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Abstract 
Two-dimensional (2D) materials have brought fresh prospects for spintronics, as evidenced by the rapid 

scientific progress made in this frontier over the past decade. In particular, for charge perpendicular to plane 

vertical magnetic tunnel junctions, the 2D crystals present exclusive features such as atomic-level thickness 

control, near-perfect crystallography without dangling bonds, novel electronic structure-guided interfaces with 

tunable hybridization and proximity effects, that lead to an entirely new group of spinterfaces. Such crystals 

also present new ways of integration of atomically thin barriers in magnetic tunnel junctions and an 

unprecedented means for developing composite barriers with atomic precision. All these new aspects have 

sparked interest for theoretical and experimental efforts, revealing intriguing spin-dependent transport and spin 

inversion effects. Here, we discuss some of the distinctive effects observed in ferromagnetic junctions with 

prominent 2D crystals such as graphene, hexagonal boron nitride, transition metal dichalcogenides, and how 

spinterface phenomena at such junctions affect the observed magnetoresistance in devices. Finally, we discuss 

how the recently emerged 2D ferromagnets bring upon an entirely novel category of van der Waals interfaces 

for efficient spin transmission and dynamic control through exotic heterostructures.   
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I. Introduction 
Spintronics presents prospects for spin-based low power memory and logic components, precision sensors and 

novel power-saving integration architectures. A classic example of a successful spintronic application is the 

basic structure of the giant magnetoresistive (GMR) and tunnel magnetoresistive (TMR) effects, which has 

enabled a several thousand-fold enhancements in memory storage capacity, a revolution that served as the 

base of the present information technology age. A GMR/TMR sensor or a typical spin electronic device consists 

of a stacked ferromagnet (FM)-Nonmagnet (NM)- ferromagnet (FM) structure, with its efficiency or sensitivity 

determined by the quality of the FM-NM interfaces.  Real interfaces are complex with distinctive hybridization 

of atomic orbitals of FM and NM, which govern spin polarization and hence are called ‘spinterfaces.’ In a 

broader sense, a spinterface1 is a spin-resolved interface created at a ferromagnet and a low dimensional 

material junction due to hybridization or contiguity effects. While the term ‘spinterface’ was coined in 2010 to 
describe spin polarization due to interface between ferromagnetic layers and organic molecules, it was already 

evident in 1999 that the ferromagnet|barrier interface guides spin polarization and the TMR response in 

magnetic tunnel junctions (MTJs)2. The spin-polarized transport in such interfaces is distinct to the individual 

materials forming the junction. The efficiency to inject or detect spin-polarized electrons across such an 

interface is affected by several features such as interface roughness, defects, impurities, and mismatch in 

conductivity of the materials forming the spinterface. Research in traditional magnetic tunnel junctions and 

physics of interfaces3 has led us to present-day highly efficient data storage and magneto-sensing technologies, 

enabling the information technology age. Many exciting observations have been reported in spin-dependent 

tunneling3, including bias-controlled inversion of TMR4.  In conventional magnetic tunnel junctions prepared 

with oxides as a spacer, achieving high crystallinity and smooth interfaces is a great challenge. Such a challenge 

can be fundamentally mitigated with a new class of graphene and graphene-like two-dimensional (2D) crystals, 

which provide fresh impetus for studying novel spinterfaces created by such high quality atomically thin 

crystals with FM. In this review, we expand the spinterface concept introduced for ferromagnet-molecular 

junctions, to new spinterface phenomena occurring at FM-2D material junction (Fig. 1).  

 

 
 
Figure 1. A basic spin valve structure consisting of the 2D layers as spacers. The Resistance R vs Magnetic field shows 
switching between the high and low voltage levels measured for parallel and anti-parallel configurations of the magnets. 
The lower panel shows three important spin transmission phenomena occurring at the 2D material|Ferromagnet interfaces.  

 
In contrast to the top-down approach of obtaining smooth thin films of 3D materials, the 2D crystals provide 
close to ideal means for creating atomically thin layers in devices. These crystals occur in layers and do not 
exhibit dangling bonds, or major defects, and offer new ways of epitaxy with ferromagnetic layers. The wide 
variety of band structure features such as zero bandgap in graphene, high bandgap 2D insulators, tunable 
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direct to indirect bandgaps in semiconducting crystals with intrinsic spin-orbit coupling and tunable electronic 
behavior, provide new knobs for controlling the magnetoresistance. In addition, proximity with ferromagnets 
induces changes in the band structure of such atomically thin spacers and can result in spin-selective 
transmission across such interfaces. The 2D crystals can also be grown in large-scale, directly on ferromagnetic 
metals, and play an important role as an oxide-passivating layer. Spacers comprising of such layered materials 
thus present enticing means to unlock new possibilities with magnetic junctions. The hybridization at the 
interfaces with magnets or the Van der Waals nature of the contacts allows one to explore new physics of 
proximity effects, inaccessible with conventional materials. Here, we highlight some unique spin filtering, bias 
dependent observations accompanied by 2D materials spacers that started with graphene and progressed with 
other important crystals such as hexagonal boron nitride (hBN) and transition metal dichalcogenides in vertical 
spin valves. Followed by this, we discuss the recent discoveries of 2D ferromagnets and how all-2D crystal-
based magnetic tunnel junctions could lead to new benchmark for performance and new functional spin active 
heterostructures.  

II. Graphene-Ferromagnet junctions 
Graphene was the first 2D crystal where vertical spin transport was reported and extensively investigated. In 
general, graphene is an outstanding medium for lateral spin transport, primarily due to its high carrier mobility 
and low-spin orbit coupling, which led to the emergence of graphene spintronics.5–9 In addition to lateral spin 
transport, spin transmission through layers of graphene in contact with ferromagnets has shown distinctive 
prospects, with initial theoretical works 10–12 predicting large spin-filtering efficiencies in FM|nGr interfaces. 
Over the past decade, experiments involving graphene as a spacer in the current perpendicular to the plane 
(CPP) spin valves have shown several important results such as spin filtering, enhancements in magneto-
resistance and bias dependent selective spin transmission. In this part, we will discuss developments of various 
graphene-based vertical spin valves, focusing on interface phenomena and the conditions behind the observed 
figures of merits, including their bias dependencies.  

Figure 2. (a) Fermi surface projections onto the (111) plane of majority and minority spins for fcc Nikel10. Only minority spin 
carriers are expected to contribute at the Γ point. Reprinted with permission from Karpan, V. M. et al., Phys. Rev. Lett. 99, 
176602 (2007). Copyright 2007 American Physical Society.  (b) Constant energy cut at the Fermi energy of ARPES analysis of 
Gr/Ni(111) interface. Increased photoemission intensity is observed at the K points, around the M points, and a diamond 
shape regions close to the Γ point15. (c) Spin-resolved electronic band structure of graphene on Ni(111) (inset shows the Gr 
Brillouin-zone with corresponding Γ-M- K- Γ direction) showing more complex spin polarized structure including at the M 
point at the Fermi energy15. Adapted with permission from Dedkov, Y. S. and M. Fonin, New J. Phys. 12, 125004 (2010).  
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A. Predictions of spin filtering in graphene|FM interfaces 
In seminal works10,11, through first-principle calculations, Karpan et al. predicted that large spin filtering 
efficiency should occur at the interface between few-layer graphene and ferromagnetic electrodes of (111) fcc 
or (0001) hcp nickel or cobalt. The underlying reason behind this efficiency is that, close to the Dirac point, the 
electronic structures of a ferromagnet (FM) and graphene (Gr) only overlap for the minority spin direction in 
the parts of the reciprocal space corresponding to the K and K’ points of graphene. Therefore, minority spin-
polarized electrons preferably transmit from the FM surface into graphene. Magnetoresistance study allows for 
probing the amplitude of the spin signals. Tunnel magnetoresistance (‘TMR’) is usually used to quantify MTJ 
efficiency. In the following, we will use the so-called pessimistic definition of TMR: TMR=(RAP-RP)/RAP, with RP 
and RAP representing the junction resistance with parallel (P) and anti-parallel (AP) alignment of electrodes 
magnetizations respectively. TMR signals up to 100% have been predicted for ideal Gr/FM junction. As we will 
see later in this review, this prediction forms the fundamental basis in understanding the role played by the 
Gr/FM interface. However, as we will elaborate in this review, the Gr/FM interface can be rather complex, and 
different spin-resolved properties can vary depending on the interaction between graphene and ferromagnet, 
which could range from a robust covalent coupling, Van der Waals interaction to proximity induced interaction.  
 

B. Initial experiments and developments 
Experimental evidence of the spin-resolved properties of the Gr/FM interface came as early as 2008, with the 
physicochemical characterization of the CVD Gr/Ni(111) interface and the study of its magnetic properties13. 
Complementary studies allowed to characterize the electronic structure of Ni(111)/Gr interface, its 
physicochemical composition, and its spintronics properties (for detailed analysis on Ni/Gr interface see 
references 14,15). These pioneering reports essentially revealed that Gr passivates the Nickel surface from 

oxidation, and new spintronics properties are promoted at the Gr/Ni interface. Mostly, the -orbitals of the 
graphene are magnetically polarized due to hybridization with the Ni-3d states of the substrate, leading to spin-
polarized interface states, mainly at the Γ, K and M points (close to the Fermi energy, see Figure 2.b-c).  
 
The initial transport measurements by Mohiuddin et al.16 (also in 2008), showed MR~0.4% in exfoliated 
graphene layers sandwiched between two Py electrodes. Using an additional 2 nm Au layer to prevent the 
bottom Py electrode from potential oxidation during the graphene transfer, the Py|Au|Gr|Py structure 
revealed an enhanced MR~5%, which confirmed the significance of FM/Gr interface quality. Apart from similar 
studies on exfoliated graphene (see Table 1), in 2012, Cobas et al. demonstrated the large scale processing of 
NiFe/Gr/NiFe MTJ with the implementation of large-area CVD graphene grown over Cu substrate by a PMMA 
assisted wet-transferred over the NiFe bottom electrodes17. Slightly non-linear I-V characteristics were 
reported with positive MR signals up to 2% and MR amplitude decreasing monotonically and non-linearly with 
the bias voltage (up to 120mV), which was interpreted as spin relaxation via phonons and magnons 
interactions. Low MR was attributed to roughness and poly-crystallinity of the bottom FM layer and probable 
oxidation of the unprotected NiFe layer during the wet transfer step. The same year, Dlubak et al.18 reported 
the first application of CVD graphene grown on Nickel substrate into MTJ, circumventing the need for any 
transfer step, known to be detrimental to the FM/Gr interface quality. In these MTJs, an Al2O3 tunnel barrier 
was employed in FM|CVD Gr|Al2O3|FM junction and MR amplitude as large as -10.8% was reported. These 
high MR signals, together with XPS analysis, demonstrated that graphene protected ferromagnetic electrodes 
(GPFE) can be used as oxygen passivated electrodes for spintronics devices. The negative sign of MR signal and 
the asymmetric configuration of MTJ electrodes allowed for attributing a negative spin polarization to the spin 
interface Gr/Ni (described later). The promising spin filtering properties of GPFE have been recently protracted 
to Co|CVD Gr interfaces, with an observation of Gr-assisted passivation of the Co electrode, spin-polarized 
bandstructure mapping of the Gr/Co interface by ARPES measurements19, and recent demonstration of 
negative MR and spin polarization through magnetotransport study of Gr/Co-based MTJ20.   
 
These initial studies showed the possibility of graphene-based magnetic tunnel junctions while suggesting the 
need for better fabrication strategies to avoid oxidation of the FM electrode contacting the graphene barrier, 
improve the graphene/electrode interface (roughness, homogeneity), and generate better insights into the 
Gr/FM interface role in the device properties. Several subsequent reports circumventing the exposure of FM to 
air or solvents demonstrated improved MR21–23. For details of such technical issues and processes, we refer the 
readers to dedicated discussions24,25.  In Table-I, we summarize a list of studies in the area performed on 
various spin-valve junction structures prepared using different fabrication methods. A majority of these reports 
involving transferred monolayer graphene showed MR~0.1-5%, with distinct improvements in hybrid 
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architectures demonstrating MR>10 %18,26,27, which are still much smaller than theoretical expectations10,11.  In 
particular, Cobas et al., have reported spin filtering at FM|Gr interfaces demonstrating -12% of MR with 
NiFe(111)|Gr|Fe MTJ. Considering a two channels model, the authors extrapolated a NiFe(111)/Gr interface 
spin polarization ~80% at low temperature. Overall, the continuous efforts and progress demonstrated that 
spin filtering in Gr based ferromagnetic junctions show great potential for enhancing figures of merit. Most 
studies performed with exfoliated Gr report positive spin polarization, while negative spin polarization is 
observed in several CVD Gr based MTJ, as predicted by Karpan11. As we will see, interestingly, bias voltage 
inversion of TMR polarity has been observed both for CVD Gr/Ni interface28 and for annealed exfoliated Gr /FM 
interfaces23. Such behavior points out the critical role of the nature of the Gr/FM interface. In the case of 
exfoliated or transferred graphene over FM substrate, the first graphene layer interacts mostly via Van der 
Waals interactions (physisorption). In case of an epitaxial device (CVD graphene grown over FM substrate 
without post-transfer), the Gr is in covalent interaction (chemisorption) with the FM interface and the FM/Gr 
distance is much shorter (~2 Å) than for exfoliated or transferred Gr/FM interface (~3-4 Å). Hybridization is 
then expected to occur for Gr grown over FM substrate11 and should lead to new spin filtering properties.  
 
Table-1: Experiments involving Gr as a spacer in MTJs. In calculating P in ref.18,26,29, the polarization of Co/Al2O3 

interface was taken as as +32 %.   

MTJ structure Ref. 
Layer 
thickness 

MR (%) 
(Temperature) 

Polarization 
(P) 

2D layer Growth 
Method 

NiFe|Gr|NiFe 
NiFe|Au|Gr|NiFe 

16 Monolayer 0.4% (300K) 
4% (300K) 

4.5%  
14%  
 

Exfoliated Gr 

Ni| Al2O3|Gr|Co 30 Monolayer -0.4% (300K) - Exfoliated Gr, wet 
transfer. 

Co|Gr|NiFe 
 

23 
 

1,2,3,4 layers -0.7 to +1 % (10K) 7% Exfoliated Gr. 
MTJ annealed at 
300°C in Ar/H 
atmosphere. 

Bias-induced inversion in pol.  
Magnetic proximity effect. 

NiFe|Gr|Co 17 Monolayer 2% (4 K) 
0.4% (300 K) 

10%  
4.5% 

 
 
 
 
 
 
 

CVD Gr over Cu, 
Wet transferred 

 
 
 
 

Co|Gr|Co 31 1,2 layers 1% (1.5 K) 
0.7% (300 K) 

7%  
5.9% 

NiFe|Gr|NiFe 32 1,2 layers 0.5% (10 K) 
0.27% (300K) 

5%  
3.7% 

Co|Gr|Co 33 1,2 layers 1% (3 K) 
0.9% (300K) 

7%  
6.7% 

NiFe|Gr|Co 21 Monolayer 3.4% (6.1 K) 
1.7% (300K) 

13%  
9.2% 

NiFe| Al2O3|Gr|Co 
NiFe|Gr|Co 

34 Monolayer -1.6% (10 K) 
0.23% (300 K) 

- 
3.4%  
 

Negative MR with  Ni|Al2O3|Gr 

NiFe|Gr|NiFe 22 1,2,3,4 layers 4.6% (4.2 K) 15%  Exfoliated, Wet 
transferred 

Ni|Gr|Co 
Ni|Au|Gr|Co 
Ni| Al2O3|Gr|Co 

35 Monolayer 0.16% (300 K) 
0.57% (300 K)        
- 0.52% (300 K) 

2.8%  
5.3%  
- 

 
 
CVD Gr over Cu, 
Wet transferred Negative pol. with Ni| Al2O3|Gr interface in 

tunneling regime. 

 

Ni|Gr| Al2O3|Co 18 2 to 5 layers -10.8% (1.4 K) -16%  CVD Gr over Ni, 
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Phonon-assisted tunneling. 

P<0 channel at K point. 
No transfer. 

Ni(111)|Gr|TiO2|M
gO|Co 

28 1 to 7 layers +3 to -3% (1.5 K) - CVD Gr over Ni, 
No transfer. 

Bias-induced inversion in pol.  
Phonon-assisted tunneling.  

P<0 channels at  & K points, P>0 at M 
point. 

Ni|Gr| Al2O3|Co 26 2 to 5 layers -31% (1.4 K) -42%  
 

CVD Gr over Ni, 
No transfer. 

Phonon-assisted tunneling. 

Ni|Gr| Al2O3|Co 29 Monolayer -5.8% (1.4 K) 
 

-9.8%  
 

CVD Gr over Ni, 
No transfer. 

Phonon-assisted tunneling. 

NiFe|Gr|NiFe 36 1,2 layers 0.3% (300 K) 3.9%  CVD Gr over NiFe, 
No transfer. 

NiFe(111)|Gr|Fe 27 >3 layers -12% (15 K) 
-5.5% (300 K) 

-24%  
-16.4% 

CVD Gr over NiFe, 
No transfer. 

2 channels model proposed with a metallic 

channel at the K point of negative pol. 

Co|Gr|AlOx|NiFe 20 Monolayer -1.1% (5K) 
-0.8%(300K) 

- 
- 

CVD Gr over Co 

 

C. Bias-dependent spin polarization  
Apart from a high magnetoresistance that graphene-based magnetic junctions can display, tunability of the 
magnitude, as well as the sign of magnetoresistance (interface polarization), are exciting aspects. In the 
following, we briefly discuss two specific mechanisms that result in characteristic bias dependences of TMR.  
 

1. Phonon-mediated tunneling 
In the Jullière’s model37, the TMR amplitude is proportional to the product of each interface polarity (P1, P2, 
which are considered identical if both electrodes are made of the same material) as TMR=2P1P2/(1-P1P2). 
Therefore, spin valves of FM/Gr/FM type designed with symmetric interfaces made of identical FM material, 
prevent for addressing the polarity of the FM/Gr interface spin polarization. This also underlines the need for a 
hybrid spacer device architecture allowing to better explore the existence of spin filtering effects. As shown in 
Table-I, such FM/Gr hybrid/oxide barrier junction not only displays enhanced MR but also provides an 
opportunity to investigate the bias dependence of FM|Gr interfaces.  The FM/Gr interface is central for 
deciding the magnitude and sign of spin polarization, and developing asymmetric interface MTJ structures 
helps one to determine interface phenomena. The lattice mismatch of graphene/Ni(111) and 
graphene/Co(0001) interfaces is close to 1%, one of the smallest among the MTJs studied so far. As discussed 
by Karpan and coworkers10,11, in case of highest quality Gr/FM interfaces, a strong hybridization of carbon  
orbitals with Ni (or Co) surface atoms is expected. Few-layer graphene could, on one hand, act as a tunnel 
barrier for majority spin electrons providing from FM electrodes, and on the other hand, promote selected 
transmission of minority spin carriers at low energy at K point. At higher energy (bias voltage), a larger area of 
the Gr/FM Fermi surface could be explored and should reveal a more complex spin-polarized band structure 
triggered by Gr/FM interactions. Dlubak et al. reported the first magnetotransport study on MTJ implementing 
a Ni/few-layer CVD Gr electrode into an asymmetric Ni/CVD-Gr/Al2O3/Co stack. The IV-characteristic of such 
junctions showed clear non-ohmic behavior (Figure 3a), confirming that electrons are tunneling through the 
MTJ, characterized by a textured dip in the junction differential conductance G(V)=dI(V)/dV within the voltage 
range 60mV. This conductance dip was ascribed to the opening of phonon-assisted inelastic tunneling 
channel, involving →K graphene out-of-plane acoustic phonon mode at resonant energy of 60 meV (see 
Figure 3d,e)38. MR signatures down to -10.8% were measured for 100mV bias amplitude MR (Figure 3b). The 
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negative sign of the MR was assigned to the spin polarity of the Ni/Gr interface at the K point, probed by 
phonon-assisted tunneling processes39 under 100 mV bias voltage. This was the first transport experiment 
results addressing the negative spin polarity at the K point of the Gr/Ni interface. The same group improved 
recently the device performance while implementing optimized atomic layer deposition (ALD) growth of Al2O3 
tunnel barrier with a sub-nm thickness (see Table I, reference 26 and 29).  

 
Figure 3. (a) Differential conductance versus voltage measurement of Co/ Al2O3/CVD Gr/Ni MTJ (inset: corresponding I-V 
curve). A textured gap is observed of full width ~120meV, characterized as phonon-assisted tunneling fingerprints.18  (b) 
Magnetoresistance of the same Co/Al2O3/CVD Gr/Ni MTJ showing negative MR signal under -100 mV applied bias. 18 
Adapted with permission from Dlubak, B. et al., ACS Nano 6, 10930 (2012). (c) Bias dependence of the MR signal of 
Co/MgO/CVD Gr/Ni(111). The insets show magnetoresistance loops (resistance in k, magnetic field in Tesla) measured at 
different bias voltages, illustrating the sign reversal of TMR.28 Reproduced from Godel, F. et al., Appl. Phys. Lett. 105, 
152407 (2014) with the permission of AIP Publishing. (d) Band diagram schematics of inelastic electron tunneling due to 
excitation with energy  ћω0.38 and band structure schematics of wave-vector-dependent inelastic tunneling mechanism 
involving graphene phonon modes near the K point in reciprocal space. 38  A virtual electronic state is experienced at K point 
into the graphene * band, before relaxing into an available K point state on the  band through the emission of  →K’ out-
of-plane phonon (to satisfy momentum conservation). Adapted with permission from Zhang, Y. et al., Nat. Phys. 4, 627 
(2008). Copyright 2008 Nature Publishing Group. (e), (f) Spin-polarized band structure of Gr over Ni(111) deduced from 
TMR(V) measurements of ref.28  with the majority (respective minority) spin density of state in red (rep. in blue). The 
transport mechanism (shown in f) is illustrated by arrows (straight arrows indicate the inelastic tunneling process, with the 
activated phonon illustrated by waved arrows).  

  
Taking a similar approach, Godel et al.28 addressed carefully the bias dependence of the MR properties of 
Ni(111)/few layers CVD Gr electrode implemented into an asymmetric (111)Ni/CVD-Gr/MgO/Co MTJ. The 
voltage dependence of MTJ derivative conductance showed systematically non-ohmic behavior, with RA 

junction product of 10–100 M.µm2 confirming the good quality of the tunnel barrier, further, characterized 
by a dip reminiscent of the hybridized Gr/Ni interface band structure as predicted by ab-initio calculation11. The 
overall bias dependency of the MR signal MR(V) was qualitatively identical for all devices, with several sign 
reversals that can be decomposed into three distinct bias voltage regimes (Figure 3c). Based on ab initio 
calculations of the Ni/Gr interface spin-polarized band structure11 and its phonon dispersion40, the authors 
identified three spin-polarized channels related to the Γ, M, and K points of the hybridized Gr Brillouin zone28, 
in good agreement with ARPES analysis of Gr/Ni interface13 (Figure 2.b). The Γ point channel occurs by direct 
tunneling, while phonon-assisted tunneling allows for conduction through the M point (at resonant energy of 
40 meV) and the K point (at resonant energy of 60 meV). The asymmetric configuration of the device FM 
electrodes allowed for identifying the spin polarization of each channel. The tunneling spin polarization of the 
GPFE changes from negative in the Γ and K channels to positive in the M channel, the latter dominating 
conduction at intermediate voltage values (Figure 3f), which is in good agreement with theoretical prediction41 
(see Figure 1c). Interestingly, phonon mediated inelastic tunneling at M point was recently observed also on Gr 
over Ir(111) substrate42. These results experimentally revealed the complexity of the spin polarization of 
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hybridized graphene and demonstrated spin injectors which can be switched from negative to positive spin 
polarization as a function with a bias voltage.  
 

2. Proximity effect and magnetic proximity effect 
Proximity effects offer tantalizing opportunities for engineering the electronic structure of 2D materials. Here, 
the capability of achieving atomically thin materials, together with improved interface quality, enables us to 
transform a 2D material by acquiring the properties of its neighbors. The 2D material can become 
superconducting, magnetic, topologically non-trivial, or enhance its spin-orbit coupling, realizing properties not 
present in any of the individual components of the structure43. A prototypical example of such a proximity 
effect is exhibited in a van der Waals structure from graphene on top of a transition-metal dichalcogenide, 
which is relevant to spintronics44. In these structures the Dirac cone lies within the gap of the transition-metal 
dichalcogenide, preserving the identity of the  -bands while acquiring a remarkably large spin-orbit coupling. 
The latter has been shown experimentally to reach up to the order of 10 meV and to lead to the appearance of 
the spin Hall effect in graphene 45,46. Furthermore, first-principle calculations have also proposed these 
structures could be used to enable direct optical spin injection in graphene47, which was recently demonstrated 
experimentally48,49. Besides spin-orbit coupling, another property accessible to graphene via proximity effect, 
and relevant to spintronics, is magnetism. Although one can introduce Zeeman coupling by applying a large 
external magnetic field, proximity exchange fields can introduce much stronger effects50–52, potentially without 
significantly altering the band structure. Importantly, the short-range nature of proximity effects results in the 
creation of a large exchange field mostly within the outermost 2D layer that is in direct contact with the 
magnetic material53,54. The latter opens opportunities for the creation of synthetic spin-valve structures based 
on non-magnetic 2D materials55. 
 
Recently Asshoff et al.23 were able to investigate pristine (clean, unoxidized) FM/Gr interfaces, adapting the 
process developed by Li and coworkers21 of directly depositing FM on either side of a suspended graphene 
sheet. The authors have also annealed the samples to achieve conformal Van der Waals interfaces, and 
decouple any possible hybridization between FM and Gr. Crucially, this process allowed the study of doping 
and proximity induced exchange splitting in graphene upon the spin polarization. In a stack of FM/nGr/FM, 
each of these graphene layers experienced doping and magnetic proximity effect from the FM electrode in 
direct contact with their corresponding interface. Depending on the chemical nature of the FM layer, graphene 
can get p-doped or n-doped, resulting respectively in spin-down or spin-up spin-polarized graphene 
interface(s). The doping level of the graphene layer can also be tuned by applying a bias voltage between the 
source and drain electrodes of the MTJ device, playing the same role as a gate electrode (Fig. 4). While the 
proximity effect introduces an extrinsic spin polarization ~ 10% due to exchange splitting of ~ 6 meV,  the 
resulting chemical potential shift from bias voltage allows going from positive to negative spin polarization, 
with however one decade lower MR amplitude when compared to previously discussed Ni/CVD-Gr/oxide 
barrier based MTJ18,26,28. Beyond the magnetic proximity observed for conducting graphene, we will discuss in 
the following section how the proximity effect and Van der Waals gap between magnets and insulating 2D 
crystals could lead to chemisorption and physisorption based distinct spinterfaces.  
 

 
 
Figure 4. Magnetic proximity effect in annealed Gr/FM interface. Depending on both the doping level and proximity 
exchange splitting induced into the graphene barrier by the adjacent ferromagnetic layer, the graphene/ferromagnet 
electrodes can lead to either negative (left panel) or positive (right panel) spin polarization. Reproduced with permission 
from Asshoff, P. U. et al., 2D Mater. 4, 031004 (2017).  
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III. Ferromagnet-2D interfaces beyond graphene 
A. Ferromagnet-2D insulator interfaces 

Despite the unique spin filtering properties of multilayered graphene in ferromagnetic junctions, its ability to 
obtain a desirable resistance-area product (RA) remained limited to a few Ω.µm2 in thermally improved 
interfaces. To obtain high magneto-resistance for applications, achieving controlled RA reaching up to few kΩ 
µm2 is necessary56,57. In addition, for exploring planar spin circuits utilizing graphene or semiconductors, it is 
necessary to have interfaces that provide optimum resistance to overcome the conductivity mismatch 
problem. While conventional metal oxides such as MgO, TiO2, or Al2O3 have been employed to address this 
problem, the 2D material Van der Waals family has promising substitute insulating crystals such as hBN, 
fluorographene, and hydrogenated graphene. In the past few years, there have been demonstrations of how 
such crystals improve spin injection and their suitability as atomically thin spacers for magnetic tunnel 
junctions. Here, we will focus our discussion on hexagonal boron nitride, a standard 2D insulator that is widely 
used in 2D nanoelectronic and spintronic devices. Hexagonal boron nitride is structurally equivalent to 
graphene, yet a bandgap of ~6 eV makes it an insulator, ideal for applications as a substrate, gate dielectric, 
and a tunnel barrier in graphene electronic devices. All these multiple uses of hBN make it a versatile material 
for combining graphene/2D electronics and spintronics. In the specific context of spintronics, with no interface 
states, hBN shows real promise for the ideal role of an atomically thin insulator for tunnel barrier applications58 
in both magnetic tunnel junctions, as well as lateral spintronic applications59–62. In addition to offering a 
suitable interface resistance due to its insulating nature, it also shows novel spin filtering properties when 
combined with ferromagnets that leads to enhanced values of spin polarization and magnetoresistance. 
Theoretical calculations63,64 have indicated such possibility and increased spin polarization of ferromagnetic 
interfaces with hBN multi-layers, due to the spatial enhancement of spin accumulation density within the layers 
of hBN. Encouraged by the initial findings, both 
exfoliated hBN and large-scale chemical vapor 
deposited hBN have been employed in MTJs.  A list 
of recent experimental findings using hBN as spacers 
between ferromagnetic electrodes is displayed in 
Table-II and reveals a maximum TMR~50% with a 
tunnel spin polarization~60-80% for Co|h-BN 
interfaces at 1.4 K and P~7% at 300 K 23. Theoretical 
reports predict preferential spin filtering at the 
hBN|ferromagnet junctions, leading to spin 
polarization ~100% with an increased number of 
layers64. Here the hetero-junctions are considered to 
have perfect lattice matching and hybridization of 
the orbitals. However, experimental conditions need 
not attain such perfect conditions. Overall, there is a 
consensus on the coupling between hBN and 
ferromagnets as the prime factor that influences 
polarization. In addition, bias dependent sign change 
in MR has also been observed in hBN based devices 
encompassing additional layers of graphene65,66. The 
change in sign of polarization in Co/Gr interfaces has 
been attributed to electric-field assisted tuning of 
the Fermi level and the proximity induced exchange 
spin splitting in graphene23. Bias assisted inversion 
has also been observed in hBN junctions with 
ferromagnets, as reported recently 67 (shown in Fig. 
5), implying a more subtle role of coupling between 
hBN and ferromagnets. Very recently, the role of 
point defects in h-BN interfaces with ferromagnets has been investigated68, showing voltage controlled specific 
enhancements in magnetoresistance, suggesting the role of resonant tunneling through magnetic defects and 
their proximity exchange coupling with the ferromagnetic electrodes. 
 
 
 

Figure 5. Bias assisted inversion has been observed in 
Co|hBN|hBN| Co junctions 67. Adapted with permission 
from Piquemal-Banci, M. et al., ACS Nano 12, 4712 
(2018). 
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Table 2: Experiments involving hBN spacer in MTJs 

MTJ structure Ref. Layer thickness MR (%) (Temperature) 
Polarization 

(Jullier’s 
formula) 

2D layer Growth 
Method 

NiFe|h-BN |Co 
69

 

Monolayer 0.3 % (300 K) 4 % CVD h-BN 
Wet transfer in 
isopropyl alcohol 

Co|h-BN |Co 
 

Monolayer 0.5 % (300 K) 5 % 

Co|h-BN|Fe 
 

70 Monolayer 6 % (1.5 K) 17 % 
CVD directly grown 
on Fe 

Co|hBN|NiFe 
 

23
 Bilayer 

1 % (10 K) 
0.6 % (300 K) 

7 % 
Exfoliated hBN, post 
transfer annealing 

Co|Gr-hBN|NiFe 
 

23
 

Monolayer Gr, 
bilayer hBN 

~1 % (10 K) 
bias induced inversion 

in pol. 

7 % 
Exfoliated Gr, hBN, 
post-transfer 
annealing 

Co|h-BN|h-BN|Co  

 
67

 

Two layers of 
hBN 
 

12 % (1.4 K) 
bias induced inversion 

in pol. 

25-30 % Co|h-BN is directly 
grown, 2nd layer is 
transferred by wet 
transfer techniques 
CVD 

Co|h-BN|Fe Monolayer 
hBN 

50 %(1.4 K) 60-80 % 

Ni|hBN|Ni 
 

66
 - 0.83 % (4.2 K) 

0.54 % (300 K) 
6.4 % 
5.2% 

CVD Gr transferred 

Ni|Gr|hBN|Ni 
 

66
 Monolayer 

graphene 

-1.83 % (4.2 K) 
-0.56 % (300 K) 

-9.52 % 
-5.28 % 

CVD materials 
transferred 

Co|h-BN |NiFe 68 2-4-layer hBN 2.2-3.6% (10 K) 
Voltage controlled MR 

& resonant tunneling 

10-13 % exfoliated 

 

1. Chemisorption vs. physisorption 
As described in the previous section, the coupling of ferromagnet with graphene plays a significant role in 
determining the spin polarization, as well as doping in graphene. It has been reported that the process of 
fabrication could influence the lattice overlap at the ferromagnet-hBN interface, which could lead to 
chemisorption for a commensurate lattice-matched configuration, or a more Van der Waals interaction for 
physisorption of hBN over ferromagnets67. In fact, the coupling between hBN and ferromagnet dramatically 
varies from commensurate configuration (with the distance between hBN and Co ~2.1 Å) to incommensurate 
configuration for 1 Å additional gap between hBN and Co. While hBN transferred on ferromagnetic electrodes 
may not always lead to a commensurate interface, a directly grown hBN on ferromagnetic Co is seen to lead to 
commensurate conformation. The commensurate structure results in interface hybridization showing a bias 
dependent polarization inversion67. A schematic showing the distinct effects is displayed in Fig. 6.  
 
Apart from MTJs, the spin signal has also been observed in planar spin valves, for example in systems where 
the spin injection is performed through the FM-hBN tunnel junction into graphene. In these systems, the hBN 
thickness dependent enhancement in spin polarization is also reported65, with bias dependent sign change of 
the spin polarization. A spatial variation in interface conditions or a mixture of the commensurate and 
incommensurate configurations and partial dominance of one over the other could make a significant impact 
on such experimental observations. In addition, the entire structure of the composite barrier in FM-hBN-Gr can 
show spin selectivity64, while the bias induced doping of graphene could further play a key role in the observed 
characteristic bias dependent inversion of polarization.  



11 
 

 

B. Ferromagnet-2D semiconductor junctions 
Having a bandgap in a graphene-like material is essential for semiconductor electronics. This has led to the 
exploration of 2D semiconducting crystals, in particular, the class of transition metal dichalcogenides (TMD), 
which has shown huge potential for optoelectronic and nanoelectronic applications. The TMDs (MX2, M = 
Transition metal, X= Chalcogen) offer a large number of crystals with diverse electronic properties ranging from 
metals to semiconductors, superconductors, and magnets. Furthermore, the tunable bandgap changes from 
indirect to direct with a reduction of the number of layers, providing extra knobs for engineering. Investigation 
of TMDs as spacers in magnetic tunnel junctions is necessary considering the potential of integration of 
optoelectronics and nanoelectronic phenomena with spintronic capabilities.   
 
MTJ structures made with TMDs have been studied through experimental and theoretical routes in both 
current-in-plane (CIP) and current-perpendicular-to-plane (CPP) geometries, which are tabulated in Table 3. 
Structures involving MoS2

71–79, WS2
80,81, WSe2

82, and WTe2
83 were studied with ferromagnetic (FM) electrodes 

made of Permalloy (Ni80Fe20)82,84, Fe71,76, Co74,75,81, Ni75, half-metallic CrO2
72, La0.7Sr0.3MnO3

73, Fe3O4
78, and 

Fe3Si77. Ab-initio transport calculations involving non-equilibrium Green’s function formalism (NEGF) have 
predicted significant spin injection and enhanced MR in most of the cases. Commonly, in the CPP geometry, the 
MR increases with an increase in the TMD layer thickness which gets saturated (but robust) at a higher 
thickness as long as it stays within the tunneling limit. The thinner junctions made with single or bilayer of TMD 
are mostly metallic due to the strong coupling (hybridization) between the FM and interfacial TM atoms, which 
becomes insulating at larger thicknesses. For such thin junctions, MR is entirely dominated by the electronic 
structures of the FM electrodes, and induced magnetization is thickness-dependent in the TM atoms located 
near FM due to the strong overlapping of their electronic states. Overall, a high predicted optimistic MR up to 
800% in theoretical investigations, together with the electronic nature of such crystals has made a great 
compelling case for experimental investigations in this direction. However, experimental results on such 
systems revealed results that are yet to match high theoretical expectations. In general, it has been observed 
that based on the method of preparation of the TMD layer, the MR ratio varied significantly. Using a 
mechanically exfoliated TMD81,82 layer, spin valve effect was observed from room temperature with a maximum 
MR at 4.2K at which the layer became metallic. Observation of a negative MR in Py/WSe2/Py82 was reported,  
which could likely be due to asymmetric interface intrinsic to the different condition under which the interfaces 
were formed. Using PVD grown WS2 single crystal nanoflakes, a temperature-controlled negative to positive 
crossover80 in the MR was reported around 90 K. This was attributed to be originating from a crossover 
between weak-localization and weak-antilocalization and disorder-induced scattering in WSe2. Such crossover 
was also reported in WTe2 (CIP configuration)83 with a change of the magnetic field direction. A negative MR 
was observed when the applied magnetic field and electric field are parallel to each other and the strong 
electric field induced spin-orbit coupling is responsible behind this crossover. The highest MR (~120%) is lower 
than the value reported for bulk value and the difference could be accounted to the unequal numbers of 

Figure 6. A depiction of preferential spin transmission across incommensurate and commensurate interfaces
67

 that leads to 
distinct inversion of magnetoresistance.  
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electrons and holes in the material.  
Table 3: MR behavior of various MTJ structures with TMD spacer layers 
 

MTJ Structure Ref. 
 

Calculated MR (%) 
 

 
 
 

L represents layer 
 

For the listed theory works71,72,75–77 
optimistic definition of MR is utilized. 

 
(The optimistic and pessimistic MR are 

related by  
1𝑀𝑅𝑝𝑒𝑠. = 1 + 1𝑀𝑅𝑜𝑝𝑡.) 

 
 

Fe/MoS2/Fe 71 150 (1L) 

CrO2/ MoS2/CrO2 72 
860 

(1L/0.9 V) 

306.43 

(1L/0 V) 

231.51 

(1L/1.2 V) 

Fe3Si/MoS2/Fe3Si 77 
109.44 

(1L) 

306.95 

(3L) 

278.87 

(5L) 

Fe/MoS2/Fe 76 
100 

(2L) 

225 

(4L) 

300 

(7L) 

Co/ MoS2/Co 
75 

63.86 

(1L) 

58.8 

(3L) 
-70.85 (5L) 

Ni/MoS2/Ni 
5.3 

(1L) 

13.79 

(3L) 

1.15 

(5L) 

 

 

 

 
Calculated MR (%) 

 
Thickness 
of TMD 
spacer 

 

Experimental 

MR 

(%) 

(Temperature) 

Polarization 

P 

 

Growth 

Method 

Ni80Fe20/MoS2/ 

Ni80Fe20 
84 

9.0 

(1L) 

Single 
layer  

 

0.2 (240 K) 

     0.4 (10 K) 

 
3 % (240 K) 
4.5 % (10 K) 

 

 

CVD 

 

NiFe/MoS2/Co 74
 

8.6 (6.4 nm) 

10.7 (11.1 nm) 
7 nm 

0.5 (300 K) 

2.0 (75 K) 

5-10 %  

(300 - 75 K) 

NiFe/WS2/Co 81
 - 

Single   
layer 

0.18 (300 K) 

0.47 (4.2 K) 
3 % (300 K) 
5% (4.2 K) 

Exfoliated 

NiFe/WSe2/NiFe 82
 - 

Few layers 

5.4 nm 
-0.21 (300 K) 

-1.1 (4 K) 
3 % (300 K) 

7 % (4 K) 

Co/MoS2/NiFe 79
 - 

 300 K 30 K up to  
13.7 % 

(30 K) 

for 

multilayer  

layers 

1 layer 0.25  1.1  

2 layers 0.35  1.7  

3 layers 0.47  2.2  

       >3L 0.62 3.2  

La0.7Sr0.3MnO3/ 
MoS2/ Ni0.8Fe0.2 

73 - 2 nm 0.8 (20 K) - PVD 

(magnetron 

sputtering) Fe3O4/MoS2/ 
Fe3O4 

78 -      2 nm    
 

0.2 (80 K) 3% (80 K) 

 
Several studies have been reported on MoS2 based tunnel junctions with various FM electrodes73,84,79. It was 
observed that capping the FM electrodes prevented oxidation and enhanced the MR ratio. Commonly the MoS2 
layer was found to be polycrystalline, and a single crystalline phase is expected to yield better MR behavior. 
Using different FM layers on two sides of MoS2, an improvement in the MR was observed in Py/AlOx/MoS2/Co72 

and Co/MoS2/NiFe79. Typically, the observed MR corresponds to spin polarization of 5-15%, which is lower than 
the theoretically predicted values, and the difference is caused by the lattice mismatch between the two layers 
and the presence of defects leading to enhanced scattering. To improve the MR performance, half-metallic FM 
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electrodes were used in several studies as they can offer almost 100% spin polarization at the interface and 
better spin injection into the TMD layer as also supported theoretically77. However, the experimental MR value 
was observed to be lower than the theoretical predictions, which was attributed to the lack of transparency in 
the FM/TMD interfaces. Theoretically very high MR values were predicted for MoS2 with CrO2 (MR ~860%, CIP 
configuration72), and Heusler alloy Fe3Si (MR > 300% and Spin Injection efficiency (SIE) of 80%) which were 
found to be robust with an increase in the applied bias77. However, the experimental demonstration of such 
values remains a challenge.  
 
The MR signal, in general, is found to increase with a reduction of temperature due to the decrease in 
scattering from magnetic impurities, the presence of surface states, inelastic scattering with phonons, and 
thermal broadening of the electronic energy levels in the FM electrodes. The temperature dependence of the 
MR ratio follows the same trend of the surface magnetization, which can be described using Bloch’s T3/2 law: 

P(T) = P(0) [1 - T3/2], where P(T) is the spin polarization at temperature T and  is a constant. The value of  
determines a fast/slow fall of the MR at a higher temperature, which is associated with the Curie temperature 
(Tc) of the FM and the barrier height. The MR signal was found to increase with a reduction of the bias current. 
Such behavior could be attributed to the presence of localized spin excitations, magnons and localized trapped 
states in the interlayer. Similarly, band bending, magnon excitation and appearance of interface states 
contribute towards the decrease in MR at higher applied bias85.     
 
It is widely observed that theoretical calculations predict a very high MR and significantly large spin polarization 
for an FM/TMD interface, whereas experimentally they show lower values. There are several reasons behind 
this. Firstly, the nature of the layer considered is ideal in theory: it is unstrained, without defects and 
distortions; however, experimentally obtained layers are far from perfect. In most of the cases, the layers are 
polycrystalline and not entirely uniform throughout the junction area. The electronic properties of MoS2 were 
found to be strongly dependent on the number of layers, which for monolayer is metallic, but insulating at 
higher thicknesses. The nature of the tunnel barrier also changes with thickness, being more insulating for a 
thicker layer. This is different from the single-crystalline nature of the layer with perfect tunnel barriers 
considered in theory. In the reports with giant MR signals, the size of the supercell used is not always of similar 
size as that used in the experiments. During the wet transfer of the TMD, surface adatoms, contaminants, or 
cavities can’t be removed completely, and they play a role in the interface transparency. Depending on the 
FM/TMD combination and method of preparation of the TMD layer, some interfacial strain is inevitable, and 
this can hinder the spin propagation. Some FM electrodes are prone to oxidation, and capping them with a 
protective layer (thin oxide layer) is useful to improve the performance. Conductivity mismatch between the 
electrode and the tunneling layer can also be a factor to consider, and an intermediate buffer layer can help to 
improve the performance. Unlike Graphene and h-BN, spin-orbit coupling is significantly large in TMDs, which 
can cause additional spin-flip scattering and reduction of MR ratio. In an ideal MTJ, the carrier motion should 
be in the ballistic regime while in experiments, it is found to be mostly diffusive due to the imperfections and 
inelastic scattering from the presence of impurities affecting the tunneling performance.   
     
Based on the available results, a recipe for improvement of the MR could be suggested. The choice of the 
electrode material is very crucial. A stronger FM (preferably half-metallic) with proper oxidation protection is 
necessary. A thin oxide-insulating layer with better lattice matching between the FM and TMD can help in 
stabilizing the structure and a conductivity match. An asymmetric FM combination can offer easy switching of 
the FM blocks at different magnetic fields due to different coercivity as used by Dankert et al.

74 and Khan et 

al.
79 with the latter observing the highest MR (~3.2%) within the available reports. It is expected that a similar 

structure will result in a higher MR at much lower temperatures. If the anisotropy of the TMD plays a role, then 
an angular dependent MR measurement (varying the angle between current and magnetic field) would help in 
identifying the preferred direction of the applied field to reach the maximum MR. It is generally observed that 
the MR ratio improves with thicker layers of single-crystalline nature. Van der Waal's heterostructure of TMDs 
can be tested for this purpose. Special care should be taken during the wet transfer process of the CVD grown 
or mechanically exfoliated TMD layer and while dealing with any interface. The lack of transparency in the 
quality of the FM/TMD interfaces is a possible suspect behind the lower MR ratio. In situ preparation of the 
entire heterostructure in a controlled environment could circumvent most of these problems. Despite such 
care, the theoretically predicted MR values are usually the maximum upper limit, and experimental results are 
expected to provide smaller values. The Ab-initio calculations typically provide results under equilibrium 
conditions, and very low-temperature measurements are essential for comparison. However, no experimental 
report is available below 4K. Therefore, there are still opportunities for theoretical studies to incorporate 
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practical factors into their model and see the changes in MR performance.  
 

C. All 2D magnetic tunnel junctions 
So far, we have been discussing 3D ferromagnetic junctions with 2D materials. The use of ferromagnet ultrathin 
film in magnetic tunnel junction is now explored for almost four decades, 37,86–88, which are mainly fabricated 
by physical growth methods such as molecular beam epitaxy, sputtering, or pulsed laser deposition89–91. 
Optimizations and research with such materials have led us to present-day highly efficient data storage and 
magneto-sensing technologies. However, research showed several issues relating to disorder present in the 
electrodes, barrier and electrode-barrier interface, interdiffusion92 that affect spin polarization of the FM, and 
its interface with the tunnel barrier.  Interface roughness results in local variations of the barrier thickness, 
local magnetic fringe field, and inhomogeneous electronic configuration and coupling at the interfaces that 
may strongly affect the spin-dependent tunneling conductance 93–96. Impurities, vacancies, and defects present 
in the barrier or at the interface of covalently bonded materials can trigger inelastic assisted tunneling 
mechanisms97–101. Spin transport across tunnel junctions can also be modified by the presence of crystal grains, 
stacking faults, which are sensitive to details of atomic sequence at the interface2,3,102,103. These challenges can 
be naturally bypassed by employing a layer by layer assembly of magnetic and non-magnetic 2D materials. 
Here, the recent discovery of two-dimensional magnetism (up to single layers of atoms) provides an innovative 
landscape for magnetic tunnel junctions, via the formation of pristine interfaces with on-demand structural 
integrity due to their Van der Waals nature. Hence such materials and their van der Waals heterostructures 
offer several new possibilities. For example, 2D materials with different crystal structures and lattice constants 
can be stacked into heterostructures, without the structural and electronic detrimental effect seen in 
conventional epitaxial thin films104,105.  Since the interlayer interaction is of the van der Waals kind, the 2D 
materials forming FM/Insulator/FM device106,107 architectures can stay electronically decoupled, circumventing 
complex covalent hybridization at interfaces and interface states issues with traditional evaporated metal-
oxide interfaces2,3,103.  This implies that van der Waal’s magnetic layers introduce new concepts of spin filtering 
beyond the usual spin injection/detection schemes while exploiting only the change of magnetic ordering into 
the lamellar structure108–110.  Here we briefly introduce the emergent 2D magnetic systems and new exotic 
applications of relevance to the area constructing all 2D magnetic tunnel junctions.  
 

1. Magnetism in two-dimensional materials 

Atomic magnetic moment, arising out of unpaired electrons, is a necessary ingredient of magnetism. In a 
lattice, adjacent atomic moment or spins are coupled through a quantum mechanical exchange interaction 
result in magnetic properties of materials. Magnetism depends on the lattice dimensionality or crystal 
structure, as well as the spin-dimensionality of the system. For a 2D layer of magnetic moments, Fig. 7 shows 
three common configurations of spin dimensionality, where the atomic spins could be Ising (pointing up or 
down) type, or oriented in a plane (XY model) or more like a Heisenberg (XYZ model) kind. Theoretically, the 
existence of magnetism in 2D dimensions for spins with continuous symmetry is excluded by the Mermin-
Wagner theorem111. However, anisotropy can enable sustainable long-range magnetic ordering, which has 
been experimentally observed in several magnetic 2D materials recently. It is worth noting that 2D Ising kind of 
behavior has been reported in neutron scattering experiments in layered materials112 much earlier. The 
existence of magnetism down to monolayers in several magnetic 2D materials has been established very 
recently; some of these crystals are presented in Table IV.  
 

 
Figure 7. Spin dimensionality S (a) Ising configuration with spin pointing up or down along Z-axis. (b) XY-model, where spins 
are free to orient towards any point (shown by the red dot) on the circle in the XY plane. (c) Heisenberg kind, the sphere is 
drawn to show that spins can orient to any point (indicated by the red dot) on the sphere. 
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Intrinsic magnetic order in 2D layered crystals was discovered in early 2017 in two unique systems at low 
temperatures113,114. One of these crystals, Cr2Ge2Te6  remarkably showed ferromagnetism down to the bilayer 
limit, with a suppression of the Curie temperature, where the ferromagnetic to paramagnetic phase transition 
occurs, as observed in low-dimensional magnets113. Concurrently, the ferromagnetic order was also shown to 
exist in monolayer CrI3 up to 45 K. Moreover, bilayer CrI3 showed no net magnetization due to the 
antiferromagnetic coupling between the two layers. In addition to these low-temperature demonstrations, 
recently stable ferromagnetic order has been reported in VSe2 crystals on graphite and MoSe2 at room 
temperature115. Several such materials have been theoretically predicted to possess ferromagnetism, including 
VSe2

116.  Primarily, this allows for the understanding of spin interactions and phase transitions in two 
dimensions. 
Furthermore, due to their reduced dimensionality, they present a direct response to external stimuli such as 
mechanical strain, electric field effects, and optical excitation. The presence of magnetism in monolayers also 
suggests the tunability of exchange interaction and transition temperatures upon the influence of stimuli.  At 
the same time, spin linked Hamiltonians are expected to explore quantum phase changes, for instance, 
Kosterlitz-Thouless transition in XY configurations. As described in the next section, new interfaces with other 
novel materials could be employed to tune properties much more effectively. Propelled by these possibilities, 
the 2D magnetism rose to prominence with several teams demonstrating magnetism in new crystals117, electric 
field control of magnetism118,119, observing huge values of up to ~104% magnetoresistance108,120 and tunnel 
spin filtering through CrBr3 originating from spin-magnon activated inelastic tunneling121. The latter reported 
the first observation of proximity induced magnetoresistance in graphene from a 2D ferromagnet 121.   
 
Table-IV: Some experimentally characterized 2D magnetic systems.  

2D magnet Ref. Layer thickness Tc  Easy axis Electrical property 

Cr2Ge2Te6 (CGT) 113
 

Bilayer 30 K 
Out of plane Insulator 

Few layer 61 K 

CrI3  114
 

Monolayer 
(ferromagnet for 
odd number of 
layers, anti-
ferromagnet for 
even number of 
layers) 

45 K (monolayer) 
(Bulk form 65 K ) 

 
Out of plane Insulator 

Fe3GeTe2 (FGT) 122 
5-25 nm  

155-200 K 
(bulk Tc~207 K) Out of plane Metallic  

Monolayer  130 K 

VSe2 115
 Monolayer 

> 300 K 
(paramagnetic in 

bulk form) 
In-plane 

Metallic in 1T crystal 
structure form 

Cr Si Te3 123
 Few layers (7 nm) 

80-120 K 
(observed from 

resistivity) 
(Bulk Tc~33 K) 

Out of plane semiconductor 
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A variety of 2D ferromagnets have emerged, 
opening new prospects for studying junctions 
with graphene and hexagonal boron nitride that 
have so far been studied with conventional 
ferromagnetic materials. Recently Z. Wang et al. 
demonstrated a magnetic tunnel junction in 
Fe3GeTe2/hBN/Fe3GeTe2 Van der Waals 
heterostructures107 (Fig. 8). Such structures 
allow for probing sharp interfaces. The authors 
obtained an optimistic magnetoresistance~160% 
at low temperature, yielding a spin polarization 
~ 66% (83% for the majority and 17% for 
minority spins). Their measurements of spin 
valves and temperature dependence of spin 
polarization corroborated precisely to the 
anomalous Hall conductivity results, indicating 
an interface nature quite similar to the bulk 
ferromagnet. The report also shows that, with 
increasing temperature, the evolution of the 
spin polarization extracted from the tunneling 
magnetoresistance is proportional to the 
temperature dependence of the magnetization 
obtained from the analysis of the anomalous 
Hall conductivity. This suggests that all 2D material based MTJs provide new means for exploring pristine 
interfaces that are not affected by heterostructure formation, providing a sharp transition in the 2D material 
layers that is not possible by the growth of FM electrodes. The perpendicular nature of magnetization to the 
crystal planes result in relatively larger magnetic switching fields. However, crystals like VSe2 showed lower 
switching fields that show potential for low field operation. This area is still in its infancy and presents fresh 
opportunities to explore magnetism in two dimensions, 2D magnetic tunnel junctions, and spinterfaces with 
unique lattice configurations.  
 

2. Exotic ferromagnetic (eFM) heterostructures for tunable junctions 

Often in normal ferromagnet-nonmagnet junctions in spintronic devices, it is not only challenging to obtain 

smooth interfaces, but it is also not feasible to tune the properties of the ferromagnetic layer dynamically. This 

restricts the FM-NM junctions to specific properties based on the interface. On the other hand, unlike top-

down fabricated ferromagnetic thin films, the 2D magnetic crystals have made the unprecedented realization 

of true magnetism in two dimensions, down to the level of crystal monolayers. Realizing magnetism in 

atomically thin layers implies multiple possibilities for enhanced control using electrostatic doping, chemical 

doping, optically assisted modulation, and proximity induced effects. Such opportunities could lead to 

designing exotic heterostructures of 2D ferromagnets (instead of 3D ferromagnets) that enable additional 

control of interface spin conductance. The band structure of atomically-thin 2D materials is greatly influenced 

by the electronic nature of adjacent materials. For instance, heterostructures of bilayer CrI3 with graphene 

show tunable magnetism, including the possibility of antiferromagnetic to ferromagnetic switching by 

electrostatic doping119,124,125. The creation of new spinterfaces of 2D ferromagnets with 2D semiconductors126 

has demonstrated hybrid spin and valley polarization capabilities, prospective for the integration of 

information processing and memory storage circuits. Beyond 2D materials, novel 3D Topological insulators (TI) 

exhibit surface conducting states protected by time-reversal symmetry, with spin-momentum locking. TI 

heterostructures involving 2D FM, therefore, attain new capabilities, like the presence of large anomalous Hall 

effect127. In such heterostructures with TI, the proximity coupling with FM can lead to enhanced interface 

magnetism128, enhancing the operation temperature. The TI|FM heterostructures are favorable for engineering 

magnon dispersion, magnetocrystalline anisotropy. In addition to proximity induced modifications in 

heterostructures, stacking order and interlayer arrangement in a multilayer 2D magnet itself could be 

employed to make striking changes in magnetic properties129–131. In particular, stacking order can be tuned by 

applying pressure as well as introducing disorder. For example, lamellar magnetic semiconductor crystal RuCl3 

shows that adding turbostratic disorder (slipping of atomic layers) in a stack of RuCl3 nanosheets allows for 

Figure 8. (a) Spin valve signal in Fe3GeTe2/hBN/Fe3GeTe2 at 4.2 K. 
(b) Comparison of the obtained spin valve switching with 
anomalous Hall effect indicates a matching of the switching 
fields. (Adapted with permission from Wang, Z. et al., Nano Lett. 
18, 4303 (2018)).   
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tuning the interlayer interaction and modifying the 2D layers stack magnetic poperties132. A recent report on a 

few nm thick 2D CrCl3 crystal showed a ten-fold enhancement of the interlayer exchange coupling compared to 

bulk CrCl3 due to the intrinsically different stacking order133. Change of interlayer stacking order also results in a 

shift in the magnetic state from FM to AFM, as observed in CrI3 while using hydrostatic pressure to tune the 

interlayer distance and arrangment134. Similarly, distinct interlayer magnetism was also observed in bilayer 

CrBr3 by spin-polarized scanning tunneling spectroscopy, where measurements revealed antiferromagnetic 

coupling in rhombohedral stacking while ferromagnetic coupling in monoclinic layer stacking135.  In addition to 

their core fundamental importance, these results indicate strategies to modulate the critical switching fields 

and the magnetic phase by changing the interlayer coupling, thereby presenting exotic aspects for building 

novel MTJs. Therefore, stacking-dependent properties like orbital hybridization and strain emerge as new 

control-knobs to design exotic 2D ferromagnets (eFM) with innovative electronic and magnonic band 

structures. At the same time, they also present new prospects for antiferromagnetic spintronics136 with 

atomically thin engineering of exchange coupling. All these unique aspects of 2D magnets offer opportunities 

for building novel eFM|NM heterostructure, an open avenue for further exploration and realizing innovative 

spin devices. Therefore, the very atomically thin nature of the 2D magnets provides multiple prospects that 

were inconceivable with conventional magnets.  

IV. Outlook 
Over the past decade, 2D materials have brought fresh stimuli to the area of magnetic tunnel junctions and 

different spin injectors. For the first time, we have access to the thinnest materials with minimal interface 

states and defects, close to perfect systems sought for interfaces. The wide range of electronic structures 

presented by graphene, hexagonal boron nitride, semiconductors, and their Van der Waals heterostructures, 

has led to the prediction and demonstration of spin filtering and large magnetoresistance, as elaborated here. 

The 2D semiconductors also show promise for novel-integration of magnetic junction structures to 2D 

transistors, signifying a means for integrating nanoelectronic and spintronic devices. One of the striking 

features of these systems is that even with single 2D layers of spacers, the effects are robust, and noticeably 

open up opportunities for scientific studies. There exists a vast scope to explore factors such as coupling, 

hybridization, multiple layers, and hybrid junctions for controlled interfaces to optimize high polarization 

conditions. As the theoretical results indicate great promise, there is an enormous opportunity for 

improvements through fabrication and new synthesis techniques for improved figures of merit. At the same 

time, future theoretical investigations can mine the best combinations that can guide further experiments. 

Interface spin texture is key to promoting specific phonon spectrum, doping level, and engineering distinct 

textures through atomic layer twists137 and proximity induced spin-orbit coupling138–141. For instance, the 

recent magic-angle bilayer graphene with induced unconventional superconductivity142,  suggests new 

feasibility of 2D superconductor-ferromagnet interfaces for superconducting spintronics143. Furthermore, the 

perpendicular magnetic anisotropy (PMA)144,145 and Rashba spin-orbit coupling in interfaces with graphene 

could introduce Dzyaloshinskii-Moriya interaction in adjacent ferromagnetic layers leading to stabilized chiral 

spin textures146–148. Such interfaces could be engineered, and the resulting modification of electronic structure 

could be quantified experimentally using X-ray as well as transport spectroscopic techniques. Research in this 

area is expected to evolve rapidly with the recent emergence of ferromagnetism in 2D crystals, as seen from 

the latest demonstration of 2D Van der Waals based tunnel junctions and the new possibilities with exotic 

heterostructures. Also, new systems such as mixed dimensional Van der Waals hetrostructures149 and 2D-0D 

heterostructures150,151  provide additional spin-injection and spin-state control knobs via spin-orbit assisted 

Coulomb effect, enabling the combination of single-electron quantum properties with spin-injection properties. 

Such inclusion of the single electron mechanism could lead to quantum spin devices with dual electric and 

magnetic control of spin states. Very recently 2D flexible spin circuits8 have also been demonstrated, which 

bring new aspects for strain-based interface control. Finally, with the possibility of large-scale growth of all such 

materials through chemical vapor deposition techniques, it is reasonable to expect that a real promise exists 

for new functional spintronic device applications.  
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