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Introduction

Spintronic circuits, such as widely distributed Magnetic

Combined spin filtering actions in hybrid magnetic
junctions based on organic chains covalently
attached to graphenef
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Marie-Blandine Martin,® Théo Henner,1¢ Florian Godel, 2 ° Anke Sander,?
Sophie Collin,” Linsai Chen,? Stéphan Suffit,© Francois Mallet,® Philippe Lafarge,®
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We present a bias-controlled spin-filtering mechanism in spin-valves including a hybrid organic chain/
graphene interface. Wet growth conditions of oligomeric molecular chains would usually lead, during
standard CMOS-compatible fabrication processes, to the quenching of spintronics properties of metallic
spin sources due to oxidation. We demonstrate by X-ray photoelectron spectroscopy that the use of a
protective graphene layer fully preserves the metallic character of the ferromagnetic surface and thus its
capability to deliver spin polarized currents. We focus here on a small aromatic chain of controllable
lengths, formed by nitrobenzene monomers and derived from the commercial 4-nitrobenzene diazonium
tetrafluoroborate, covalently attached to the graphene passivated spin sources thanks to electroreduction.
A unique bias dependent switch of the spin signal is then observed in complete spin valve devices, from
minority to majority spin carriers filtering. First-principles calculations are used to highlight the key role
played by the spin-dependent hybridization of electronic states present at the different interfaces. Our
work is a first step towards the exploration of spin transport using different functional molecular chains. It
opens the perspective of atomic tailoring of magnetic junction devices towards spin and quantum trans-
port control, thanks to the flexibility of ambient electrochemical surface functionalization processes.

their atom-by-atom tunable physical properties. To date,
several works have successfully demonstrated spin transport
through these systems in hybrid spin-valve devices.'®'>™*

Random Access Memories,"”” have been developed for further
integration in CMOS (Complementary Metal Oxide Semi-con-
ductor) technologies® as well as for post-CMOS visions, such
as low-power spin-logic, stochastic and neuromorphic
computing.”” Progress along these directions requires opti-
mized material platforms not only to enhance device perform-
ances, but, at the same level of importance, also to bring un-
precedented functionalities.

Organic, uni-, bi- and tri-dimensional materials have been
heralded as promising venues®" for spintronics because of
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However only a limited number of organic compounds among
the virtually infinite library has been explored for applications
proving multifunctionality.’®'®'” Integrating very diverse
molecules into spintronics devices stable under ambient con-
ditions is indeed a difficult technological task. Chemical pro-
cesses such as electrochemical grafting®'? or self-assembly of
monolayers®*>*>  would in principle represent viable
approaches. However, the required wet conditions or the
exposure to air during device fabrications processes leads to
the oxidation of spin-source electrode materials, such as Ni,
Co, Fe and their alloys, thus quenching the spin polarization
properties and disrupting device performances. Fabrication
protocol has been then developed to circumvent this issue.>?
In this article, we propose an alternative approach to introduce
electrochemical grafting processes in spintronics devices. We
use a graphene layer to protect metallic electrodes against oxi-
dation and preserve thus their capabilities to deliver a spin-
polarized current. Nitrobenzene oligomers are then covalently
attached onto graphene via a direct C-C bond by electro-
chemical means demonstrating highly reproducible atomic

This journal is © The Royal Society of Chemistry 2022
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scale crafting of spintronics transport properties. In particular,
we realize and fully characterize Ni/graphene/nitrobenzene oli-
gomers/Co junctions. The measurements display a bias-con-
trolled sharp switch of the sign of the magnetoresistive signal.
This sharp switch is very specific to our new device and does
not resemble to any previously reported results in organic
spin-valves or magnetic tunnel junctions.>*** It is explained as
a combined action of the spin-dependent hybridization
between the various materials. Although we use a specific oli-
gomer chain, our technological approach can be applied to
electrochemically integrate many different families of mole-
cular compounds onto graphene-protected ferromagnetic elec-
trodes. It therefore offers countless possibilities for improving
device performances and for harnessing multifunctional
behaviors.

Results and discussion

Fabrication details of organic magnetic junctions based on
electrografting wet processes

In Fig. 1, the main steps of our technological process are suc-
cessively detailed. First, the Ni electrode is patterned on a
SiO,/Si wafer using laser lithography and electron beam evap-
oration. This allows to define Ni lines playing the role of ferro-
magnetic spin sources in the final structure. In usual magnetic
tunnel junction’s structures, the barrier material is sub-
sequently grown in situ under vacuum, preserving the metallic
surface spin states of the underlying magnetic electrode.'®*"
In our approach, the electrografting procedure of organic com-
pounds is a wet process performed in ambient conditions.*®?”
We thus need to protect the Ni surface against degradation.
We make use of a large scale CVD graphene passivation layer
which is known to be impermeable and thus prevent oxidation
of metals.*®>® The growth of the graphene layers is achieved by
transferring the sample in an adapted cold-wall growth reactor
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CVD system. The Ni lines exposed to C,H,, act as a catalyzer
for the growth of graphene (see Methods).>®?%*" This growth
process on Ni spin sources results in a continuous few-layer
graphene passivation film. Overall, this process leads to the
definition of Ni/Gr lines serving as compatible platforms for
electrografting. The next step is the chemical functionalization
of the Gr/Ni electrode based on the electroreduction of a diazo-
nium salt.**>* This process leads to a compact, thin and
stable organic film composed of organic chains covalently
grafted onto the Gr/Ni substrate.'® To demonstrate the prin-
ciple of our approach, we chose the prototypical 4-nitro-
benzene diazonium tetrafluoroborate molecule (NBD named
NB after electrografting) which is the simplest diazonium salt
commercially available. Different past studies report the use of
NBD as a benchmark to illustrate the grafting of diazonium
salts since the presence of nitrophenyl groups can be charac-
terized by electrochemistry and X-ray photoelectron spec-
troscopy (XPS).*>”*® Finally, the evaporation of the Co top elec-
trode can be performed following a standard e-beam evapor-
ation process.

The Fig. 2(a) displays the cyclic voltammetry (C-V) of Gr/Ni
electrodes in the presence of 4-nitrophenyl diazonium in
acetonitrile solution for five cycles. The recorded CV presents a
monoelectronic irreversible wave at potential E, = —0.3 V per
SCE. Following that, the first wave disappears and cannot be
recovered upon further cycles. The gradual decrease of the
current is related to the passivation of the electrode through
the grafting of NB radicals onto Gr/Ni surface. This behavior is
clearly attributed to the formation of NO,-phenyl (NB) film
over the Gr/Ni electrode as usually reported for graphene sur-
faces® or for standard metallic surfaces.”>*® Microscopically,
each monomer in its radical form is either covalently bonded
to the graphene surface locally modifying its hybridization
from sp” to sp® (ref. 32, 34, 38, 39, 41 and 42) or attached to
another monomer already grafted to the graphene surface and
thus forming oligomeric chains.**™*
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Fig. 1 Technological steps of the fabrication of a functional organic magnetic junction. A 200 nm-thick patterned Ni spin source electrode is de-
posited by sputtering over a standard Si/SiO, substrate. Exposure of C,H, allows the growth of a large-scale graphene layers on top of the Ni elec-
trode to protect it during further chemical processing. The electrografting procedure is then performed to grow amorphous oligomeric organic
chains of NB monomers on top of the graphene protected ferromagnetic electrode spin source. Final device integration is carried out to define a
magnetic junction where the Gr/NB heterostructure is contacted by two ferromagnetic electrodes (20 nm of Co is chosen as a top electrode).
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Fig. 2 Electrografting of the molecular chains and preservation of the Ni metallic surface. (a) Cyclic voltammetry of five cycles of Ni/Gr electrodes
in a 5 mM NBD solution. Scan rate 100 mV s™. The chains length can be controlled in a cycle-by-cycle manner allowing tuning the organic barrier
thickness in the final structure.?® Inset: schematics of the growth of the NB chains. Each cycle will generate new radical moieties in the solution. (b)
XPS Ni 2p spectrum of Gr/Ni electrodes after the growth of the NB molecular chains. This XPS study confirms the preserved metallic nature of the Ni
surface even after electrografting due to the protective nature of the impermeable graphene layer.

This process leads to the coverage of the Gr/Ni electrode by
a dense and amorphous film of NB chains as widely described
in earlier review.'® Previous studies demonstrates that this type
of organic layers is very compact (i.e. strongly limiting atomic
diffusion) and thus compatible with solid state electronic
devices.*******% Moreover, the number of cycles or the poten-
tial window allow to finely tune the thickness of the deposited
organic film as determined by AFM or XPS
measurements.”’®*>>° Here we focus on a device with an ultra-
thin NB layers (~1.3 nm) corresponding to 2 cycles of electro-
grafting) to keep the transport process across the organic NB
film in the tunneling regime.>®*®

The main difficulty for implementing surface chemistry of
ferromagnetic electrodes for spintronics based on ambient
and wet chemistry remains the inescapable degradation of the
metallic spin source surface due to the high reactivity of tran-
sition metals like Co, Ni or Fe and alloys. Indeed, oxidation
occurs at the surface and it is widely known to quench the
emerging spin polarization.”* Few technological solutions were
investigated such as the use of oxide materials as
electrodes,®>* surface pre-cleaning with an appropriate acid*
or a parallel growth/surface reduction by electrochemistry.”>>*
Graphene protection was also shown to allow preserving a
metallic interface in ambient conditions as demonstrated
earlier.”® We investigate here the chemical state of the Ni
surface by XPS to assess the pertinence of the proposed gra-
phene passivation after electrografting. As shown in Fig. 2(b),
we measure the 2p state of the Ni surface after the grafting
process. Strikingly, the XPS study confirm that the Ni surface
metallicity is preserved thanks to the graphene protection
layer.

Magnetoresistive response of a Ni/graphene/NB/Co magnetic
junction

In the following, we present the impact of the integration of
the developed stack into a complete spintronic device. Here we

12694 | Nanoscale, 2022, 14,12692-12702

focus on the 2-cycles NB film, corresponding to an organic
layer thickness of ~1.3 nm to emphasize the effect. As shown
on Fig. 1 (SEM image), micrometric Ni/Gr/NB/Co magnetic
junction of 5 x 5 pm® is fabricated using laser lithography.
Here Co (capped by Au) is used as spin analyzer. Fig. 3 shows
the typical current-voltage (I-V) characteristics measured at
low temperature (7 = 2 K). A non-linear behavior with a high
(~100 MQ) zero-bias electrical resistance was observed. The
inset shows the calculated differential conductance which has
a parabolic trend. All these signatures are typical of tunneling
transport between the two ferromagnetic contacts and are in
agreement with previous transport experiments performed on
the same molecular chains.*® This demonstrates that the pro-
posed approach indeed allows us to probe transport properties
across the organic film. We note that we observe a small rectifi-
cation (I = +623pA for V = +300 mV and I = —651 pA for V =
—300 mV) similar to that found at multilayer graphene/oligo-
mer chain/Au junctions®® and attributed to the molecule-gra-
phene covalent contact.>

The use of spin polarizer and analyzer electrodes in our
configuration indeed allows to further probe the spin transport
properties across the graphene/NB film. Strikingly, as shown
in Fig. 4(a), we measure a magnetoresistive (MR) signal MR =
—4% at 2 K, defined as:

:RAP_RP :IP_IAP
Rp

MR

(1)

Ipp

where Rap (Iup) and Rp (Ip) are the junction’s resistance
(current) measured in the antiparallel and parallel configur-
ations of the magnetizations respectively. In the experiments,
the magnetic field is applied along the Ni electrodes as shown
in Fig. 1 which correspond to their magnetization’s easy axis
as defined during magnetron sputtering deposition: this
allows the sharp parallel to antiparallel configurations
switches, later observed in MR curves. The magnetizations of
both the Ni and Co ferromagnetic electrodes are in-plane as

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr01917e

Open Access Article. Published on 22 August 2022. Downloaded on 3/5/2026 10:06:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Paper
H=0T
600p - +_ 5k
400p | -
< 200p 1
)
s 0
ol Applied bias voltage (V)
5 on -0.2 0.0 02
O -200p - wlf N
400p DAY 7.
§ 3n f
-600p © f .
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Applied bias voltage (V)

Fig. 3 Charge transport characteristics. /-V and dl/dV (inset) of a junction measured across a Ni/Gr/NB (1.3 nm)/Co junction at 2 K revealing high
electrical resistance and non-linear tunneling characteristics. A schematic of the measurement configuration is shown on the left.
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Fig. 4 Magnetoresistive signal and its bias voltage dependence. Magnetoresistance of a NB-based organic magnetic junction. (a) A typical negative
MR signal as measured at V = +15 mV (T = 2 K). The pink data points and the black data points represent opposite sweep in magnetic field. (b) The
MR signal becomes positive at larger bias voltages as measured at V = +30 mV. (c) The overall spin signal amplitude measured as a function of the
applied bias revealing a switch in sign of the spin filtering efficiency across the device.

expected for the given thicknesses, and also already reported
in previous publications for similar systems with comparable
magnetic electrodes.”®>® Control devices with only one ferro-
magnetic electrode made of Au/NB (1.3 nm)/Co were also

This journal is © The Royal Society of Chemistry 2022

characterized to verify the absence of any spurious MR effects
non-related to spin transport (see Fig. S17). Also, the observed
change of resistance (AR ~MQ) is way above any possible an-
isotropic magnetoresistance effect.
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This demonstrates effective spin transport through the NB-
based magnetic junction. Note that the sign of the measured
MR (for V= +15 mV) for the low-bias measurements is negative
as already reported in Ni/Gr/Al,05/Co magnetic tunnel junc-
tions with AL,O;/Co as spin analyzer.”® Here the extracted
emerging spin polarization of the top electrode is defined by
the Co/NB hybrid interface and is hence potentially expected
to depart from the traditional Al,0;/Co spin analyzer due to
hybridization effects."*>*”

We thus further characterize the spin transport across our
organic heterostructure by measuring the MR response at
different bias voltages. Surprisingly, in Fig. 4(b) a full reversal
of the spin signal at higher voltage V = +30 mV can be
observed. This already shows that the studied system is provid-
ing a lever for the manipulation of the sign of the interfacial
spin polarizations. In Fig. 4(c) we present a more systematic
study of the spin signal amplitude and sign as a function of
the applied bias voltage. It appears that two different spin
transport regimes are available in the hybrid organic junction.
At low bias voltages (+25 mV > V > —25 mV), the junction
mimics Ni/Gr/Al,05/Co junctions,®® with a negative MR.
However, at higher bias voltages, we observe an abrupt sign
change of the MR signal and we thus deduce that, following
the Julliére’s formula,*® one interface has changed its sign in
terms of spin polarization. This reversal is observed for both
positive and negative bias voltages. This effect is reminiscent
of the expected modulation of the spin property due to hybrid-
ization at organic/ferromagnetic metal interfaces'” dubbed
“spinterfaces”.”*®® We reveal here an unprecedented extremely
sharp control of the sign of the tunneling spin polarization
thanks to bias voltage.

Electronic structure of a Ni/Gr/NB/Co junction

To understand spin-filtering across the Ni/Gr/NB/Co junction,
we start by carrying out first-principles calculations based on
Density Functional Theory (DFT). The simulated device is
shown in Fig. 5(a). The molecule is an oligomeric chain com-

(a)
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posed of three NB units. Three units correspond to a theore-
tical length of 1.4 nm, which is comparable to the experi-
mental system. The Gr/Ni and the Co electrode are respectively
referred to as the bottom and top electrode. The Gr/Ni separ-
ation is set equal to the physisorption distance (dwi/graphene =
3.3 A)®! as there is experimental evidence that the CVD gra-
phene passivation layer realized with our approach is physi-
sorbed.®® Additional details about the system set-up are given
in the Methods section.

The junction density of states (DOS) projected over the
different material components is presented in Fig. 5(b) for the
parallel and antiparallel configurations. We set Ni to have a
fixed magnetization, while we switch the direction of Co. Spin-
up and spin-down electrons coincide with the Ni majority and
minority electrons. A finite spin polarization is induced on gra-
phene via proximity with the Ni 3d orbitals as previously
reported.®>"%*

Looking in detail at the oligomer chain, we find that, the
lowest unoccupied molecular orbital (LUMO) is almost entirely
localized on the N and O atoms of the top NB unit, which is in
direct contact with the Co electrode. As shown in a previous
study,*” a strong interaction is present between the metallic
top electrode and the NB film due to the presence of reactive
moieties such as NO, in the organic film. Thus, the molecule
is chemisorbed via the top NO, group onto the Co electrode.
Its DOS (black line in Fig. 5(b)) is broadened in energy into a
resonance and, moreover, is spin-split owing to the hybridiz-
ation with the Co d orbitals. A similar result was found in a
previous review addressing molecules hybridized with Ni sur-
faces."’ The LUMO resonance for one spin channel is low in
energy and the tail of its DOS crosses the Fermi energy Er,
whereas the LUMO for the other spin channel remains higher
in energy separated by about 0.3 eV. As a result, the LUMO acts
effectively as a metallic spin-filter (i.e. transmitter) state at
Ep."® Notably, the LUMO spin-polarization at Ey is opposite
with respect to that of the Co electrode. We can therefore con-
sider the NO, group together with Co as a new effective elec-

graphene

T T T T T T 3 T T T T T T I T I
—NO, parallel ¥ antiparallel
— Co - 2 N
—Ni i

-0.2

E-E,(eV)

|
? -0.2 0 0.2

0 0.2 K
E-E, (eV)

Fig. 5 Theoretical investigation of the interfacial electronic properties. (a) Structure of the hybrid junction used in the calculations. Blue atoms: Ni,
yellow atoms: C, light blue atoms: H, red atoms: O, grey atoms: N, orange atoms: Co. (b) DOS projected over a Ni atom (blue line); the molecule
topmost NO, group (black line), where the LUMO is localized; the Co atom covalently attached to the molecule (red line); the graphene layer (green
line). States with a “positive” DOS correspond to the spin-up states whereas the states with a “negative” DOS correspond to a spin down states.
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trode,"® which can reverse the spin-filter properties of the bare
electrode like for the well-known LSMO/Alq;,"* Co/CoPc,®® Fe/
MnPc® and Fe/H,Pc®” systems. This feature determines the
negative MR at zero bias and also plays an important role at
finite bias as discussed in the following.

Combined action of spin-filtering mechanisms

The magnetoresistive response of the system to a finite bias
voltage V is simulated by means of the non-equilibrium
Green’s function (NEGF).**”* The current for the parallel (anti-
parallel) configuration is obtained from the energy (E)- and
V-dependent transmission coefficient, Tp(ap)(E, V), as:*>*°

e

Ipap) 7 J Tp(ap) (B, V)If(E — pp) —f(E — pu)|dE (2)
where e is the electron charge, % is the Planck’s constant, uy, =
Ep + eV/2 (u, = Ep — eV/2) is the chemical potential of the
bottom (top) electrode, and f(E) is the Fermi function. The MR
is then obtained from the P and AP currents using eqn (1). The
voltage V is defined in the same way as in experiment so that
electrons flow from the top to the bottom electrode for a posi-
tive bias (see Fig. 3). We note that, in practice, the integrand in
eqn (2) is significantly different from zero only in an energy
region extending from approximately Er — eV/2 to Er + eV/2
and called “bias window”. Thus, the relative magnitude of the
P and AP currents can simply be estimated from the area
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under the functions Tp(E, V) and Tap(E, V) inside such bias
window. The MR will be positive when that area is larger for
the P than for the AP configuration. Conversely, the MR will be
negative. This analysis is displayed for the in Fig. 6 at three
different bias voltages and will be used extensively in the
following.

The current Ip calculated with eqn (2) is about 100 pA and
400 pA respectively at +0.1 V and +0.2 V in good agreement
with the measurements in Fig. 3 thus indicating our structure
for the molecular junction is a reliable model representation
of the device. The corresponding MR as a function of V is then
shown in Fig. 7. It is positive near zero bias, whereas it
changes sign at both positive and negative bias voltages as
qualitatively observed in the experiments. This is a remarkable
finding, which suggests that the switching of the MR sign is a
characteristic and robust feature of our devices.

To interpret the results in terms of the underlaying physical
effects, we need to relate Tp(sp)(E, V) to the electronic structure.
Here, we use a general argument and, neglecting quantum
interference and symmetry-related effects, we assume that the
transmission coefficient is proportional to the system DOS.
Effectively, this means that, if the DOS of all stacked materials
in a device is large at a certain energy, electrons will be trans-
mitted at that energy. In contrast, the transmission will be
reduced in the case that some of the materials have a low DOS
as electrons will be blocked by the lack of available conducting

Anti-Parallel

Bias=-0.45V

Bias=0V

Bias= 0.5V

Fig. 6 Spin dependent transmission of the system for different applied bias voltages. Left: transmission coefficient for the parallel (P, black line) and
the antiparallel (AP, green line) configurations at —0.45 V (a), 0.0 V (b) and 0.5 V (c). The vertical red dashed lines delimit the bias window eV. Right:
cartoon illustrating the bias-induced shift of the DOS for the parallel (left) and antiparallel (right) configurations of the electrodes’ magnetizations.
The LUMO DOS is colored in cyan, the Ni 3d DOS in grey and the Gr DOS in green. The calculated DOS are presented in the Supp. Info.
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Fig. 7 Calculated MR spin signal. The result is in qualitative agreement
with the bias voltage dependent switching of the spin filtering sign
observed in experimental junctions as shown in Fig. 4(c).

states. Within this picture, it is important to consider that the
DOS of a molecular junction under a finite bias voltage does
not remain the same as at zero-bias. Assuming a linear poten-
tial drop between the electrodes, the DOS of the bottom (top)
electrode of a molecular device is rigidly shifted in energy of -
(+)V/2. Effectively, the bias voltage alters the energy level align-
ment between the various materials of a device and, therefore,
the transmission [note that, accordingly, we indicated the
transmission coefficient as V-dependent in eqn (2)].
Furthermore, in the case of a device with ferromagnetic elec-
trodes, the bias voltage affects the positions in energy of the
majority and minority bands of one electrode with respect to
the positions of the molecular orbitals and the positions of the
majority and minority bands of the other electrode. In general,
this effect can result in a change of the MR magnitude. In our
specific Ni/Gr/NB/Co junction, it becomes large enough to
reverse the MR sign at certain voltages. The mechanism is ana-
lyzed in detail in the following in terms of the DOS. We will
compare zero bias, negative bias, and positive bias calcu-
lations, and we will highlight the distinct spin-dependent be-
havior of the three cases. The transmission coefficients are pre-
sented in Fig. 6 along with the schematic representation of the
corresponding DOS.

Zero-bias. The DOS projected over the different materials of
the Ni/Gr/NB/Co junction was analyzed in the previous section
(Fig. 5), where we pointed out that the LUMO of the NB unit
hybridized with Co acted effectively as a new electrode, called
NB LUMO/Co, and as a metallic spin-filter state at Er. In the
device in the parallel magnetic configuration, it filters (i.e.,
transmits) spin-up electrons, but there are no available con-
ducting spin up states at Er in the bottom electrode. On the
other hand, in the antiparallel magnetic configuration, the
LUMO filters spin-down electrons, which can be transmitted
into the Ni/Gr electrode as its spin down DOS is large at Er. As
a result, we find that T)p(Er, V = 0) is larger than Tp(Eg, V = 0),
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and therefore, the MR ratio near zero-bias is negative like in
experiment. In our specific idealized junction, the estimate of
the MR ratio is almost —40%, highlighting the strong potential
that can be expected from such systems. Although, our results
quantitatively depend on several factors, such as the contact
geometry and the energy position of the LUMO with respect to
Er, which are difficult to estimate with great accuracy, we stress
that the behavior of the LUMO as spin-filter is a solid feature
of the system and it fully accounts for the spin-dependent
transport properties near zero-bias.

Negative bias voltage. The DOS of the device is drastically
modified by the applied bias voltage compared to the zero-bias
case as displayed in the schematic representation of Fig. 6(a)
(the calculated DOS is presented in Fig. S31). The Ni/Gr DOS
moves towards higher energies by about |V|/2, whereas the
effective NB LUMO/Co electrode moves towards lower energies
by about -|V|/2. In the junction parallel magnetic configur-
ation, the spin up and spin down LUMO resonances overlap in
energy respectively with the majority and minority Ni/Gr DOS
inside the bias window for large enough applied bias voltages.
Both spin up and spin down electrons are therefore trans-
mitted from Ni/Gr through the molecule and to the Co. In con-
trast, in the antiparallel magnetic configuration, the overlap of
the spin up NB LUMO DOS with the Ni/Gr spin up DOS is
quite small, and, therefore, spin up electrons are not trans-
mitted. Only spin down electrons are transmitted. As a result,
the area under the total transmission curve inside the bias
window is larger in the parallel than in the antiparallel con-
figuration, and the MR is positive.

Positive bias voltage. The NB LUMO moves towards higher
energies by about |V|/2 with respect to the zero-bias case. It
leaves the bias window becoming irrelevant for transport in
one spin channel, while it remains partly inside the bias
window in the opposite spin-channel as sketched in Fig. 6(c).
As a consequence, in the parallel (antiparallel) magnetic con-
figuration, the effective top NB LUMO/Co electrode filters spin
up (down) electrons, or in other words, electrons coming from
the top electrode acquire a positive (negative) spin polariz-
ation. On the other hand, at the bottom electrode, the Ni/Gr
DOS moves down in energy by about —|V|/2 with respect to the
zero-bias case. For a large enough voltage, the 3d Ni states exit
the bias window, whereas the Gr conduction band enters. This
Gr conduction band has a positive spin polarization inside the
bias window owing to the hybridization with Ni (see Fig. S27).
Therefore, the spin polarization of the bottom electrode has
the same (opposite) sign as (with respect to) the spin polariz-
ation of the effective top electrode in the parallel (antiparallel)
configuration. Electron flow is (dis-) favored in the (anti-) paral-
lel configuration, and the MR is positive.

While the proposed model explains qualitatively the bias
voltage-induced modulation of the spin transport properties,
as previously discussed in the molecular electronics field,”*”?
achieving a quantitative agreement (such as with the asymme-
try, the magnitude of the zero-bias MR and of the switching
bias) is more complex as was even shown in the simplest
single molecule case.”>”*

This journal is © The Royal Society of Chemistry 2022
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Conclusions

Our work demonstrates that electrografted organic films can
be successfully integrated in spintronic devices by introducing
a graphene passivation layer by CVD serving as a platform for
electrografting of organic molecules. We illustrated this possi-
bility focusing on reference organic NB oligomeric chains. Our
approach led to the observation of a MR signal attributed to
spin transport confirming that spin sources are indeed not
quenched during our new fabrication approach. Furthermore,
we showed that the spin signal could be switched in sign via
the bias voltage tuning the tunneling of majority and minority
spin carriers across the device. The complementary experi-
mental findings which demonstrate that the origin of the MR
is a result from the molecular structure are:

« the absence of sign change in the MR effect in devices
made of Ni/graphene/Al,0;/Co*® and in Ni/graphene/Co,*>

« the absence of any MR effects in Au (50 nm)/NB
(1.3 nm)/Co (15 nm) junctions (see Fig. S17).

This filtering effect translates into a new functionality
specific to our device set-up and which has not been reported
in other spintronic devices. Supported by first-principles calcu-
lations, we proposed a microscopic mechanism, and we uncov-
ered the combined role of the molecule/ferromagnetic metal
and of the graphene/ferromagnetic metal interfaces for spin-
filtering. Although our measurements were carried out at low
temperatures, a further improvement of the fabrication tech-
nique and the selection of different organic chains aided by
first-principles theoretical predictions might boost the device
performance toward higher temperatures in future experi-
ments by searching, for instance, for stronger spin filtering
effects and level energetics compatible with room temperature
experiments. Furthermore, spintronic properties could be
combined with other previously reported effects such as
rectification®*® and enhanced Seebeck effect’® characteristic
of the molecule-graphene covalent contact thus exploring truly
multifunctional behaviors. Our work is an early step, but it
opens the perspective for chemical tailoring using electro-
chemistry methods towards the realization of the next gene-
ration of molecular spintronic devices.

Methods

Hybrid spin-valves fabrication. Bottom Ni electrodes are fab-
ricated by e-beam lithography using UVIII resist on a
Si0,(90 nm)/Si substrate and subsequent sputtering of Ni and
lift-off. After the graphene passivation layer integration by CVD
and the electrochemistry step, micro-junctions are defined in a
second e-beam step. 5 pm x 5 pm windows were opened in
UVIII resist on top of grafted Ni/Gr.>® The top electrode (Co
(15 nm)/Au (50 nm)) is finally deposited by evaporation at a
rate of 0.05 nm s™* and at a pressure of 10”7 mBar. This overall
defines a full hybrid spin-valve encompassing the graphene/
NB spacer.

Graphene passivation layer integration. The graphene passi-
vation layer is grown in a cold-wall CVD system.?®?%*! The Ni
stripes are first heated to 600 °C (at 300 °C min™') in a H,
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atmosphere (100 Pa) and annealed for 15 min. They are then
exposed to 1 Pa C,H, for another 15 min. Finally, they are
cooled down in vacuum at 100 °C min~". This growth results
in a few-layer graphene coating.>**%>"

Electrochemistry step for molecular chain grafting. All
electrochemical experiments were carried out with a conven-
tional three-electrode cell with a classical potentiostat (@CH
Instruments). The potential was measured with a saturated
calomel electrode (SCE) and a counter-electrode (stainless steel
grid). Working electrodes were glassy carbon from CH
Instrument or Ni/Gr provided by CVD process. The electrolyte
(tetra-butyl ammonium tetrafluoroborate, Bu,NBF,) and the
diazonium salt, 4-nitrophenyldiazonium tetrafluoroborate,
were purchased from Sigma Aldrich and used as received. All
solutions were freshly prepared in distilled acetonitrile (ACN).
A NBD (0.5 mM) solution with 0.1 M supporting electrolyte
was prepared and degassed for at least 5 min to remove
oxygen, and reduction was carried out by successive potential
sweeps at a scan rate of 100 mV s~*, leading to oligomer films,
with thicknesses from 2 to 10 nm, grafted onto various electro-
des. The modified electrodes were removed from the solution,
rinsed with ACN to remove weakly adsorbed molecules.

Magneto-transport measurement setup. The measurement
setup is a standard DC current-voltage characterization in
which the measured current is amplified by a low-noise I-V
converter. The results presented were obtained in an Oxford
Instruments SM 4000-8 cryostat (T = 1.5 K, P ~10™° mbar).

Interfacial chemical analysis by XPS. XPS spectra are
acquired using an Omicron NanoTechnology GmbH system
with a base pressure of 5 x 107*° mbar, and using a Mg Ka
source (hv = 1253.6 eV) operating at 20 mA and 15 kV. Spectral
analysis is carried out with the CasaXPS software
(CasaSoftware Ltd). The XPS measurements are performed ex
situ and show the preservation of the metallic nature of Ni
after graphene growth and electrochemistry steps.

Structure and optimization of model device. We consider a
supercell containing three layers of Ni and Co. Gr is adsorbed
on Ni in the so-called “atop site/hcp site”® as there is experi-
mental evidence that this is the most likely configuration in
our experiments.®” A single NB molecule is chemisorbed on Gr
forming a sp® bond at the adsorption site. This is
accompanied by a dangling bond at the nearest neighbor site.
However, experiments indicate the formation of a very dense
film. Dangling bonds are likely saturated by other molecules
due to their high reactivity.”® To remove the dangling bond in
our calculations we add an H atom. As discussed in detail in a
previous works,* there is no difference in the computed inter-
face electronic structure whether the dangling bond is passi-
vated by another molecule or by H. The Gr/Ni separation is set
according to the literature equal to the physisorption distance
dni/graphene = 3.3 A calculated with the Random Phase
Approximation in ref. 61. For the top electrode we assume Co
to have fcc structure like Ni and the electrode to terminate with
a flat (111) surface. We note that using, for instance, a tip-like
electrode would affect quantitatively, but not qualitatively the
results and the phenomenology presented in our work.
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The interface atomic structures are optimized using the
Fritz Haber Institute ab initio molecular simulations (FHI-
aims) DFT all-electron code.”” The standard numerical atom-
centered orbitals basis sets “tier 1” and “tier 2” are considered
for Ni and H, C, N and O respectively. We use the Perdew-
Burke-Ernzerhof generalized gradient approximation”® for the
exchange-correlation functional as it accurately describes both
the molecule/Gr and the molecule/Co covalent chemical bonds
between. For the structural optimizations, we fix the bottom Ni
and top Co layer and let the other atoms relax until force are
smaller than 0.01 eV per Ang. Furthermore, we constrain the
Gr-Ni separation as DFT with PBE does not account for physi-
sorption in Gr/Ni. All other atoms are relaxed to forces below
0.01 eV A™'. A 4 x 8 k-point mesh was used, and all calcu-
lations are spin-polarized.

Quantum transport calculations. Electron transport calcu-
lations are carried out with the Smeagol code,*® which com-
bines the NEGF method with DFT as implemented in the
Siesta package.”® The junction is effectively infinite along the z
transport direction with the top and bottom electrode
described by means of embedding self-energies,®® while a rec-
tangular 4 x 2 supercell was considered in the xy plane. We
use a double-{ plus polarization basis set for all atoms. We
treat core electrons with norm-conserving Troullier-Martin
pseudopotentials, and we use the local spin density approxi-
mation (LSDA) for the exchange-correlation functional.* The
real-space mesh was set by an equivalent energy cutoff of 400
Ry. We find that the density matrix is converged for 4 x 8
k-points. The transmission is then calculated for a given con-
verged charge density with a finer 48 x 96 k-point mesh to
better resolve the energy-region near the Gr Dirac cone. At the
low bias voltages considered here the molecule conducts in
the tunneling regime and does not change its charging state.
We therefore perform the finite bias out-of-equilibrium calcu-
lations for the evaluation of the current non-self-consistently
adding a potential ramp between the Co top electrode and Ni/
Gr bottom electrode to the equilibrium potential.>”

DFT within the LSDA generally places unoccupied states too
low in energy. The calculated conductance and current then
show a too sharp increase already at voltages as small as 0.1 V as
electrons are predicted to tunnel not just through the LUMO, but
also through the LUMO+1 and LUMO+2. The LUMO+1 and the
LUMO+2 are localized on the central and bottom unit of the
molecular chain and they are not hybridized with the Co top elec-
trode. We therefore add a scissor operator correction for these
states to evaluate the transmission.*®* A correction larger than
0.4 eV is enough to push unoccupied molecular orbitals other
than the LUMO outside the considered bias windows thus reco-
vering a much better agreement with experiments. Similarly, we
also apply a small rigid shift to the DOS of the Ni/Gr bottom elec-
trode. Our calculations predict that the Gr Dirac code is in energy
at about 0.25 eV below the Fermi level. Consequently, the con-
ductance minimum is not at 0 V in disagreement with experi-
ments. We find that the conductance minimum shifts towards 0
V when the Dirac cone is positioned at 0.1 eV below the Fermi
level.
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