blockade regime, this
will induce a change in the conductivity of the graphene channel
because of capacitive coupling. The corresponding change in the
conductivity should depend on the applied gate voltage and
change of sign on the two sides of the Coulomb blockade peaks.
This effect seems less likely in our measurements, as we always
observe the same sign for the hysteresis (see also Supporting
Information). Even stronger coupling between the TbPc,
SMMs and graphene may play a role. DFT calculations show
that the interaction between pyrene and graphene (on SiO,) is
noncovalent and due to weak m—s and van der Waals
interactions.”' However, the corrugation of graphene or the
presence of defects may change this scenario and induce a
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finite orbital overlap between TbPc, and ripples or dangling
bonds in graphene. Another element worth consideration is
the presence of the organic S = 1/2 s-radical on the phtha-
locyaninato ring, which can get in close contact with the
graphene substrate. This radical ligand state has almost the
same energy as the filled, magnetically active Tb 4f states.*
Furthermore, similar transition metal—Pc systems adsorbed
on a graphite surface show a pinning of the lowest unoccupied
molecular orbital (LUMO) level close to the Fermi level.>®
These elements may therefore establish an exchange coupling
between the Tb(III) magnetic moment and the conducting
electrons of graphene.

Considering the conductivity of our device as tunneling
through discrete levels localized in the constriction, the above-
mentioned interactions make that the tunneling probability of
the electrons depends on the direction of the magnetic moment
J of the molecules in proximity of graphene. Indeed the J state of
Tb(III) may change either the energy level of available excited
state within the dot or the spin state of such levels. Keeping these
mechanisms in mind, we can now describe how the conductivity
G of the nanoconstriction (taking for instance the curve in
Figure 3 as a reference) becomes sensitive to the magnetization
reversal of the molecules. Initially, at high negative (positive)
fields, conductive channels are selected by the fully polarized
magnetic moments of the TbPc, molecules. As the external field
approaches zero, one or a few molecules reverse their spin, and
more channels become available resulting in a bump of the
conductivity. When H crosses zero, the majority of the molec-
ules flip the magnetization and a large drop in the conductivity is
observed. As not yet all the molecules are polarized in the
opposite direction, part of the available channels are excluded
and the conductivity reaches its minimum. For further increase of
the field, all the molecules finally reverse their magnetic moments,
becoming again fully polarized (in the opposite direction with
respect to the initial step) at H,. The forbidden channels become
accessible again, and the conductivity is restored to the initial
value Gg,. Thus within this model H, is given by the latest
molecule that reverses its magnetization, so the anisotropy plot of
Figure 5 represents the switching fields of an individual molecule.
As a consequence, the graphene nanoconstriction can also be
employed as a sensitive magnetometer with detection capabilities
down to the single-molecule level.

It is worth to point out that the scheme of hybrid nanodevices
presented here possesses two controls by independent external
fields: the backgate voltage V3, and the applied magnetic field
that operates independently on graphene and on the TbPc,
magnetic molecule, respectively. In principle, the realization of
devices with two independent gates opens the way to the design
of novel logic devices. Graphene nanocontrictions intrinsically
operate as field-effect transistors since on—off conductance
can be switched by the backgate voltage Vi, When Vi, is
biased to a resonance conductance, the hybrid nanodevice
behaves similarly to conventional spin valves®> >° as far as
steps can be induced in the conductivity by reversing the
external magnetic field. The scheme presented here, however,
makes no use of ferromagnetic electrodes and a molecular
magnetic gate is used instead, in line with what was proposed
by some recent theoretical works.>®*® As future perspectives,
further tunability can be obtained by employing different
molecular gates with different functionalities; in addition, this
scheme of device may be used to exploit the entanglement
between the SMMs and graphene.
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