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ABSTRACT: We report on large spin-filtering effects in

epitaxial graphene-based spin valves, strongly enhanced in our SN B JRE
specific multilayer case. Our results were obtained by the 5 a5l 0 |2
effective association of chemical vapor deposited (CVD) & Peil 1] 2°
multilayer graphene with a high quality epitaxial Ni(111) 5 ™14 N\ i[5 V G
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source electrode crystallinity and metallic state are preserved Ve T
and stabilized by multilayer graphene CVD growth. Complete ‘ Wi aorgec- gom posageord
nanometric spin valve junctions are fabricated using a local 123 456 7 8 910

probe indentation process, and spin properties are extracted Nb Graphene Layers

from the graphene-protected ferromagnetic electrode through

the use of a reference Al,0;/Co spin analyzer. Strikingly, spin-transport measurements in these structures give rise to large
negative tunnel magneto-resistance TMR = —160%, pointing to a particularly large spin polarization for the Ni(111)/Gr
interface Py;/q,, evaluated up to —98%. We then discuss an emerging physical picture of graphene—ferromagnet systems,
sustained both by experimental data and ab initio calculations, intimately combining efficient spin filtering effects arising (i)
from the bulk band structure of the graphene layers purifying the extracted spin direction, (ii) from the hybridization effects
modulating the amplitude of spin polarized scattering states over the first few graphene layers at the interface, and (iii) from
the epitaxial interfacial matching of the graphene layers with the spin-polarized Ni surface selecting well-defined spin polarized
channels. Importantly, these main spin selection effects are shown to be either cooperating or competing, explaining why our
transport results were not observed before. Overall, this study unveils a path to harness the full potential of low Resitance.Area
(RA) graphene interfaces in efficient spin-based devices.

100 {omm! e s s
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INTRODUCTION
Spintronics contributed to the birth of the big data era with

during transport particularly due to its low spin—orbit coupling
associated with high mobilities.””*" Graphene has furthermore

highly sensitive hard-drive read-heads allowing dramatic data
storage scaling." MRAM, the current spintronics flagship
application, promises further increases in efficiency and
performance of integrated electronic circuits.” " Furthermore,
a unified spin variable is foreseen as a strong post-CMOS asset
to merge in-memory processing with stochastic, neuromorphic,
and quantum technologies.”™"" This fuels the quest for further
progress in material science toward efficient spin plat-
forms.>™"* Along this direction, 2D materials have appeared
particularly exciting in terms of ultimate atomic interface
control and multifunctional heterostructure definition.'>™"*
Graphene represents the archetype of all 2D materials and has
been put forward for efficient spin transport.'” It has indeed
been demonstrated to efficiently preserve spin information
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shown promising performances in vertical magnetic tunnel
junction (MT]) spin-valve devices with efficient spin filter-
. 22-30 : . .
ing as well as stark potential for perpendicular magnetic
anisotropy (PMA), spin—orbit torques (SOT), and skyrmion
topological spin textures.”' ™

However, spin transport mechanisms involved in graphene-

based 2D-MTTJ have just started to be experimentally captured,
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only recently leading to substantial increases in device
performance.” Integration issues remain a strong roadblock
to fully explore and exploit the potential of graphene for
MT]Js."” Among all the issues which can affect the efficiency of
the spin transport in those graphene 2D-MTTs, a crucial role is
played by the state of the interface between graphene and the
ferromagnetic layer. Indeed, a strong constraint with
ferromagnetic spin sources is their immediate oxidation
under ambient or oxidative conditions.”” A typical approach
to define 2D-MT]Js has been to carry out the micromechanical
transfer of the graphene layers on top of the ferromagnetic
polarizer. Following this approach, it is highly difficult to
prevent degradation of the ferromagnetic layer from the
ambient environment. This is a probable reason for the limited
amplitude of most TMR spin signals measured in pioneering
studies."” A scalable approach to the ultraclean interface has
been proposed with the direct growth of graphene on top of
the ferromagnetic layer using, for instance, a chemical vapor
deposition (CVD) growth process.”® CVD provides large-scale
coverage of graphene with growth catalyzed specifically on
ferromagnetic metal electrodes, and graphene integrated by
CVD is highly efficient to preserve the integrity of
ferromagnets surface.”*>** These graphene-protected ferro-
magnetic electrodes, when integrated in complete MT]Js
including a reference spin analyzer, have shown a spin
polarization of the extracted current ranging from ~—10%’"
(monolayer graphene on polycrystalline Ni) to ~—40%"
(multilayer graphene on polycrystalline Ni). These experi-
ments highlighted a strong increase of the spin polarization
with the number of graphene layers. Recently, it has also been
shown that growing monolayer graphene on monocrystalline
electrodes strongly impacts the spin-polarization, with tailored
properties by hybridization emerging from the coupling
between graphene and ferromagnets in contact.’’ Nevertheless,
overall, high quality integration protocols of graphene on
ferromagnets still remain scarce, limiting the exploration of the
high potential of this system for spintronics.

In this work, we study the performance of graphene for
strong spin filtering by combining a high crystallinity epitaxial
ferromagnetic Ni(111) spin source with multilayer graphene in
state of the art 2D based magnetic tunnel junctions. We
fabricate high-quality heterostructures with a step-by-step
approach (supported by XRD, Raman spectroscopy and XPS
analyses) checking the preservation and stabilization of the
crystalline electrode properties. The resulting electrodes,
composed of multilayer graphene grown by CVD on top of
crystalline (111) nickel substrates, are then integrated in full
MT] devices. Transport measurements reveal a large spin-
filtering effect of the current extracted from the Ni(111)/
graphene multilayer electrode with spin polarization evaluated
up to a high value Pyyg = —98%, as estimated from the
observed large TMR spin signals with TMR > 160% in
absolute terms. We then discuss the origin of such a large spin
polarization in light of converging experimental data and
numerical ab initio analyses, showing the combined action of
interfacial and bulk spin filtering effects in the Ni/Gr system.

RESULTS AND DISCUSSION

Figure 1 presents the main fabrication steps of our graphene-
based MT]Js. First, using a modified Plassys sputtering system,
we grow an 80 nm thick Ni(111) electrode on a sapphire
(0001) substrate. The growth is made under Ar pressure of 2.5
X 107 mbar while the substrate is heated at 600 °C by a back

, — - Graphene protected ferromagnetic electrode definition - - ~\
{ O..O CoH, I
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Figure 1. Schematic process flow for the fabrication of epitaxial
multilayer graphene-based MTJs. The Ni(111) ferromagnetic spin
source is grown by sputtering on sapphire at 600 °C. The graphene
multilayer catalytic growth is then carried by exposure to C,H, at
600 °C in an adapted CVD system. The resulting Ni(111)/Gr
electrode is then covered with a 6 A AL, O, tunnel barrier by ALD.
A nanojunction is defined in a resist layer by conductive tip AFM
nanoindentation. The top Co spin analyzer is then sputtered
before the final functional spin valve based on the epitaxial
Ni(111)/multilayer graphene electrode is fabricated.

filament. This Ni(111) electrode is then transferred to the
CVD chamber for graphene growth. Prior to the graphene
growth, we perform a surface preparation under 100 Pa
hydrogen atmosphere, annealed at 600 °C (ramped from
room-temperature at 300 °C/min) for 15 min. H, is removed,
and then a precursor gas of C,H, flows into the chamber (1 Pa
pressure) while the 600 °C temgerature is kept steady to form
a multilayer graphene film.’*" The graphene growth
mechanisms on Ni catalytic substrates have now been well
captured”®*' ™" and have been shown to lead to about $
Bernal stacked layers in our conditions. This particular process
gives then rise to a multilayer graphene-covered Ni(111)
electrode as analyzed below.

To confirm the crystallinity of the nickel bottom electrode,
we perform X-ray diffraction (XRD). Figure 2a shows the XRD
spectrum recorded on the initial as-grown 80 nm Ni film
grown at 600 °C on sapphire (0001). Clear signatures of
Ni(111) and Ni (222) are present and located at 44.53° and
98.63°, respectively. It leads to a lattice parameter of 3.522 A,
close to the bulk one (3.524 A) for fcc Ni. Additional
signatures of other orientations are not observed—except for
the ones coming from the sapphire substrate—confirming the
high quality of the monocrystalline Ni(111) film. To warrant
that the high-temperature graphene CVD growth has not
impacted the high crystallinity, we carry a further character-
ization of the XRD signature of the Ni electrode after the CVD
step (Figure 2b). It appears that the crystallinity of Ni(111)
remains unchanged, with identical peaks relative to Ni being
detected. This indicates that the Ni quality is well preserved
after the graphene growth. We note that the Ni(111) and
Ni(222) peak positions slightly change to 44.63° and 98.79°,
respectively, indicating that graphene growth conditions do not
impact the Ni film structural properties but might induce a
small constraint on the Ni film. This may be related to the fact
that the first §raphene layer at the interface is coupled to the
Ni surface.””* Overall, this shows that the Ni remains in a
high-quality monocrystalline state once integrated with the
graphene layer. We then investigate the graphene coverage on
Ni after our CVD process using Raman spectroscopy and XPS.

https://doi.org/10.1021/acsnano.2c03625
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g = B = b measurement between the tip and the sample, allowing us to
B S S =g S withdraw the tip once in proximity of the bottom electrode.
& e g Sg‘ 5 - g % ) After chemical cleaning, the nanoindentation approach leads to
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Figure 2. Crystallographic and chemical characterizations of the
Ni/Gr electrode. XRD spectra (a) before and (b) after graphene
growth on a 80 nm thick Ni(111) electrode. These XRD spectra
show that the graphene CVD growth did not change the
crystallographic order of the Ni(111) electrode. (c) Lp/Ig
Raman map of the multilayer graphene on Ni(111). This
characterization shows a homogeneously covered Ni surface with
multilayer graphene. (d) XPS study on the same Ni(111) film
passivated by graphene shows a metallic Ni surface, demonstrating
both the homogeneity of the graphene coverage and its ability to
preserve the chemical state of the Ni surface. Overall, these
measurements reveal a well-defined Ni/multilayer graphene spin
source by our CVD approach.

Figure 2¢ shows the Raman map of the graphene 2D peak
intensity (I,p)—normalized by the graphene G peak intensity
(Ig)—recorded on a typical 10 X 10 ym?* Ni(111)/Gr area
with discrete steps of 0.5 um. The IL,/I; ratio relates to the
number of graphene layers surveyed.** The Raman map clearly
shows the full coverage of Ni(111), with multilayer graphene
(MLGr) covering 99.5% of the area as indicated by the Lp/I
ratio staying below 1 (dark gray), with no holes observed in
the film. The chemical state of the graphene-covered Ni surface
is also analyzed by XPS. Figure 2d shows the XPS spectrum
recorded on Ni(111) substrates after graphene growth and air
exposure. Ni 2p;,, and Ni 2p,,, peaks are separated by an
energy of 17.4 eV, which is characteristic of a Ni metallic layer.
Furthermore, the global shape of the Ni 2p spectrum and the
absence of a peak at 853 eV confirm the full metallic state of
the nickel surface.”> This XPS study highlights the perfect
passivation of Ni by our graphene overlayer, corroborating a
complete coverage.

In order to explore the spin properties of the multilayer
graphene covered Ni(111) electrode, we further integrate it in
a full spin valve structure. We make use of a standard Al,O;/
Co spin analyzer”® as the top electrode to study the
polarization of the extracted current. The sample is transferred
to a specially customized ALD chamber directly integrated into
a spintronic material deposition cluster. A high-quality 6 A thin
tunnel barrier of ALO; using trimethylaluminum (TMA)
precursor and ozone delivered at 80 °C following previously
optimized experimental ALD conditions developed for high
wetting on graphene is grown.’”*’ We then define the
nanojunction geometry. We employ a voltage-controlled
nanoindentation technique*® where a thin resist (CSAR) is
spin coated and nanocontacts are defined by a local probe
indentation based on a conductive-tip AFM setup. The AFM

a) b)
9 80
Junction size 1 Cr tunneling gap
. ~70 nm . ~120mV
E 60 5 60
£ <
= <= 50
> 2w
v 30 . =
T Resist T 30
20
0 500 1000 200 100 0 100 200
Scan (nm) DC bias (mV)

Figure 3. Fabrication of a graphene-based nanojunction. (a) AFM
nanoindention profile of the junction after AFM indentation and
before Co deposition. The profile corresponds to the dashed line
in the inset AFM topography of the junction. Junction size is
approximated to 0.004 pm> (b) Conductance measurement
recorded at 2 K on the graphene-based spin valve (inset:
corresponding I(V) on the right, probed junction schematic view
on the left). The observed phonon “gap” is a signature of tunneling
into the graphene layer and attests to the expected formation of a
Ni(111)/Gr/Al,05/Co tunnel junction.

shows the AFM image and section profile of the nanohole
above the Ni/Gr/AL O, heterostructure. A typical width of 70
nm is measured at the bottom of the junction. The top
ferromagnetic electrode, 20 nm Co layer capped by Au, is then
deposited by sputtering on top of the Al,O;. This is an asset of
our approach: it indeed allows us to specifically analyze the
extracted spin-polarized current with a well-defined reference
AL,O;/Co tunnel spin analyzer. After shadow masking the
junctions with conductive epoxy droplets, a final step of ion
beam etching leads to the definition of the complete MT]
structure (schematics shown in Figure 3b inset).

We next characterize the electronic transport behavior and
measure at 2 K the voltage dependence of the Gr-based spin
valve nanojunction. Figure 3b shows the conductance
measurement with respect to the applied bias. The observed
conductance response confirms the tunnel transport through
the junction with a central dip related to the injection of
carriers into graphene with a typical width of 120 mV.***"*
From the junction area we can extract the R.A product of the
junction. It ranges from 10? to 10* Ohm-um?* and corresponds
to the grevious report on 6 A alumina ALD-based graphene
MTJs.*” These initial transport characterizations confirm the
high quality of the spin analyzer that we define using ALD
grown tunnel barriers.

Following these initial material validations, we perform
magneto-transport measurements to evaluate spin properties of
our epitaxial multilayer graphene-based MT]s. Figure 4a shows
the typical tunnel magneto resistance (TMR) signal measured
at 2 K with an applied DC bias of —S mV. The parallel
magnetic state is measured at 12 MQ of resistance, which
dramatically falls to 4.6 MQ when the antiparallel state is
reached at 27 mT. In order to compare with reported TMR
amplitudes, the tunnel magnetoresistance (TMR) in our
experiments is defined by (R, — Ryp)/Ryp for negative
TMR, where R, (R,p) is the resistance in the parallel
(antiparallel) state. This corresponds to a TMR spin signal

https://doi.org/10.1021/acsnano.2c03625
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a) b) selection at the Fermi surface of nickel, as described in ref 26.

M Independently, for monolayer graphene, it has been shown that
g B going.from polycryst_alline t9 mor}ocrysta}line Ni(111) ;_also led
2 S to an increase of the interfacial spin-filtering corresponding to a
g, < 2X increase of the measured TMR. This allowed us to reach
% 7 . toward the ideal epitaxial situation for spin selection of ref 26
< Y and leveraging from hybridization effects.”® In the presented

% 5 Y spin valve heterostructure we engineered a system combining a

Applied magnetic field (mT)

Figure 4. Spin-transport characterizations in the multilayer
Ni(111)/MLGr based spin valve making use of the top AL,/
Co spin analyzer. (a) Magneto-resistance signal measured at 2 K
and under —5 mV DC bias in the nanojunction. The negative TMR
observed of —160% comes from the efficient spin filtering effect
occurring at the Ni(111)/Gr interface and leads to an extracted
large negative spin polarization up to Py; g = —98%. (b) TMR
dependency with respect to the DC bias applied in the junction
with pink circles being experimental TMR measured at different
biases (black dashed line is a guide-to-the-eye). We observe only a
simple monotonous dependence of the TMR spin signal with bias,
classically ascribed to FM magnons (see refs 52 and 53). Inset: two
TMR measured at + and —50 mV.

value equal to —160% for a bias of —5 mV. Extending this
magneto-transport measurement to other DC-applied bias
(Figure 4b), we observe a progressive decrease of the TMR
ratio with respect to the increasing bias reaching ~—6% at
+100 mV. Interestingly, from the Julliere®” model and the
value of the TMR we can extract the spin polarization of the
Ni/Gr electrode given by Py g = TMR/[(2 — TMR)
Pcojaios)- We take for our Co/amorphous-alumina interface
the best recorded spin polarization of Pcy a0, = +45%.5!
The spin polarization for the bottom Ni(111)/Gr electrode
then reaches Py;c, = —98%, highlighting the efficient spin
filtering effect occurring at the Ni(111)/MLGr interface.

To understand the origin of this effect, this result is
compared to previous studies on similar spin valves structures
encompassing a graphene layer using the CVD integration
approach (see Table 1). Previously, it has been shown that
going from monolayer to multilayer graphene on polycrystal-
line Ni led to a drastic increase of the extracted spin
polarization, corresponding to a S5X increase of the
TMR.*>*>"> This has been ascribed'” to the efficient filtering
of majority spins by multilayer graphene due to K point

Table 1. Measured TMR Spin Signals and Extracted Spin
Polarizations from Various Ni/Gr Interfaces Defined by the
CVD Approach and Making Use of an ALD Al,0;/Co Spin
Analyzer”

monolayer graphene  multilayer graphene

polycrystalline Ni TMR = —5.8% TMR = —-31%
P =-9.8% P =—-42%
ref 39 ref 40
monocrystalline Ni(111) TMR = —12% TMR = —160%
P =-20% P =-98%
ref 30 (this work)

“The devices present different spin signals depending on their
different crystallinity and graphene layer stacks. This analysis
highlights the importance of matching graphene with a crystalline
spin source to select efficiently one spin direction and to maximize the
filtering effect by increasing the number of stacked graphene layers
(this work).

multilayer graphene spin-filtering membrane with a mono-
crystalline Ni(111) spin source, capitalizing on what appear to
be complementary conditions to increase the spin selectivity of
the Ni/Gr interface: Ni epitaxy for proper interfacial
hybridization with pure Ni(111) spin channels and additional
graphene layer stacking for increased spin filtering. In this way,
we reached an increase of the spin signal by 20X over the
initial study of monolayer graphene on polycrystalline nickel.

The robustness of spin-filtering by crystal-momentum
selection and the instrumental role of interfacial hybridization
are further confirmed by first-principles calculations. Here, we
consider transport across the Ni(111)/graphene interface
within the framework of nonequilibrium Green’s function
formalism. The computational device setup is depicted in
Figure Sa. It is built up from 12 atomic planes of nickel along
the fcc (111) direction and 14 planes of multilayer graphene in
an AB-stacking sequence (ie., graphite). The semi-infinite
nature of nickel and AB-stacked MLGr perpendicular to the
interface (i.e., the direction of transport) is accounted for by
introducing contact self-energies (Zy;/) on the last three Ni
atomic planes and the last two graphene layers. Periodic
boundary conditions are considered in directions perpendic-
ular to transport.

We consider first the epitaxial stacking of the MLGr on the
ferromagnet. This is the ground-state configuration.”**®
From the computed Green’s functions, we visualize the
modulation of the electronic dispersion across the junction
(see Figure Sb,c), and we compute the transmission
coefficients (see Figure 6a). Away from the interface, one
recovers the electronic structure of bulk Ni and graphite. On
the one hand, the low energy density of states of Ni is
dominated by the d-electron bands of minority spin (Figure
Sb). On the other hand, graphite is characterized by a
vanishing energy gap and finite density of state at the Fermi
level around the high-symmetry K-points (Figure Sc). At the
interface, the electronic structure is ruled by proximity-induced
hybridization (including charge transfer and exchange as
discussed in ref 56). In the ground-state epitaxial configuration,
the first carbon plane strongly hybridizes to Ni(111) with a
resulting Ni—C interlayer distance of ~2.2 A. The computed
transmission coefficients are depicted in Figure 6a. The
filtering of majority spin carriers by crystal momentum
selection is clearly evidenced at low energy. Large metallic
transmission coeflicients are reported around the K-point for
minority spin carriers, while a tunneling transport gap of ~2 eV
prevents the propagation of the majority of spin carriers. To
further illustrate this behavior, we analyze the density of
scattering states (DOSS) originating in nickel. The layer-
resolved DOSS is evaluated as a partial trace of the spectral
function formed from left-incoming (i.e., nickel to MLGr) flux-
normalized scattering states only.”” The strongly evanescent
character of the majority spin carriers is easily deduced from
the fast exponential decay of the layer-resolved DOSS depicted
in Figure 7a. Oppositely, the formation of propagating spin-
minority eigenchannels associated with large transmission
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a)  Computational setup
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Figure S. (a) Schematic representation of the computational setup
used for the evaluation of the Green’s function of the Ni(111)/
MLGr interface. The device is composed of 12 atomic layers of Ni
along the fcc (111) direction and 14 layers of AB-stacked
graphene. Periodic boundary conditions are imposed in the
directions perpendicular to transport. Contact self-energies (Xy;
and X)) are introduced at the extremities to account for the semi-
infinite nature of nickel and MLGr. (b,c) Electronic band
structures of Ni and MLGr away from the interface. Electronic
dispersion along the conventional high symmetry k-path in the
plane parallel to the interface, computed from Green’s function
projected on the atomic layers indicated by an arrow in (a). Left
and right panels correspond, respectively, to the majority and
minority spin carriers.

coefficients around the K-point manifests itself by fixing a limit
to the attenuation of the minority spin DOSS. As a result, after
a few layers, the difference in majority and minority
transmission is already more than 1 order of magnitude and
reaches 9 orders of magnitude after 10 layers. As such, the
DOSS spin-polarization quickly builds up as the carriers
penetrate into the MLGr (see Figure 7b). Owing to the many
evanescent scattering states characterized by short decay
length, the spin-polarization shows large variations on the
first few graphene layers where details of hybridization play a
major role in shaping the electronic landscape. Beyond the fifth
graphene plane, the spin-minority propagating states dominate
the DOSS and the computed spin polarization approaches
—100%. This is in clear agreement with the —98% high spin-
polarization deduced from our experiments.

a)  Epitaxial interface

10°

Conductance (Go)

b)

10°

Conductance (Go)

Figure 6. Electronic transmission across (a) the epitaxial and (b)
the misaligned Ni/MLGr interfaces. Transmission coefficients are
depicted in units of the quantum of conductance (G,) along the
conventional high symmetry k-path in the plane parallel to the
interface. Left and right panels correspond respectively to majority
and minority spin carriers. It is observed that the epitaxial case
provides a highly asymmetrical spin-dependent transport channel,
while a more balanced (but hence less spin polarized) spin
transport is achieved in the misaligned case.

One may question how robust this observation is and why it
has not been reported before. Questions on the robustness of
the spin filtering in graphene were already raised in earlier
theoretical works,”® and proximity-induced exchange on
graphene has been further discussed in refs 15, 30, 56, and
58. On the one hand, the graphene layer grown epitaxially on
nickel has been shown to strongly hybridize, asymmetrically
altering its characteristic linear electronic dispersion at low
energy (K-points) and leading to strong spin-splitting.">** On
the other hand, spin-splitting and charge transfer with an
adjacent ferromagnetic surface have also been reported to
modulate the spin-transport behavior of the nonepitaxial,
weakly bound graphene/FM interface.’® In fact, the spin-
dependent properties of proximitized graphene are expected to
be strongly dependent on the graphene/ferromagnet distance
and orientation.”” We have numerically tested the robustness
of band spin filtering with respect to these two factors. Starting
with the ground-state epitaxial configuration, the graphene/Ni
separation has been varied while keeping other parameters
constant (i.e., without further relaxation of internal coor-
dinates). In this way, the epitaxial character of the interface was
preserved while the strength of the hybridization between
graphene and Ni was artificially modulated. This serves to
highlight the role of hybridization and charge transfer in the
epitaxial configuration. The strong impact of proximity effects
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Figure 7. Layer resolved density of scattering states evaluated as a partial trace of the spectral function built out of the Ni-incoming
scattering states for both (a) the epitaxial and (c) the misaligned Ni/AB-stacked graphene interfaces. Blue and orange dots correspond
respectively to spin majority and spin minority carriers. (b,d) Relative spin-polarization of the density of scattering states. The spin-
polarization of the relaxed epitaxial and misaligned configurations are depicted in navy blue. In panel (b), the extra curves correspond to the
spin-polarization computed when modulating the Ni/AB-stacked graphene separation by increments of 0.8 A. Overall, the epitaxial
conditions, by matching a highly asymmetric spin transport configuration as shown in Figure 6, fulfills strong K-point graphene spin

filtering.

on the spin-polarization of the first four graphene layers is
highlighted in Figure 7b. Spin-polarizations ranging from
—14% up to —70% are reported for the first graphene layer.
This corroborates the spin polarization of —20% previously
deduced experimentally for monolayer graphene on mono-
crystalline Ni(111).>° Further away from the interface, the
band-filtering mechanism dominates, resulting in large polar-
ization, as expected independently of the interfacial hybrid-
ization strength. The situation is quite different when the
graphitic stack is misaligned with the nickel surface. An
example of such an effect is given in Figures 6 and 7 comparing
the epitaxial and misaligned cases. The misaligned case is
obtained by rotating the stack by 21.79° with respect to nickel,
allowing such a configuration to be obtained without
introducing additional strain at the interface.’® After relaxation
of the ionic degrees of freedom at the interface, we obtain a
Ni/graphene separation of ~3.04 A, corresponding to a weakly
interacting vdW interface between graphene and the
ferromagnet. In this configuration, graphene’s linear spectrum
is preserved but the absence of precise lattice matching and
alignment between graphene and the ferromagnet proscribes
strict spin momentum selection mechanisms. Indeed, the
crystal momentum selection operated by the graphitic band
structure around the K and K’ high-symmetry point samples
finite densities of states on the Ni(111) Fermi surface for both
the majority and minority spin carriers. As a result, this time,
significant transmission coefficients are reported for both spin
channels around the Fermi level (see Figure 6b). Accordingly,
the layer-resolved DOSS does not show the exponential decay
of the majority spin carriers as in the epitaxial case, confirming
the formation of propagating channels for both majority and

14012

minority spin carriers (see Figure 7c). In this situation, the
DOSS spin polarization on the first few graphene layers is
determined by the doping of graphene and the exchange
induced by the adjacent ferromagnet. Deep into the AB-
stacked graphene the DOSS spin polarization saturates. For the
particular misaligned geometry considered in our calculation,
we report a saturation value ~—40% (see Figure 7d) in very
good agreement with the experimental evidence of —42% for
nonepitaxial spin-valve structures encompassing multilayer
graphene.”’ Interestingly, as shown in Figure 7d, in this case
the proximity effects may give rise to a positive spin
polarization of the propagating states on the first few layers
of graphene, opposite to the effect K-point band structure spin
filtering. Overall, this theoretical analysis highlights that the
relative alignment of the graphene and nickel interfaces and
their coupling are the main drivers to reach the ideal
conditions of graphene K-point filtering at the interface. This
corroborates the observed experimental trend (see Table 1).

CONCLUSION

In conclusion, we developed an approach based on the direct
integration of multilayer graphene grown by CVD on Ni(111)
surfaces. This unlocks pristine integration of epitaxial
graphene/nickel interfaces into functional spin valve devices,
preserving the crystallinity of nickel and protecting it from
oxidation. A TMR spin signal amplitude of —160% is recorded
in the complete graphene based MTJs. This corresponds to a
particularly large negative spin polarization of the extracted
current evaluated up to —98% and highlights the efliciency of
the spin filtering effects arising at the Ni(111)/Gr interface.
Our experimental result appears thus as a strong confirmation

https://doi.org/10.1021/acsnano.2c03625
ACS Nano 2022, 16, 14007-14016


https://pubs.acs.org/doi/10.1021/acsnano.2c03625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03625?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c03625?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c03625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

of the initial projections drawn for graphene—nickel inter-
faces.”®'" Importantly, we unveil the key conditions required
to achieve them and explain why it was not observed before.
Indeed, a physical picture of spin transport in this system
finally emerges from accumulated experiments (this and
previous work) and correlated ab initio calculations, revealing
the fundamental spin selection mechanisms arising at the
interface. Two main class of effects, (a) “bulk” K-point band
structure filtering and (b) interfacial hybridization (including
charge transfer and proximity induced spin-splitting), are either
cooperating or competing. Ultimately, we identify three key
parameters whose cooperation is shown to be fundamental to
achieve our result: (i) having a K-point bulk spin filtering
mechanism in multilayer graphene selecting minority spins
from the nickel surface, (i) obtaining a tailored interfacial
hybridization (depending on the coupling strength) projecting
a strong negative (i.e., minority) spin polarization on the first
graphene layers (in a “spinterface” way’’), and (iii) fully
satisfying the matching of graphene K-point conduction and
hybridized interface with nickel, ie., Ni(111) epitaxial
conditions. As such, in these unique conditions, the minority
spin-polarized current is selected at the nickel/graphene-
hybridized interface and is further strengthened through the
bulk K-point spin selectivity to achieve full spin polarization of
the extracted current for the multilayer case. Their respective
identification highlights effects that can be cooperative or
competitive with perspectives for individual tailoring and
exploitation to adjust spin-valve response. Indeed, refs 30 and
60 highlight that the control of the hybridization by proximity
effect of the top spin electrode with graphene as well as other
2D materials, away from the conventional Co/Al,O; tunnel
spin analyzer used here, is key to engineer large spin
polarization by hybridization (ref 30 presents a 6X increase
of the spin signal by proximity with Co), and unveils an
impressive perspective to reach even larger MR in graphene-
based MT]Js compared to the presented results. Furthermore,
spin selectivity can be adapted further beyond the Dirac band
structure of graphene, for instance using the tailorable band-
gaps of TMDC 2D semiconductors family leading to a related
K-Q_spin filtering effect.’’ The association of 2D materials in
heterostructures on top of crystalline spin sources, with 2D
stack band structure landscape engineering,'® could thus
provide an efficient solution to propose original spin functions
in envisioned complex spin-circuits.”*'" Overall, this study is
an illustration of the opportunities offered by 2D materials-
based interfaces with ferromagnets for spintronics post-CMOS
visions.

METHODS

Graphene-Passivated Spin Sources. The Ni layer is formed by
magnetron sputtering while the graphene layers are grown by CVD. A
80 nm Ni(111) layer is first epitaxially grown by sputtering on
monocrystalline sapphire (0001) in a customized PLASSYS MP-900S
system.”® The growth is carried at 600 °C in an 80 W Ar plasma and
at a rate of 1.89A/s. Multilayer graphene is then epitaxially grown by
CVD on top of the Ni(111) electrodes in a customized cold-wall
JCVD reactor whose base pressure is 5.1077 mbar.*****%* The
Ni(111) films are heated to 600 °C in a 100 Pa H, atmosphere at a
rate of 300 °C/min and annealed for 15 min. The H, is then removed
and the samples are exposed to 1 Pa C,H, atmosphere at 600 °C for
1S min to form the graphene multilayers. Finally, the samples are left
to cool in a vacuum.

Nanodevice Fabrication. The AL,O; tunnel barrier is grown
using a customized BENEQ atomic layer deposition (ALD) growth
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system, directly integrated into the spintronic material deposition
cluster. Initially, a 60 s ozone absorption step is carried to reach high
conformality required for continuous AL,O; tunnel barrier growth.*’
The tunnel barrier growth is then achieved by carrying 6 cycles of
trimethylaluminum (TMA) and ozone delivered at 80 °C
sequentially, with a growth rate of 1 A per cycle.®* An insulating
CSAR resist layer is then spin-coated on the surface and nanocontacts
are defined by an AFM local probe voltage controlled nano-
indentation technique.** Exposed CSAR nanosurfaces are selectively
chemically etched leading to junctions several tens of nanometers in
diameter. Sputtering is finally used to deposit gold capped Co spin
analyzer through the nanojunctions.’”** The devices are then bonded
and integrated in a ceramic chip for further electrical character-
izations.

First-Principles Calculations. Green’s functions and self-energies
are evaluated using the vdW-DF functional of Dion et al.”* with the
exchange modified by Klime$ et al.®* as implemented within the
(Trans-)Siesta package.”~®® Basis sets of numerical atomic orbitals
(double-{ + polarization) are used to expand the electronic
eigenstates manifold. Integration in reciprocal space is performed
on regular grids characterized by an effective cutoff >40 A. The lattice
parameter of nickel and graphite perpendicular to the transport
direction has been fixed to 3.522 A. The remaining lattice parameters
have been optimized in periodic bulk conditions, resulting in 6.10 and
6.48 A for Ni and graphite, respectively. Eventually, the ionic degrees
of freedom of the three surface atomic layers of nickel and the two
first graphene planes have been optimized up to atomic forces lower
than 0.01 eV/A. Spin—orbit coupling in the multilayer graphene is not
expected to impact the results of our analysis. Organic systems
including graphene present particularly limited spin—orbit coupling
and hyperfine interactions compared to usual semiconductors such as
Si and GaAs (as they are mostly formed by light elements and
transport is usually carried by 7 orbitals), with resulting expected long
spin lifetimes and corresponding spin diffusion lengths, see
illustratively predictions in refs 69 and 70 and the extensive
experimental evidence starting with Krinichnyi et al”' and even
including amorphous organic layers as, for instance, in Shim et al.”*
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