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Antiparallel magnetic configuration

In previous work, ! it can be seen the conventional memory element design in magnetic tunnel

junctions (MTJs). The bottom and top ferromagnetic layer are separated by inserting a thin



tunnel layer. Then, switching between the parallel and antiparallel state of top ferromagnetic
layer is achieved by using magnetic fields, when the bottom ferromagnetic layer is pinned by
antiferromagnetic layer. Similarly, the multiple 1T-MnSe, ferromagnetic layers are divided
into three magnetic regions by inserting h-BN layer as tunnel layers. As shown in Figure S1,
the magnetic coupling between 1T-MnSe, layers is weakened by inserting h-BN. Furthermore,
the magnetization of top and bottom 1T-MnSe, layers can be fixed to the antiparallel state
by AFM layers. In general, although antiparallel order is not the magnetic ground state,
it can be realized as initial antiparallel magnetic order in 1T-MnSe,/h-BN/1T-MnSe,/h-
BN/1T-MnSe, junction. The AFM layers (pinning layers) may also have significant effects
on transport properties. It is suggested that the pinned layers could grow outside of the
transport region, and the pinning layers grow behind of the pinned layers in the non-transport
region (Figure S2). In the non-transport region, the magnetic moment direction of the pinned
layer is fixed by the pinning layer (AFM layer) through the exchange bias effect.? Meanwhile,
the magnetic moment direction of the pinned layer in the transport region is fixed and parallel
to that of the non-transport region for the intralayer ferromagnetic coupling of the pinned
layer. Through the designed model, we can see that the pinning layers do not participate in
the transport process, which is beneficial for ensuring the transport performance of MTJ.
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Fig. S 1: Magnetic configurations and energy of magnetic configurations for (a) bilayer
1T-MnSe, (b) 1T-MnSe,/h-BN/1T-MnSe,.
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Fig. S 2: Schematic of the MTJ device model with the pinning layers. The red box is the
transport region.

The spin-resolved conductance calculated with two basis sets

For testing error bar, the improvement of double-zeta double-polarized (DZDP) basis sets
are adopted for junction to calculate conductance. As shown in Table S1, it can be seen
that conductance involving DZDP basis sets is in the same order of magnitude as that
using double-zeta polarized (DZP) basis sets. Thus, for graphene/1T-MnSe,/h-BN/1T-
MnSe,/h-BN/1T-MnSe,/graphene junction, the DZP basis sets are sufficient for accurate

computations.

Table S 1: The spin-resolved conductance (107'%?/h) of three magnetic configurations of
device

GEPC*DOWN GJAPC*DOWN GLPC*UP GJAPC*UP G1I;C GiI;C
DZP 0.37 18.25 3.43 788 009 46652
DZDP 0.16 60.35 1.26 437 009 44839

The conductance calculated with lattice vibration

Phonons can cause atoms in the structure to deviate from the equilibrium position, resulting
in changes in transport properties. To reduce the computation workload, we generated
four structures with random displacements to describe lattice vibrations and directly study
their multifold effects on spin-dependent transport. Firstly, the random displacement of
atom positions is used to simulate lattice vibrations or phonons. In detail, the random
displacement of atom positions for 1T-MnSe, and h-BN layers is 0.5 A, while C atoms are

fixed for high Young’s modulus and strength of graphene.® We generated four structures of



the junction with random displacements. Next, we use the ATK package, based on the non-
equilibrium Green’s function-density functional theory (NEGF-DFT) method,* to calculate
the spin-dependent transport. The results show that the lattice vibration could cause a slight

change in conductance (Figure S3) of the [J11, JJ{1 and ||} states, but not an order of

magnitude change.
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Fig. S 3: The spin-resolved conductance of three magnetic configurations with perfect
lattices and lattice vibrations.
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Fig. S 4: Side views of bilayer 1T-MnSe,/h-BN/1T-MnSe,/h-BN/1T-MnSe, junction, (b)
energy differences between |11 and |]|1 states by the applied electric field.



The spin-resolved transport performances of graphene/ 1T-MnSe, /h-

BN /1T-MnSe,/h-BN /1T-MnSe,/graphene junction

In graphene/ 1T-MnSey/h-BN/1T-MnSe,/h-BN/1T-MnSe,/graphene junction (three-layer
model), the transmission coefficient (conductance) of spin-down (spin-up) channel is much
larger than those of spin-up (spin-down) channel in the |1 ({171) state, leading to a large
spin polarized current (Figure S5). On the other hand, TMR is one of an important index
to evaluate the performance of MTJs. The TMR, ratio of the three-layer model could be

calculated as

TMR, = /G = 1/Gurt 1000, (1)
1/G iy

where I /G| 4+ and /G 4+ are the current /conductance of the |1 and |17 states, respec-
tively. The density of states (DOS) in the spin-down and spin-up channels are reversed in the
41 and |11 states (Figure 1(c-d)), resulting in the transmission coefficient (conductance) of
the spin-down and spin-up channels are reversed in the |1 and |11 states (Figure S5(d-e)).
The total conductance of two spin channel in the | |1 state is the almost the same as that
in the |11 states. Thus, the TMR, ratio is approximately zero for this junction. Consid-
ering the manipulation of the magnetic states by the applied magnetic field, the magnetic
moments of right 1T-MnSe, monolayer are fixed. The magnetic moments of the middle and
left 1T-MnSe, layers are parallel with the external magnetic field. When the magnetic field
direction is parallel to the magnetic moment direction of the pinned layer, it is labeled as
1 state. When it is opposite, the magnetic state is labeled as |1 state. The TMR,,, ratio

of the junction could be calculated as

TMR,, = /G = LG 100y (2)
I/G

where I/Gy and I/G 4+ are the current /conductance of the 111 and |1 states, re-

spectively. The conductance of the device is summarized in Table S2. At the equilibrium
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Fig. S 5: Magnetic configuration and structural model of three-layer model. Side view of
1T-MnSey/h-BN /1T-MnSe,/h-BN /1T-MnSe, MTJ. By changing the direction of the applied
electric field and magnetic field, the magnetic moments of center 1T-MnSe2 layer could be
reversed between the |11 and the || state for (b), the []J1 state and the 117 state for (c).
Spin-resolved transmission spectra of the device in the |11 (d), JJ1 (e) and 111 (f) states.
The arrows denote the magnetic moments of the magnetic layer. The bias dependence of the
spin-current in the |1 state (g) and 111 state (h), and (i) TMR,, for the three-layer model.



state, the spin-resolved transmissions spectra of the 111 and |1 states are shown in Figure
S5(f,d). It is observed that the transmission coefficient of the spin-up channel in the 111
state is several orders of magnitude larger than those of spin-down channel in the ||T state,
leading to a large TMR,,, (2.75 x 102%). When the bias increases from 0.05 V to 0.25 V, the

current of 11 increases faster than that of ||, leading to a large TMR,,, ratio (4.53 x 103%).

Table S 2: The spin-resolved conductance (1071%?/h) of thwo magnetic configurations of
device

HT T
GT 2415  1160.62
GY 28575 2.67
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