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ABSTRACT: 2D materials offer the ability to expose their electronic structure to
manipulations by a proximity effect. This could be harnessed to craft properties of 2D
interfaces and van der Waals heterostructures in devices and quantum materials. We
explore the possibility to create an artificial spin polarized electrode from graphene
through proximity interaction with a ferromagnetic insulator to be used in a magnetic
tunnel junction (MT]J). Ferromagnetic insulator/graphene artificial electrodes were
fabricated and integrated in MT]Js based on spin analyzers. Evidence of the emergence
of spin polarization in proximitized graphene layers was observed through the
occurrence of tunnel magnetoresistance. We deduced a spin dependent splitting of
graphene’s Dirac band structure (~1S5 meV) induced by the proximity effect,
potentially leading to full spin polarization and opening the way to gating. The

. . . . : Spin-Polarized
extracted spin signals illustrate the potential of 2D quantum materials based on Graphene

o . . . (e . 2T 0 2T
proximity effects to craft spintronics functionalities, from vertical MT]Js memory cells
to logic circuits.
KEYWORDS: proximity effects, 2D materials, graphene, spin polarization
In recent years, spintronics has seen a rapid development of bidimensional materials as a spin polarized electrode could
its application in data storage circuits, such as Magnetic provide sharp interfaces with a high tunability thanks to
Random Access Memories (MRAMs), targeting low energy induced proximity effects and gating, leading to unprecedented
cost and nonvolatility."” In this regard, spintronics already has control over carrier properties such as density and spin
emerged as a promising candidate for low power and more polarization. Pioneering studies started to use intrinsic 2D
efficient electronics, as the spin degree of freedom naturally ferromagnets as spin polarized electrodes.'® Interestingly,
unifies memory functions with classical logic (in-memory among 2D materials, graphene shows an impressive suitability
logics), and even further with beyond CMOS technologies for spintronics circuits with demonstrated eflicient spin
such as stochastic, neuromorphic, and quantum architec- transport and spin filtering leading to high TMR ratios.""" "'
37 mops . . o o
tures.” " This potential of spintronics is sustaining the quest Furthermore, it exhibits low electrical resistivity and high

for novel efficient and versatile material spin platforms. As
such, introducing 2D materials in spintronics structures is
foreseen to increase control over spin properties and extracted
spin signals:*” graphene, h-BN, and 2D semiconductors such
as transition metal dichalcogenides have shown their ability for
spin device tailoring (in terms of atomic thickness control,
diffusion barrier in heterostructures, spin filtering, enhance-
ment of magnetic anisotropy, spin orbit-toque effect...) while
embedded in spin valves.'’~" Received:  August 5, 2022

In this direction, the use of 2D materials as a replacement for Revised: ~ November 24, 2022
conventional spin sources could lead to improved control over Published: December 19, 2022
device design. The basic building block of spintronics, the
magnetic tunnel junction (MTJ), is made of two ferromagnetic
spin sources separated by a thin insulating tunnel layer. Using

stability to an ambient atmosphere. While graphene’s band
structure is not intrinsically spin dependent, magnetic
proximity effects are expected to further provide an efficient
control for band structure engineering as discussed in the case
of lateral spin transport devices.'” ° As a result of proximity
effects, spin polarized graphene thus appears promising to
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implement a 2D spin polarized conductive electrode in spin
valve structures. These electrodes could then be used in
vertical MT] memory cells, and in lateral spin transport as well
as logic circuits, paving the road toward an efficient universal
material spin platform. Although theoretically predicted for
graphene/magnetic insulator lateral devices, successful extrac-
tion of spins from proximitized graphene remains to be
experimentally demonstrated in a vertical MTJ device
configuration.”’

In this Letter, we show that when graphene is at the vicinity
of an insulating ferromagnetic layer, its intrinsic properties can
be fundamentally changed into a spin polarized electrode
through hybridization. Graphene can then be used as a spin
source, here demonstrated in a reference MT]J. The study
presented here is based on a graphene layer grown by chemical
vapor deposition (CVD) transferred on top of the
ferromagnetic insulator (FMI) LCoMO (La,Co;_Mn,,,Of
(x ~ 0.23)). A graphene/LCoMO electrode is then integrated
into spin valve structures to probe the spin dependent
properties induced within the graphene layer by LCoMO
(Figure 1). Magnetotransport measurements on such devices

Side
View

Figure 1. Optical image and schematic view of the devices. The image
has been taken with a XS0 magnification objective. A microjunction is
patterned on top of a LCoMO/graphene electrode. A top spin
analyzer (Co/Oxide) is deposited to probe the spin polarization in
graphene, leading to a magnetic tunnel junction. A gold contact is
used to connect graphene.

show a magnetoresistive behavior that arises from the
proximity effects between graphene and the FMI (Figure 2).
Furthermore, a hysteretic spin transport signal is observed in
several devices (Figure 3), demonstrating that graphene plays

the role of an in-plane spin polarized electrode in this spin
valve architecture, with spin polarization properties closely
related to LCoMO’s magnetic behavior. The origin of the
obtained TMR spin signals is discussed, extracting the energy
splitting in the graphene band structure due to exchange
interaction with the FMI (Figure 4). We finally discuss the
performance of these systems, highlighting conditions leading
to almost full spin polarization, hence toward very high TMR
spin signals beyond the current technological state of the art
(Figure S). These results illustrate the potential of the
manipulation by proximity effects of spin dependent properties
in graphene, toward an external control of the spin transport in
graphene-based devices including both vertical MT]J and spin
logic circuits.

Figure 1 presents the device structure: a 30 nm film of
La,Co;_,Mn,,,O4 (x ~ 0.23) is sputtered on top of a LSAT
(Lanthanum aluminate—Strontium Aluminum Tantalate)
substrate as in ref 28. The strained state of the FMI results
in an in-plane ferromagnetic insulator film. An O, plasma
cleaning step is performed on the LCoMO surface to ensure an
optimal oxygen content of the film before transferring the
graphene layer on top.”” The graphene layer is grown by CVD
on Cu using a C4Hg precursor and then lifted and transferred
onto a LCoMO substrate by standard transfer protocols using
a poly(methyl methacrylate) (PMMA) carrier film.>°™>* In
order to electrically isolate different devices within the same
sample, individual graphene electrodes are defined by laser
lithography and O, plasma etching. Another step of
lithography is performed to design gold electrodes that are
used to connect the graphene to a bias source. In order to
define the top spin analyzer structure, a final lithography step is
performed on top of the graphene/LCoMO electrode to define
micrometer wide junctions: we grow a tunnel barrier (atomic
layer deposition of 3 nm MgO or 1 nm sputtered Al,O;
depending on samples) and a top 15 nm sputtered Co
ferromagnetic spin analyzer further capped with 80 nm Au.***

This fabrication process results in the definition of
[LCoMO/Graphene]/oxide barrier/Co junctions, allowing us
to probe proximity effects induced in graphene by LCoMO
thanks to reference tunnel spin analyzers. A tunnel behavior is
systematically measured on the junctions presented in this
work by usual I(V) and dI/dV(V) measurements.>>*%"?
Graphene, on regular oxides, uncoupled to the environment,
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Figure 2. Magnetotransport measurements and simulations of the devices [LCoMO/Graphene] /MgO/Co. Inset: schematic of the device. (a)
Experimental plot of the magnetoresistance (MR) as a function of in-plane external magnetic field at 2 K. The blue curve represents the
measurement while sweeping from 2 T to —2 T, while the red curve is obtained when sweeping from —2 T to 2 T. We observe a clear negative MR
and a hysteretic behavior below 1 T. (b) Raw SQUID data of the ferromagnetic insulator. Top inset shows SQUID data on a wider range (up to 5.5
T). Bottom inset shows simulations of the magnetoresistance of the devices.
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Figure 3. AR, the spin induced variation of the junction’s resistance at 2 K, as a function of external in-plane magnetic field after subtraction of the
general baseline. One can see a clear TMR signal: two distinct states of resistances are observed. This can be achieved only with 2 spin polarized
electrodes, showing the spin polarization induced in the proximitized graphene. Devices A, B, and C are made with a MgO barrier while device D

was made with an alumina barrier.

is not expected to provide a spin polarized current. Here, on
the contrary, by the proximity with the ferromagnetic insulator
substrate, we engineer a modification of graphene’s band
structure, lifting the degeneracy of the spin population
densities. Experimentally, if the proximity effect is strong
enough, it is expected to lead to the observation of a hysteretic
behavior of the magnetoresistive signal corresponding to the
classic response of a MTJ highlighting that the graphene layer
has become spin polarized and acts as a spin source.

In Figure 2a we show typical in-plane magnetotransport
measurements at 2 K for the devices with a MgO barrier. The
resistance vs in-plane magnetic field curves of the junctions
display a negative magnetoresistance (MR). This effect is not
expected for an isolated graphene layer. Moreover, the current
is applied between the graphene and the cobalt electrode.
Importantly, it does not flow in or through the insulating
LCoMO layer.”” The insulating character of LCoMO was
confirmed through DC transport measurement. Devices
without the graphene electrode were found to be isolated
with unmeasurable resistances (beyond the limit of our setup).
Overall, the individual contributions of the isolated layers of
the devices cannot explain the general trend of the magneto-
transport, suggesting proximity effects between graphene and
the FMI leading to the evolution of the graphene band
structure. We note that our observed measurements can be
ruled out as originating from spin-Hall effect (SHE) induced
MR such as the spin-Hall magnetoresistance (SMR) effects
arising at heavy metal/FMI interfaces.”® Indeed, first graphene
is acknowledged as a material with very low spin—orbit

36

coupling, leading to vanishing SHE. Next, in a true 2D
material, such as our single graphene layer, SHE would not
create in-plane spins but would lead only to out-of-plane spins
accumulating at the edges of graphene. Those out-of-plane
spins would not be impacted by the reversal of our FMI’s in-
plane magnetization. Moreover, from the experimental point of
view, the effects reported here are at least 1 order of magnitude
higher than the highest resistance variation that could be
expected from such SHE structures.

To further correlate the magnetotransport curve’s general
shape with proximity induced modification of graphene
properties and model the magnetic field dependence, we
show the raw in-plane SQUID measurement of a LCoMO film
of the devices (Figure 2b). Above its coercive field, the
magnetization of LCoMO smoothly aligns along the direction
of the external magnetic field without being fully saturated
even up to 5 T (the contribution of the LSAT substrate being
diamagnetic, it cannot account for the increased magnetization
with the externally applied magnetic field). As the spin
polarization in graphene depends on the exchange interaction
with the FMI which is proportional to its magnetization, the
SQUID data associated with Julliere’s model allow us to
correlate the MR of our system with the application of an
external in-plane magnetic field (more details are given below).
Strikingly we are able to reproduce the overall evolution of the
resistances with respect to an applied magnetic field as shown
in the bottom inset of Figure 2b. The magnetotransport signal
of the spin valves depends on the relative orientation of the
magnetization of the two ferromagnets. As in the devices

https://doi.org/10.1021/acs.nanolett.2c03113
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Figure 4. Model of the spin polarization induced in graphene through proximity effects with LCoMO. (a) Schematic of the splitting of the Dirac
cones in graphene due to exchange with a ferromagnetic insulator (FMI). (b) Schematic representation of the splitting induced in graphene by
proximity with an FMI and an oxide barrier in a MT]J. (c) Lower panel: Schematics of the resulting MT] where the graphene plays the role of one
of the spin polarized electrodes. Upper panel: TMR and spin polarization vs gate voltage induced by exchange interaction in a graphene in
proximity with a ferromagnet for different values of exchange interaction. The peaks correspond to the extreme cases leading to an almost full spin
polarization. If an additional small gap is opened in graphene at the Dirac point, the effect is even more dramatic.
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Figure 5. Electronic structure of the graphene layer at the Gr/LCOMO interface computed from first-principles. (a) Balls and sticks representation
of the interface. Carbon, lanthane, cobalt, manganese, and oxygen atoms are depicted as brown, green, blue, violet, and red balls, respectively. (b)
Spin splitted (black and red) electronic band structure of the graphene (solid circles) on top of LCoMO.

studied here, the top Co spin analyzer is fully aligned along the graphene. The general behavior of the devices pinpoints a
external in-plane magnetic field, the smooth alignment of the strong modification of graphene’s intrinsic properties induced
LCoMO along that same direction induces a smooth variation by the proximity with the FML

of the total resistance of the device (sensor-like behavior). In a Besides the general magnetoresistive trend of the R(H)
nutshell, the observed MR is governed by the relative curve (Figure 2a), a hysteretic behavior is also observed
alignment of the top and bottom electrode magnetizations. between 1 T and —1 T. We highlight these features by
The bottom artificial proximitized graphene electrode being subtracting the general nonhysteretic magnetoresistance from

induced by the LCoMO replicates its magnetization. As such, the signal previously identified. The resulting hysteretic TMR
the observed inversed “parabolic-like” shape of the MR can be signals for four different devices (devices A, B, C with MgO

directly related to the LCoMO magnetization behavior barrier and device D with alumina barrier) are presented in
observed in the presented additional SQUID magnetic Figure 3. One can see that the extracted TMRs closely
characterizations (Figure 2b, top inset). The peculiar magnetic resemble the usual spin signals extracted from an MTJ with
behavior of the insulting LCoMO layer has an effect on the two metallic ferromagnets acting as spin polarized electrodes.
spin transport of the full device through a proximity effect with However, here only one electrode is a conventional metallic
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ferromagnet (Co), with the other electrode being graphene. As
such, the otherwise nonmagnetic graphene appears to behave
as a spin polarized electrode thanks to its interaction with the
underlying FMI (LCoMO). The influence of the insulating
LCoMO is further confirmed by the value of magnetic fields at
which the hysteresis switches are observed in the TMR. These
values match the LCoMO coercive field (Figure 2b).

The measured spin signal thus appears to arise from an
extrinsic spin polarization induced within the graphene
electrode by the proximity effect with the FMI. We can
estimate this graphene spin polarization induced in graphene
using Julliere’s model and our Co-based spin analyzer stack.
We have the tunneling magnetoresistance defined as
TMR = ettt iy pe and P

1= BoatyzecFarprox

spin polarization of the graphene in proximity with LCoMO
and the spin polarization of the Co-based spin analyzer,
respectively. In an attempt to derive a lower bound for the
induced characteristics of the graphene, we extract from
previous works that Py, < 32% and from the measured
TMR (~0.48%) we can deduce the spin polarization of the
LCoMO-proximitized graphene |Pg,p,,l > 0.8%.°”"" We note
that, in the case of sample D, the TMR signals were about 10
times smaller than for the other samples. This sample has been
made with a sputtered 1 nm alumina tunnel barrier known to
impact the graphene underneath whereas the others were
made with a 3 nm ALD-deposited MgO tunnel barrier. The
difference between both type of samples is consistent with the
noninvasive higher quality of ALD grown barriers as noted in
previous reports.””*' This observation is also consistent with
the fact that the spin signal comes from the graphene
embedded in the MT] as we see the same general
magnetotransport behavior with both tunnel barriers.

We now discuss the origin of the TMR signals observed in
our devices and the related induced graphene spin polarization.
The proximity with the ferromagnetic insulator LCoMO
induces a spin dependent modification of the graphene band
structure. This can be described in a first approximation by a
spin dependent splitting AE of the Dirac band structure of
graphene due to the proximity interaction with the FMI (as
depicted in Figure 4a). While more complex in reality, a simple
conceptual picture of this effect can be given by considering
the graphene as an atom-thick quantum well (Figure 4b).
When this atom-thin 2D quantum well is put into proximity
with a FMI, its levels” degeneracy is lifted for the spin up and
down directions. This is due to different barrier heights for the
two spin directions in the FMI surrounding the quantum well
(i.e., different evanescent waves in the FMI barrier). This leads
to the exchange field of the FMI to be imprinted onto the 2D
quantum well. A picture of our case, where we assume this
effect to be homogeneous over the one atom-thick graphene
height, is shown in Figure 4b. We can deduce the value of this
splitting using the graphene spin polarization estimated from
magnetotransport measurements. Indeed, the spin polarization

' !
can be defined as Pyp(Eg) = %, with D°(Eg)
being the graphene density of states for the spin direction o(1,

. E o AE
l). Here we have D’(Ep) = FORE where E"' = E, + =

with Ep = hwp/7in being the Fermi energy, n the carrier

indicating the

analyzer

density, and V; the Fermi velocity. From this, we deduce

g
Peprox(Ep) = ﬁ and find that the graphene spin polar-
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ization is directly linked to the exchange splitting by

AE AE
PGrProx(E) - E - v

we fabricated on the same chip a Hall bar device which allowed
us to extract a carrier density of n = —4 X 10'* cm™ for the
graphene layer. Measurements of MT]J configurations based on
reference spin analyzers Co/oxide described above highlight
Piiprox(E) > 0.8%. From this value, we can thus already infer
an exchange splitting in graphene AE of at least 4 meV.
However, following the SQUID data, we pinpoint that the
observed induced exchange is related to the remanent
magnetization of the FMI at its switching field of 0.8 T
which is only 23% of its value at S T (see top inset of Figure
2b). Hence, at S T (almost saturated LCoMO), the expected
induced exchange splitting is 15 meV. This qualitative
approach is confirmed by first-principle calculations of the
LCoMO/Gr interface where one finds the emergence of an
induced exchange splitting—above 15 meV—in graphene
associated with the presence of LCoMO. In this context, it
clearly appears that a finely gated control of Ex might lead to a
large Pgpro, for any given sizable splitting AE. This
opportunity is illustrated in Figure 4c. In the extreme case
where the Fermi level is aligned with the Dirac point of one
spin direction through gating, the electronic density vanishes
completely comparatively to the other spin direction; this leads
to an artificial full spin polarization of the graphene. Here we
note that while eventually the charge fluctuation An in
graphene should be taken into account, this should not hamper
the ability to achieve large spin polarization. Indeed, it was
shown that charge fluctuations in the <10 meV range could be
achieved even without requiring highly efficient h-BN
passivation.”” In this case, a splitting value of approximately
50 meV would already lead to more than 60% spin
polarization, while an exchange splitting value of ~150 meV
would lead to ~85% of spin polarization. It is worth noting
that 60% of spin polarization corresponds to a TMR above
100%, while a spin polarization of 85% corresponds to TMR
above 500%, the range usually observed with MgO tunnel
barriers. Outstandingly, an even stronger effect could be
achieved thanks to a proximity-effect induced gap in the
graphene band structure at the Dirac point.”’ Indeed, such an
induced gap would strongly suppress one of the spin
directions, relaxing the impact of Asn, and leading to spin
polarizations even closer to the ideal Pg.p,,, = 100% case. It is
important here to note that using a single layer, in addition to
maximizing the impact of the proximity effect of the FMI on
graphene, supports ruling out other thickness dependent
effects.

These results illustrate the striking potential of the proximity
effects to tailor the graphene toward modulated spintronics
properties for MT]Js and beyond for spin logics. The spin
polarization could indeed be controlled through graphene
gating leading to controllable spin polarizer/analyzer and spin
torque properties. We think that this artificial FM proximitized
graphene offers an interesting complement to the families of
2D ferromagnets (2D FMs) being now uncovered as spin
sources.”* Indeed, 2D FMs have been recently highlighted as
offering very interesting potential compared to usual 3D
systems, a key one being the gating of their FM proper-
ties.*~* As shown in Figure 4, our artificial system could also
advantageously offer this gating potential, while, in contrast to
2D FMs, being easier to integrate. Indeed, 2D FM families still
remain to be stabilized and developed (see for instance ref 50),

To give a first estimation of AE,
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whereas graphene brings ambient stability and eased large scale
fabrication. This is a clear asset for implementation that could
furthermore benefit from the bright perspective to extract
strong tunable spin polarizations from graphene. We note
however that these assets are balanced by the fact that while
numerous FMI are available, our approach requires engineer-
ing the right heterostructure while combining them with
graphene. Still, the strong spin polarization dependence of such
a system anticipated by our work suggests the implementation
of a gate to take maximum benefit from it. Once the
technological progress will allow such a geometry, a different
path can be followed to reach the most pertinent system”"’
such as direct backgating by adding a conductive layer below
our graphene/FMI or by using both as a vertical and lateral
spin source and exploiting the long spin lifetimes during
transport in graphene to reach a second electrode. This would
for example allow researchers to define a top gate structure on
top of the graphene/FMI injection point and modulate the
spin polarization as discussed. This would however be
particularly demanding (spin transport is subtly dependent
on device geometry and resistance matching, see ref 52), and
we believe this will require a collective community-wide
exploration.

In conclusion, we managed to convert graphene into a spin
polarized electrode by proximity effects induced by an
insulating ferromagnet layer and successfully implement it in
functional MT]J structures. By analyzing the resulting sizable
spin signals in several devices, we extract the energy splitting
induced by FMI in the graphene band structure (~15 meV)
leading to the appearance of a spin polarization in graphene.
This work expands the role that can be attributed to graphene
in spintronics devices: it is demonstrated as a possible spin
source in this proximitized configuration. Based on exper-
imentally accessible materials and conditions with low charge
fluctuations below 10 meV together with predictions of
exchange splitting in the 100 meV range and gaps above 30
meV, spin polarizations above 75% are now foreseen in these
systems.*”>® This work opens broader perspectives toward
fully 2D-based MT]Js and van der Waals heterostructures that
aim at exploiting the unique properties of 2D materials in spin
transport. The spin polarization induced in graphene appears
as an essential step toward all-spin logic circuits: bypassing the
ferromagnet-channel impedance mismatch issue by selectively
tailoring the same material either as a spin source or an
efficient spin transport channel might finally lead to the well-
looked after spin logic platform.>*>*
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