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Abstract

:

A spin-topological electronic valve was discovered in a Ni/hBN–graphene–hBN/Ni magnetic junction to control the in-plane conductance of graphene. By manipulating the mass-gapped Dirac cone (MGDC) of graphene’s topology using the magnetic proximity effect, the spin-topological electronic valve was made possible. The first-principles investigation was conducted to show how the mechanism of graphene’s MGDC is controlled. Twelve stacking configurations for the anti-parallel configuration (APC) and parallel configuration (PC) of the magnetic alignment of Ni slabs were calculated using spin-polarized density functional theory. Three groups can be made based on the relative total energy of the 12 stacking configurations, which corresponds to a van der Waals interaction between hBN and graphene. Each group exhibits distinctive features of graphene’s MGDC. The configuration of the Ni(111) surface state’s interaction with graphene as an evanescent wave significantly impacts how the MGDC behaves. By utilizing the special properties of graphene’s MGDC, which depend on the stacking configuration, a controllable MGDC using mechanical motion was proposed by suggesting a device that can translate the top and bottom Ni(111)/hBN slabs. By changing the stacking configuration from Group I to II and II to III, three different in-plane conductances of graphene were observed, corresponding to three non-volatile memory states. This device provides insight into MJs having three or more non-volatile memory states that cannot be found in conventional MJs.
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1. Introduction


Graphene [1] has been successfully proposed for various applications in micro- electronics [2,3] and sensing [4] due to its exceptional in-plane charge mobility. New sensing systems can be designed flexibly due to the unique electronic structure of graphene, as highlighted by the Dirac cone. The equipotential of the C atoms in sublattices A and B of the graphene layer causes a linear Dirac cone energy band at zero energy. These Dirac electrons in graphene behave peculiarly, having the same velocity and no inertia [2]. Interestingly, growing graphene on top of a transition metal substrate enables the sensitive tuning of the Dirac cone energy band. Hybridization occurs when graphene is placed on a metal substrate, breaking the chiral symmetry of graphene and resulting in a mass-gapped Dirac cone (MGDC) [5].



Another unique property of graphene is its magnetic response when grown on a ferromagnetic substrate [6,7,8]. The spin-polarized charge transfer induces a magnetic moment on graphene, which is often in the opposite orientation to the ferromagnetic substrate [8]. Graphene is also a promising material for spintronic devices due to its weak spin-orbit coupling and long spin scattering length [9,10]. Ni(111) surfaces are the most commonly used contacts for studying graphene-based spintronic devices due to their similar structures, i.e., smallest lattice mismatch among transition metals, and strong hybridization with graphene [6,7,11]. Furthermore, graphene has served as a bridge between two Ni electrodes [12,13,14] because of its long spin relaxation lifetime [9] and as a tunnel barrier in Ni/graphene/Ni magnetic tunnel junctions [15,16,17,18,19,20,21,22,23,24]. However, a satisfactory performance that produces high magnetoresistance has not yet been achieved.



A new perspective of magnetoresistance is proposed in our previous studies of a Ni/graphene/Ni heterostructure. The magnetoresistance is achieved by controlling graphene’s MGDC. Our proposed Ni/graphene/Ni system shows that the controlled MGDC of graphene was achieved by interchanging the Ni slabs’ magnetic alignment between anti-parallel and parallel configurations (APC and PC, respectively) [25]. This mechanism is possible due to a particular hybridization created at the interface, which enables the magnetic alignment of Ni slabs to control the chiral symmetry of graphene. Surprisingly, the controllable MGDC of graphene produces a colossal in-plane magnetoresistance ratio for graphene up to 3100% [26].



Our group recently investigated the Ni/hBN–Gr–hBN/Ni MTJ structure theoretically [27]. Due to the proximity effect of the Ni surface state on graphene, a high current-perpendicular magnetoresistance on the Ni/hBN–Gr–hBN/Ni MTJ was found beyond 1200%. However, no explicit open-and-close behavior of the Dirac cone at the graphene plane was determined in the system. However, the proximity effect found on graphene implies a possible control of graphene’s topological properties to create controllable MGDC. Recent studies reported that by considering a van der Waals heterostructure of graphene sandwiched with other 2D materials, the MGDC of graphene can be controlled through a proximity effect by twisting the interface [28,29] or giving strain to graphene [30]. The Ni/hBN–Gr–hBN/Ni magnetic junctions (MJs) also have potential. Understanding the magnetic proximity effects of the Ni slab’s surface state at the interface, which work on graphene through the hBN layer, is necessary to design a mechanism to control graphene MGDC in Ni/hBN–Gr–hBN/Ni MJs.



In this study, we present a spin-topological electronic valve in a Ni/hBN–graphene–hBN/Ni MJ to control the in-plane conductance of graphene. The spin-topological electronic valve can be realized by controlling the topological nature of graphene’s MGDC through the magnetic proximity effect. A first-principles study in which the magnetic proximity effect of the Ni surface state was used to control the pseudospin of graphene is proposed to understand the mechanism of a spin-topological electronic valve. The magnetic proximity effect was in charge of modulating the potential of the carbon atom sublattices A (C1) and B (C2) of graphene. The magnetic proximity effect on the graphene layer was introduced due to the sandwich structure of graphene in between hBN monolayers, followed by Ni(111) nanostructures. The introduction of the hBN layer is essential due to its insulating nature (large band gap) and one-atomic-layer thickness, which optimizes the propagation of the surface state to create a proximity effect on graphene. Its large band gap also has little effect on graphene’s Dirac cone, so the electronic Dirac properties of graphene are solely controlled through the proximity effect. Additionally, the weak van der Waals bonding formed between graphene and hBN creates easy controllability on the mechanical translation of the system. Twelve stacking arrangements of graphene and hBN layers were taken into consideration at the interface. When performing the calculation, Ni(111) slabs were in both the APC and PC states. In this study, we explore the impact of the surface state of Ni(111), which acts as an evanescent wave on various graphene sites, on the electronic structure of graphene. According to our findings, the twelve stacking configurations may be divided into three groups based on relative total energy, each of which corresponds to the van der Waals contact between hBN and graphene. In controlling the MGDC of graphene, each group exhibits distinctive features. The configuration of the Ni(111) surface state’s interaction with graphene as an evanescent wave significantly impacts how the MGDC behaves. Finally, a device that can translate the upper and lower Ni(111)/hBN slabs is suggested as a potential use for the Ni/hBN–Gr–hBN/ system as a spin-topological electronic valve. By changing the stacking configuration from one group to another, three different in-plane conductances of graphene were observed, corresponding to three non-volatile memory states. This device provides insight into MJs having three or more non-volatile memory states that cannot be found in conventional MJs.




2. Computational Methods


In this theoretical work, a graphene layer sandwiched between hBN layers and followed by Ni(111) slabs is proposed, as shown in Figure 1. The top-FCC stacking arrangement with the Ni layer nearest to hBN placed directly on the site of the N atoms, the next Ni layer (the Ni layer second-nearest to hBN) placed on the hollow site of hBN, and the farthest Ni layer placed on the site of the B atoms was considered to be the most stable stacking configuration between Ni(111) and hBN [31]. Twelve different stacking arrangements between hBN layers and graphene are taken into consideration, as seen in Figure 1. The carbon atoms in sublattices A and B are denoted by the letters C1 and C2, respectively. The upper (or lower) hBN site, which is placed directly above (or below) C1 and C2, is denoted by the a (x) and b (y) symbols. The hollow, boron, and nitrogen sites of the hBN are represented by the letters H, B, and N. Here, the formula to explain the stacking configuration of the upper hBN, graphene, and lower hBN, as shown in Figure 1, is   a  C 1  x  —  b  C 2  y  . For instance, HC1B—BC2H indicates that the upper (or lower) hBN contains B atoms (or a hollow site) above (or below) C1 and C2, and that the lower (or upper) hBN has B atoms (or a hollow site) above (or below).



A tetragonal lattice is used in describing the proposed model. We assume that the graphene, h-BN, and Ni(111) surfaces of Ni slabs are commensurate since the lattice mismatch between graphene and the h-BN   < 2 %   and the lattice mismatch between graphene and the Ni(111) surface   < 1.3 %  . Thus, the lattice constant of this sandwich structure is taken from that of graphene,   a = b = 2.461   Å. While the periodic boundary conditions are considered in the xy-plane, a vacuum space of at least 80 Å was inserted to avoid spurious interaction between the slab replay in the z-direction. Both APC and PC were considered for the upper and lower Ni(111) slabs. In the case of APC, the magnetic moment orientation of lower (upper) Ni slabs was fixed in the upward (downward) direction. On the other hand, both upper and lower Ni slabs’ magnetic moment orientations were fixed upward when the PC state was considered.



The SIESTA package [33,34] was used to perform the spin-polarized density functional theory calculations in order to determine the structural equilibrium, magnetic properties, spin-charge density mapping, local density of states (LDOS), and band structures. Additionally, we used the Troullier–Martins [35] and a revised Perdew–Burke–Ernzerhof functional for a densely packed solid surface (i.e., the PBESol functional) [36] pseudopotential to describe the electron–ion interaction within the generalized gradient approximation (GGA). The basis set with double-zeta and polarization was used [37,38,39]. The atomic positions were relaxed with a 0.001 eV/Å force tolerance. A   121 × 121 × 1   Monkhorst–Pack k-mesh was used for calculations. The calculations made use of an 800 Ry mesh cut-off. Furthermore, the van der Waals interactions between hBN and graphene are included in the proposed system by applying a dispersion potential of the Grimme type [40]. Previous studies show that Grimme type van der Waals approximations are qualitatively incorrect in describing van der Waals interactions between polarizable nanostructures over a wide range of finite distances in low-dimensional materials such as graphene [41,42,43], which can also strongly screen vdW forces [44,45,46]. Nevertheless, van der Waals correction yields the correct interlayer spacing at graphene–Ni slab [11,47] and hBN–Ni slab [31] interfaces. Thus, a correct interlayer distance is expected in this study since the interlayer distance between hBN and graphene is strongly affected by the weak hybridization of graphene and Ni through the surface state.




3. Results and Discussion


3.1. Total Energy and Its Correlation to Van Der Waals Interaction


The relative total energy (relative to the lowest total energy) of all 12 stacking configurations in the APC and PC states is shown in Figure 2. The stacking configuration with HC1B–BC2H had the lowest total energy, which means it is the most stable (ground state) configuration among the twelve stacking configurations. The 12 stacking configurations can be divided into three groups according to the relative total energy range to the lowest energy, as shown in Figure 2. Stacking configurations with a relative total energy range of   0 − 2   meV fall under the first category (Group I). The stacking configurations HC1H–BC2B and HC1B–BC2H fall under this category. The second category (Group II) consists of stacking configurations, such as HC1N–BC2H, BC1B–NC2H, HC1H–NC2B, and HC1B–NC2N, with a relative total energy range of   55 − 65   meV. Stacking configurations with a relative total energy range of   100 − 130   meV, such as NC1N–HC2H, NC1N–BC2B, HC1B–NC2N, HC1N–NC2H, and BC1N–NC2B, make up the third category (Group III). The three groups of stacking configurations correspond to the van der Waals interactions between the layers of hBN and graphene. The total energy difference between the most stable and other stacking configurations corresponds to the difference in van der Waals binding energy between Ni/hBN slabs and graphene. The van der Waals binding energy between Ni/hBN slabs and graphene (  E b  ) at Ni/hBN–graphene–hBN/Ni junctions can be described as follows:


   E b  =  E tot  −  N G  ×  E G  −  N  Ni / hBN   ×  E  Ni / hBN   ,  



(1)




where   E tot  ,   E G  , and   E  Ni / hBN    are the total energies per unit cell of the Ni/hBN–graphene–hBN/Ni, graphene, and Ni/hBN slabs, respectively;   N G   and   N  Ni / hBN    are the quantities of graphene and Ni/hBN slabs, respectively. The total energy of Ni/hBN slabs is the same for all 12 possible stacking configurations since the same stacking configuration of hBN and Ni slabs (top-FCC) was considered. Similarly, the total energy of graphene is also the same for all stacking configurations since the graphene keeps its flat structure in all cases. Thus, the total energy difference of the Ni/hBN–graphene–hBN/Ni junction between different stacking configurations is equal to the van der Waals binding energy difference between Ni/hBN slabs and graphene:


  Δ  E b  = Δ  E tot  =  E  tot  i  −  E  tot  0  ,  



(2)




where   E  tot  i   and   E  tot  0   are the Ni/hBN–graphene–hBN/Ni junctions’ total energies for any stacking configuration and for the most stable configuration, respectively. Therefore, Figure 2 shows that Group I (or III) has the strongest (or weakest) van der Waals binding energy between graphene and hBN/Ni slabs among all 12 possible stacking configurations.



The interlayer distance between the hBN and graphene for both the upper and lower hBN layers is shown in Table 1. According to Table 1, compared to the other groups, Group I has the smallest interlayer distance between hBN and graphene. This smallest interlayer distance corresponds to the interaction between the localized electron density of hBN’s N atoms, the Ni’s surface state, and the  π -orbital of graphene. Because there is less repulsive electron screening interaction between the C atoms of graphene and the N atoms of hBN, the van der Waals bonding between hBN and graphene is strongest when N atoms are not positioned above or below the C atoms of graphene. Additionally, the relative total energy rises depending on whether N hBN atoms are positioned above or below C graphene atoms. This increase is caused by a stronger repulsive electron screening interaction, which weakens van der Waals bonding and increases the interlayer distance between the layers of hBN and graphene. This characteristic can be seen in Groups II and III. In Group II, one of the Ni/hBN slabs (lower or upper) has N atoms in line with one of the C atom sublattices (C1 or C2). The interlayer distance of the stacking configuration in this group, shown in Table 1, shows that the interlayer distance between hBN and graphene became greater than that in Group I. Furthermore, when N atoms of both the upper and lower hBN layers are in line with one or both graphene C atoms, which corresponds to Group III, the relative total energy increases even more. The greater hBN–graphene interlayer distance correlates with the rise in relative energy. This result is consistent with a prior investigation on the stacking of hBN– graphene–hBN [48]. However, in this instance, additional electron screening occurs at the interface as a result of the charge transfer from the Ni atoms at the interface to the N atoms of the hBN. By categorizing the 12 stacking configurations into three groups, it makes hBN and graphene’s electron screening repulsion stronger than it was in the earlier study.




3.2. Magnetic Properties and Induced Magnetic Moments on Graphene


All 12 stacking configurations have a relatively small total energy difference between the APC and PC states, which suggests that the magnetic coupling between two Ni slabs is not very strong. Figure 3 displays the spin-charge density mapping for each group represented by BC1H–HC2B (Group I), BC1B–NC2H (Group II), and BC1N–NC2B (Group III). Induced magnetic moments on hBN layers demonstrate that the N (or B) atoms have moments in the same (or opposite) spin direction as the Ni atoms. All stacking configurations share this characteristic.



One of the Ni/hBN slabs in BC1N–NC2B is used as an example to investigate the detailed magnetic properties of Ni/hBN slabs. The Ni slab was set to have an upward magnetization direction. The LDOS of Ni and N atoms at the Ni/hBN interface shows that a strong hybridization was created between the Ni   d  z 2   -orbital and the N   p z  -orbital, based on the overlapping peak at   E −  E F  = − 0.8  ( 0.44 )    eV for the spin majority (or minority) channel, as shown in Figure 4a,b. The peak also shows that the magnetic moment orientation of N atoms has the same direction as Ni slabs. In the LDOS of Ni, the spin majority channel has lower energy than the spin majority channel since the spin-up direction of magnetization was set in the calculation. Because of the DOS peak at   E −  E F  = − 0.8   eV in the spin majority channel of N atoms, the N atoms have an induced magnetic moment orientation, which has a spin-up direction, as do the Ni slabs.



On the other hand, B atoms do not have strong pd-hybridization with the Ni   d  z 2   -orbital, based on the small DOS peak at   E −  E F  = − 0.8   eV in the spin majority channel of B atoms, as shown in Figure 4c. However, B atoms have a slightly stronger hybridization with the Ni   d   x 2  −  y 2    -orbital, creating a high peak at   E −  E F  = − 0.95   eV in the spin minority channel. There was a slightly higher peak at   E −  E F  = − 0.95   eV in the spin minority channel than that found at   E −  E F  = − 0.8   eV in the spin majority channel, resulting in B atoms with an induced magnetic moment in the spin-down direction opposite to that of the N atoms and Ni slabs. Finally, as the Ni slabs are set to have a downward magnetization direction, opposite characteristics of magnetic properties and LDOS are expected to be found in the Ni, N, and B atoms. These magnetic properties in the Ni/hBN slabs are consistent with our previous studies [27].



In the graphene case, its induced magnetic moment characteristics are not clearly shown in Figure 3. However, Table 2 shows that a small but non-negligible induced magnetic moment was observed on the graphene. Graphene has magnetic moment properties related to the Ni/hBN-graphene stacking configuration. Therefore, the total energy difference between APC and PC states might come from the induced magnetic moment configuration, which occurs on C atoms in graphene layers due to the proximity effect of Ni surface states.



The induced magnetic moment on C atoms in sublattice A (C1) and sublattice B (C2) is displayed in Table 2. Since the Ni atoms at the interface hybridized with the N atoms of hBN and the N atoms were positioned above and below the hollow site of graphene, the Ni surface state for Group I acts on the   p i  -orbital of graphene. This means that the spin-charge density of C atoms is not directly perturbed by the Ni surface state as an evanescent wave. When the PC state is taken into account, a small but non-negligible magnetic moment is seen on the C atoms, as shown in Table 2. This small induced magnetic moment on C atoms in Group I corresponds to the proximity effect originating from the surface state of B atoms. The LDOS of C1 and C2 atoms of graphene in the HC1B–BC2H stacking configuration (representative of Group I) shows that, in the PC state, a high DOS peak was found at   E −  E F  = − 0.92   eV in the spin majority channel, as shown in Figure 5b. This peak leads to the spin-up direction of the magnetic moment for both C1 and C2 atoms. This peak corresponds to the peak found in the spin minority channel of B atoms at the same energy. The opposite magnetic moment direction between C and B atoms comes from the unique magnetic response of graphene [8,25]. The magnetic properties of the HC1H–BC2B and the HC1B–BC2H, however, are slightly different. The magnetic moment of C2 atoms in HC1H–BC2B is greater than that of C1 atoms. This outcome is caused by the fact that B atoms are positioned above and below C2 atoms and that the magnetic moment that was slightly induced on B atoms inducing a magnetic moment on C2 atoms gives 0.001   m  u B    higher than that of C1 atoms. Conversely, due to the fact that the upper and lower B atoms are situated beneath or above various graphene sublattices in HC1B–BC2H, an equal magnetic moment was observed.



On the other hand, in the APC state, a high DOS peak at   E −  E F  = − 0.92   eV was found in both spin majority and minority channels for the HC1B–BC2H stacking configuration, as shown in Figure 5a. This is because the upper and lower Ni/hBN slabs have opposite magnetization directions, and the B atoms of the upper and lower hBN were aligned with two different graphene sublattices. Therefore, the slightly different peak height creates a small induced magnetic moment on C1 and C2 atoms with opposite spin directions. Thus, a small magnetic moment of 0.001   μ B   is observed on C1 and C2 with an antiferromagnetic order. Furthermore, different behavior in the induced magnetic moment in the HC1H–BC2B stacking configuration was observed. In the HC1H–BC2B case, the induced magnetic moment, which comes from the B atoms’ proximity effect, is canceled out since both upper and lower B atoms are located above and below C2 atoms. Thus, no induced magnetic moment was observed on C1 and C2 atoms of graphene, as shown in Table 2 No. 1.



When the Group II stacking configuration is taken into account, one of the two hBN layers—either the upper or lower layer—has N atoms that have been hybridized with Ni atoms at the interface, lining up with C atoms. Here, the spin-charge density of the C atoms is directly affected by the proximity effect from one of the hBN/Ni slabs. Table 2 shows that all stacking configurations in Group II generally create a higher induced magnetic moment on graphene than in Group I. As a representative of Group II, the BC1B-NC2H stacking configuration was used to investigate the electronic state of the graphene layer. In this stacking configuration, the position of the N atoms is not symmetric, i.e., the upper N atoms are in line with C1 atoms, and the lower N atoms are in line with graphene’s hollow site. The repulsive electron screening interaction becomes stronger since the upper N atoms are in line with C1 atoms. Table 3 shows a comparison of the Mulliken partial atomic charge population for the HC1B–BC2H (Group I) and BC1B–NC2H (Group II) stacking configurations. The table shows that the charge transfer occurs within the upper hBN and graphene layers, maintaining van der Waals bonding that is more dominant than the repulsion force of the electron screening, resulting in an equilibrium state. This charge transfer mechanism determines the induced magnetic properties found on the graphene layer. In the PC state being considered, the LDOS of graphene shows that a high peak DOS was observed on C1 atoms in the spin majority channel, as shown in Figure 5b. This peak is created because charge transfer occurred from C1 to C2 atoms within the graphene layer and from N to B atoms within the upper hBN, as shown in Table 3. Due to the charge transfer from N to B atoms within the upper hBN, the high DOS peak of B atoms LDOS in Figure 4c at   E −  E F  = − 0.92   eV is expected to become higher, thus yielding a greater proximity effect on C1 atoms. Additionally, the charge transfer occurs from C2 to C1 atoms within graphene. It makes the DOS peak of C1 atoms at   E −  E F  = − 0.92   eV in the spin majority channel much higher, as shown in Figure 5b. This high peak leads to the spin-up direction of the magnetic moment on C1 atoms. The oppositely induced magnetic moment of C2 atoms comes from the half-filled   p z  -orbital, and Pauli exclusion principles are often found in organic molecules in   s  p 2    hybridization or the magnetic alternant hydrocarbon system [49]. A similar case was also found when the APC state was considered. However, since the upper Ni/hBN slab has a downward magnetic moment orientation, the high DOS peak of C1 atoms was in the spin minority channel, leading to the spin-down direction of the induced magnetic moment.



The position of the N atoms in the upper and lower hBN, or whether they are symmetric or asymmetric, determines the magnetic moment that is induced on graphene for the stacking configuration in Group III. The N atoms of the hBN layers were positioned above and below the C atoms in Group III. Therefore, it is said to be symmetric when one of the graphene sublattices of the C atoms lines up with one of the N atoms of the upper and lower hBN layers. When the N atoms in the upper and lower hBN layers align with different C atom sublattices, such as the upper hBN with C1 and the lower hBN with C2, this is referred to as being asymmetric. When compared to other stacking configurations, Group III symmetric stacking configurations showed the greatest induced magnetic moment on graphene when the PC state was taken into account. The charge transfer mechanism within hBN and graphene becomes more significant since both upper and lower N atoms are in line with one C atom’s sublattice. Figure 5c shows a high DOS peak at   E −  E F  = − 0.92   eV on C2 atoms for the spin majority channel in the NC1N–BC2B stacking configuration while a PC state is considered. This high DOS had the highest intensity compared to the high DOS found at the same energy in Groups I and II. This causes C2 atoms to have a spin-up magnetic moment with the largest amplitude compared to Groups I and II. Similar to Group II, due to the AFM interaction between C1 and C2 atoms, C1 atoms have an induced magnetic moment in a spin-down direction with almost the same value as that found in C2 atoms. However, when the APC state was considered, a high DOS peak was created in both the spin minority and minority channel of C2 atoms, resulting in no induced magnetic moment on graphene. The induced magnetic moment of graphene in the APC state is also significant when taking into account asymmetric stacking configurations. This property results from the proximity effect, which affects the C1 and C2 graphene atoms equally. Since graphene prefers to have an antiferromagnetic order and the upper and lower Ni slabs have opposite directions, the induced magnetic moments of the C1 and C2 atoms reinforce one another. The proximity effect, however, produces a ferromagnetic order on the magnetic moments of C1 and C2 atoms when the system is in a PC state. The effect is diminished as a result of the antiferromagnetic properties of the C atoms in graphene, so the value is only marginally significant.




3.3. A Controllable Dirac Cone of Graphene due to a Tunable Pseudospin Term of Graphene


From the effective-mass Hamiltonian picture, the Dirac cone of graphene occurs due to the perseverance of the chiral symmetry of graphene, having equipotential between C1 and C2 [50]. Thus, the chiral symmetry is broken when a potential difference is created between C1 and C2, creating an MGDC with a gap size proportional to the potential difference between C1 and C2 [51]. In the case of the hBN–Gr–hBN heterostructure, the MGDC of graphene is open or closed depending on the stacking configuration [48]. The electron screening repulsion between hBN and graphene becomes the main determinant of whether the stacking configuration results in an open or closed MGDC. However, in the Ni/hBN–Gr–hBN/Ni heterostructure, the potential difference in the graphene sublattice could come from 1. the electron screening repulsion between hBN and graphene layers, 2. the Ni’s surface state, and/or 3. the induced magnetic moment on graphene. Thus, different characteristics of the Dirac cone might be found when two different magnetic alignments, the APC and PC states, are considered.



In the DFT spin-GGA calculations, the effective potential has a contribution approximately proportional to the spin-charge density:


   V  e f f  σ   ( r )  = ∫   n ( r )    |   r −   r  ′    |     d r  +   δ  E  X C   G G A    [  n ↑   ( r )  ,  n ↓   ( r )  ]    δ  n σ   ( r )    +  V  e x t    ( r )  + μ B  ( r )  .  



(3)







Thus, the spin-charge density characteristics of C1 and C2 correlate to the properties of the graphene’s Dirac cone. Table 4 introduced the integrated spin-charge density   n  η , σ    of the C atom   p z  -orbital, where  η  is either C1 or C2, and  σ  is either spin-up (↑) or spin-down (↓). The value of   n  η , σ    corresponds to the population of the partial charge of the atom (both for spin-up and spin-down electrons) and is assumed to be determined by integrating    n σ   ( r )    within an ionic radius of the atom. The special   p z  -orbital was chosen due to its correlation with the  π -orbital of graphene.



For the stacking configurations in Group I, both HC1H–BC2B and HC1B–BC2H have N atoms above and below the hollow site of the graphene layer. However, the location of the B atoms is different. The B atoms in HC1H–BC2B (HC1B–BC2H) are symmetrically (asymmetrically) positioned. The different arrangement of the upper and lower B atoms of hBN leads to different potential characteristics for C1 and C2. Thus, HC1H–BC2B and HC1B–BC2H are expected to show differences in the properties of graphene’s Dirac cone.



In HC1H–BC2B, since both the upper and lower B atoms of hBN align with C2 atoms, a modulated potential that comes from the electron screening repulsion between hBN and graphene layers is expected. However, the different induced magnetic characteristics of graphene between the APC and PC states lead to different modulations of potential. Table 4 No. 1 shows that the spin-charge density of C1 and C2 in the APC state can be described by using the following equation:


   n   C 2  , ↑   =  n   C 2  , ↓   >  n   C 1  , ↑   =  n   C 1  , ↓   .  



(4)







The electron screening repulsion between the C2 and B atoms causes the difference between   n   C 2  , σ    and   n   C 1  , σ    to exist. The spin-charge density between C1 and C2 atoms is modulated based on Equation (4). Thus, there is also a modulation of the effective potential between C1 and C2 atoms. Figure 6a depicts the open-gapped Dirac cone produced by this modulation. However, due to the absence of an induced magnetic moment on graphene, the band structure of spin majority and spin minority channels overlaps because the difference in spin-charge density between spin-up and spin-down electrons is the same. However, when the PC state is taken into account,


   n   C 2  , ↑   >  n   C 2  , ↓   >  n   C 1  , ↑   >  n   C 1  , ↓   .  



(5)







This demonstrates that C1 and C2 atoms had an induced magnetic moment. Figure 6a depicts a gapped Dirac cone that is open and spin-polarized. Equation (5) states that the open and spin-polarized Dirac cone comes from the potential difference between C1 and C2 atoms, which are modulated and spin-polarized. Compared with the hBN–Gr–hBN system, shown by the solid black curve in Figure 6a, the potential modulation created from the induced magnetic moment of graphene only creates a difference in whether the MGDC becomes spin-polarized or not when either the APC or PC state is considered.



However, a different result was found when HC1B–BC2H was considered. The electron screening repulsion between B and C atoms occurs on C1 and C2 atoms in the case of HC1B—BC2H in the APC state. The magnetic moment on the C atoms, which was induced by the magnetic moment on the B atoms, as shown in Table 4 No. 2 results in modulated spin-charge density:


   n   C 1  , ↑   =  n   C 2  , ↓   >  n   C 1  , ↓   =  n   C 2  , ↑   .  



(6)







Equation (6) demonstrates that the potentials between C1 and C2 atoms are modulated and that there is no difference in the spin-charge densities of spin-up or spin-down electrons. Therefore, as shown in Figure 6b, the gapped Dirac cone is open with spin majority and minority channel overlap. However, in the PC state, HC1–BC2H exhibits a closed Dirac cone. This property results from the asymmetric positioning of the B atoms, which produced an equivalent spin-charge density between C1 and C2 by inducing the same magnetic moment on the C atoms:


   n   C 1  , ↑   =  n   C 2  , ↑   >  n   C 1  , ↓   =  n   C 2  , ↓   .  



(7)







Thus, it was predicted that the equipotential would maintain chiral symmetry and produce a closed-gapped Dirac cone. Additionally, the closed Dirac cone becomes polarized due to the spin-charge density between spin-up and spin-down electrons, as demonstrated in Figure 6b.



The importance of the induced magnetic contribution in determining the opening or closing of the MGDC can be observed by making a comparison with the graphene Dirac cone of the hBN–Gr–hBN system in the HC1B–BC2H stacking configuration, shown by the solid black curve in Figure 6b. In the case of the hBN–Gr–hBN system, the contribution of the electron screening repulsion interaction between B atoms of upper (or lower) hBN and C2 (or C1) atoms of graphene creates an equipotential between C1 and C2. Thus, the chiral symmetry is preserved, and the Dirac cone of graphene is closed. Therefore, by introducing the potential modulation created from the induced magnetic moment of graphene, a controllable MGDC of graphene becomes possible.



Finally, it was shown that HC1B–BC2H has a property where the MGDC of graphene can be controlled, i.e., it can open and close depending on the magnetic alignment of the upper and lower Ni slabs. This controllable MGDC property comes from the controllable induced magnetic moment of graphene. However, the gap of the Dirac cone, which was shown in the APC state, is relatively small. This small gap is due to the influence of weak hybridization between Ni and C atoms via a damped Ni   d  z 2    surface state and C   p z  . In the following section, a scheme for controlling the gap size in the APC state will be introduced.




3.4. The Influence of the Surface State of Ni Works Directly on C Atoms in the Gapped Dirac Cone


As shown in Table 2 Nos. 3, 4, 5, and 6, a different induced magnetic moment with a different orientation was observed between C1 and C2 when the N atoms of one of the hBN layers, upper or lower, are in the APC or PC state. Due to the substantial difference in spin-charge density between C1 and C2, modulation of potential was therefore anticipated for C1 and C2 atoms. The HC1N–BC2H stacking configuration case, displayed in Table 4, serves as one example. This modulation causes an MGDC of graphene to be visible in Figure 7a for both APC and PC state cases. However, it is interesting to note that there is a sizable difference in the gap size between the spin majority and spin minority channels. For instance, in both APC and PC cases, the bandgap of the spin majority channel is greater than 200 meV, while the bandgap of the spin minority channel is lower than 100 meV. The integrated spin-charge density can account for this characteristic. When the APC state is taken into account, the spin-charge density difference between spin-up and spin-down electrons is nearly three times greater. Therefore, compared to the spin minority channel, the MGDC is more noticeable there. When the PC state was taken into account, this notable difference was also discovered.



The direct perturbation of the Ni surface states on C1 atoms is the cause of the significant difference in spin-up electrons. The magnetic moment is spinning up in the lower Ni slab. Because graphene prefers to have an antiferromagnetic order with the magnetic moment direction of Ni slabs, the C1 has an induced magnetic moment in a spin-down direction. Because the spin-up electron density is suppressed and consequently lower than the spin-down electron density, C1 and C2 have significantly different spin-up electron densities. From these results, it is suggested that the MGDC of graphene can be significantly increased, resulting in a sizeable gap, by creating a stacking configuration where the Ni surface states directly affect one of the graphene C atom sublattices.




3.5. Controllable Mass-Gapped Dirac Cone through the Ni Surface State Influence on C Atoms


In Group III, the C atoms’ spin-charge density of graphene gets a direct perturbation from Ni atoms at the interface of both the upper and lower Ni slab surface states. In this case, the proximity effect of the upper and lower Ni slabs on the C atom can be divided into two types: symmetrical and asymmetrical, in which the surface state affects one C atom sublattice and two different C atom sublattices, respectively. Conversely, HC1N–NC2H, BC1N–NC2B, and HC1N–NC2B are asymmetric, while NC1N–HC2H, NC1N–BC2B, and HC1B–NC2N are symmetric. The graphene’s spin-charge density is affected differently by symmetric and asymmetric structures, leading to different MGDC behavior.



In the symmetric case, such as the HC1H–NC2N, graphene does not have an induced magnetic moment in the APC state, but it does in the PC state, where it has a larger induced magnetic moment than Group II. However, even though the graphene’s induced magnetic moment is shown as zero in the APC state (Table 2 No. 7), Figure 7b depicts the MGDC in the spin majority and minority channels. Table 4 No. 4 can be used to explain this. Although the magnetic proximity effect is negated on graphene, the surface state of Ni directly perturbs the spin-charge density of the C2 atoms, leading to different spin-charge density mapping between C1 and C2. Nevertheless, the spin-up and spin-down electron density differences are the same because the upper and lower stacking configurations are symmetric, which causes the MGDC to overlap on the spin majority and minority channels.



The induced magnetic moments in C1 and C2 are distinct in the case of the PC state. Thus, the spin-charge densities of spin-up and spin-down electrons differ significantly. The stacking configuration of NC1N–HC2H demonstrates this. It demonstrates that there is a clear difference in the spin-down electron densities between C1 and C2. The spin-up electron density, on the other hand, revealed a minimal electron density difference between C1 and C2. The magnetic response of C1 atoms, which frequently have an antiferromagnetic order with Ni atoms, is what gives this property. As a result, the spin-down charge density of the C1 atoms increases relative to the spin-up charge density, whereas the spin-down electron of the C2 atoms decreases. Therefore, as shown in Figure 7a, the MGDC for the spin majority channel is slightly open. Meanwhile, the MGDC in the spin minority channel is open and significantly larger than it is in Group II. All of the stacking configurations in Group III, which is under the symmetric perturbation of the proximity effect, exhibit this characteristic.



However, for the proximity effect that gives an asymmetric perturbation, a similar characteristic to that found in our prior study was noted [25]. The stacking configuration of BC1N–NC2B served as one example. The Ni atoms at the interface of the upper and lower Ni slabs’ surface states perturb two different graphene sublattices, i.e., lower Ni on C1 and upper Ni on C2. As a result, when the APC state is taken into account, distinct induced magnetic moments on C1 and C2 are noticed. Figure 7c depicts the open MGDC on graphene for both spin majority and minority channels as a result of the chiral symmetry breaking caused by this difference. This situation is somewhat similar to that in the HC1B–BC2H stacking configuration, but the proximity effect is more pronounced because it directly perturbs C atoms. It can be seen from Table 4 No. 5 that the spin-charge density difference is significantly larger than it was for HC1B–BC2H. It is interesting to note that the gap size is similar to that of Ni/graphene/Ni MJs, as reported in our previous study [25]. Last but not least, the induced magnetic moment on C1 and C2 in the PC state has the same strength and direction. As a result, the Dirac cone is preserved and spin-polarized, as shown in Figure 7c.




3.6. Possible Application on the Spin-Topological Electronic Valve


The controllable MGDC of graphene in Ni/hBN–Gr–hBN/Ni, which depends on the stacking configuration, can be proposed as a device where a controllable MGDC is tuned using mechanical motion. This is because the van der Waals interaction between hBN and graphene is weak enough for the hBN to be mechanically translated to create another stacking configuration. Recently, tilting the overlapping of the hBN–Gr–hBN structure to have a particular angle and creating a Moire pattern is experimentally possible [52]; thus, a translation motion can also be expected. Additionally, since the van der Waals bonding difference between each group configuration is so small, in the range of 50–70 meV, where it is in the order of   10  − 21    Nm, it is reasonable to have translation motion between two different configurations of two different groups. Thus, by taking into account the APC state on Ni/hBN–Gr–hBN/Ni with the device structure shown in Figure 8a, such a device can be suggested. The upper slab of Ni/hBN can be moved translationally by a shift of 1.42 Å to create the most stable stacking configuration; HC1B–BC2H becomes BC1B–NC2H. To achieve a BC1N–NC2B stacking configuration from the BC1B–NC2H, the lower Ni/hBN slab can be moved translationally by a shift of 1.42 Å. Figure 8b depicts this proposed shifting process. Since the LDOS of graphene corresponds to its in-plane conductance [26], the LDOS shown in Figure 8c for spin-up and (d) for spin-down implies three different in-plane conductance states for each proposed stacking configuration. Only the BC1N–NC2B stacking configuration showed an MGDC at   E −  E F  = − 0.3   eV for spin-up electrons. On the other hand, BC1B–NC2H and BC1N–NC2B both exhibit MGDC for spin-down electrons. There is no MGDC in only HC1B–BC2H. The in-plane conductance difference ratio between the two structures is shown in Table 5. Finally, three different non-volatile memory states can occur by changing the stacking configuration from HC1B–BC2H to BC1N–NC2B.





4. Conclusions


In this study, we proposed a spin-topological electronic valve in a Ni/hBN–graphene–hBN/Ni magnetic junction to control the in-plane conductance of graphene. The spin-topological electronic valve can be realized by controlling the topological nature of graphene’s MGDC through the magnetic proximity effect. The first-principles investigation was conducted to show how the mechanism of graphene’s MGDC is controlled. Twelve stacking configurations were proposed, with two magnetic configurations on upper and lower Ni slabs, APC and PC. The 12 stacking arrangements were divided into three groups based on their relative total energy. Group I included configurations with a total energy range of 0–2 meV, with HC1B–BC2H and HC1H–BC2B having the lowest total energy. Group II included configurations with a total energy range of 55–65 meV, such as HC1N–BC2H, BC1B–NC2H, HC1H–NC2B, and HC1B–NC2N. Group III consisted of stacking configurations with relative total energies between 100 and 130 meV. The study found that the properties of graphene’s MGDC in Group I depended on the arrangement of the upper and lower B atoms. When the arrangement of B atoms is asymmetric, the MGDC is able to open and close in APC and PC states, respectively. On the other hand, when the arrangement of B atoms is symmetric, the MGDC remains open for both APC and PC states. Nevertheless, a relatively small gap in the MGDC was observed in Group I. In Group II, the Ni surface state directly affected the MGDC of graphene, resulting in a wider gap of MGDC in the spin majority channel. However, since only one part of the Ni surface state, either from the upper or lower slab, affected one of the graphene sublattices, both APC and PC states resulted in an open MGDC. In Group III, the upper and lower Ni slab surface states affected both C atoms on the sublattices of graphene. In the APC state, a noticeable mass gap was observed for both asymmetric and symmetric cases, with the spin majority and minority channels overlapping. On the other hand, when the PC state is considered, a symmetric arrangement shows one of the spin channels has a larger mass gap than in Group II, while another spin channel has a relatively smaller mass gap. However, the chiral symmetry is preserved in the PC state in the asymmetric case, producing a spin-polarized Dirac cone. By utilizing the unique properties of graphene’s MGDC in the Ni/hBN–graphene–hBN/Ni magnetic junction, which depend on the stacking configuration, a controllable MGDC using mechanical motion can be proposed by suggesting a device that can translate the top and bottom Ni(111)/hBN slabs. This can be realized by considering an APC state on Ni/hBN–Gr–hBN/Ni and changing its configuration from HC1B–BC2H to BC1B–NC2H followed by BC1B–NC2H to BC1N–NC2B. Three different in-plane conductances of graphene were observed, corresponding to three non-volatile memory states. This device provides insight into MJs having three or more non-volatile memory states that cannot be found in conventional MJs.
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Figure 1. The proposed possible twelve stacking configurations of Ni(111)/hBN-Gr-hBN/Ni(111) MJs and its stacking arrangement name [32]. The detailed multi-stack diagrams and atomic positions of each configuration can be seen in the Supplementary Information file. 
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Figure 2. The relative total energy with respect to the lowest energy per unit cell for all proposed stacking configurations and its classification into three groups [32]. 
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Figure 3. Spin-charge density mapping of Ni/hBN–Gr–hBN/Ni MJs in (a) HC1B–BC2H (isosurface value = 0.0020), (b) BC1B–NC2H (isosurface value = 0.0021), and (c) BC1N–NC2B (isosurface value = 0.0021) stacking configurations for APC and PC states (red represents the spin-up charge density, and blue represents the spin-down charge density) [32]. 
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Figure 4. The LDOS of (a) Ni, (b) N, and (c) B atoms from one of the Ni/hBN slabs in BC1N–NC2B, which is representative of all stacking configurations [32]. 
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Figure 5. The LDOS of C1 and C2 atoms of graphene of Ni/hBN–graphene–hBN/Ni in (a) HC1B–BC2H (representative of Group I), (b) BC1B–NC2H (representative of Group II), (c) NC1N–BC2B (representative of Group III, symmetric), and (d) NC1B–NC2N (representative of Group III, asymmetric) stacking configurations for both APC and PC states [32]. 
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Figure 6. The band structure of Ni(111)/hBN–Gr–hBN/Ni(111) in (a) HC1H–BC2B and (b) HC1B–BC2H stacking configurations in both APC and PC states with its magnification around the MGDC of graphene (the red line represents the spin majority channel, the blue line represents the spin minority channel, and the solid black line represents the hBN–Gr–hBN band structure.) [32]. 
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Figure 7. The band structure of Ni(111)/hBN–Gr–hBN/Ni(111) in (a) HC1N–BC2H, (b) HC1H–NC2N, and (c) BC1N–NC2B stacking configurations as representative of Group II, III (symmetric), and III (asymmetric), respectively, in both APC and PC states with its magnification around the MGDC of graphene (the red line represents the spin majority channel, the blue line represent the spin minority channel, and the solid black line represents the hBN–Gr–hBN band structure) [32]. 






Figure 7. The band structure of Ni(111)/hBN–Gr–hBN/Ni(111) in (a) HC1N–BC2H, (b) HC1H–NC2N, and (c) BC1N–NC2B stacking configurations as representative of Group II, III (symmetric), and III (asymmetric), respectively, in both APC and PC states with its magnification around the MGDC of graphene (the red line represents the spin majority channel, the blue line represent the spin minority channel, and the solid black line represents the hBN–Gr–hBN band structure) [32].
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Figure 8. (a) The device structure for the proposed application in controlling the Dirac cone through mechanical motion. The APC magnetic alignment is fixed for this proposed device. (b) The possible translation motion on upper and lower Ni/hBN slabs creates different MGDC properties. (c) The spin-up and (d) spin-down LDOS of graphene for the three possible shifted structures [32]. 
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Table 1. The interlayer distance between upper/lower hBN with graphene for all stacking configurations.






Table 1. The interlayer distance between upper/lower hBN with graphene for all stacking configurations.





	
No.

	
Stacking Arrangement Name

	
Interlayer Distance (Å)




	
N-Gr

	
B-Gr




	
Upper

	
Lower

	
Upper

	
Lower






	
1

	
HC1H–BC2B

	
2.71

	
2.71

	
2.85

	
2.85




	
2

	
HC1B–BC2H

	
2.71

	
2.71

	
2.85

	
2.85




	
3

	
HC1N–BC2H

	
2.74

	
2.76

	
2.88

	
2.90




	
4

	
BC1B–NC2H

	
2.77

	
2.76

	
2.91

	
2.89




	
5

	
HC1H–NC2B

	
2.76

	
2.75

	
2.90

	
2.88




	
6

	
HC1B–BC2N

	
2.76

	
2.78

	
2.89

	
2.92




	
7

	
HC1H–NC2N

	
2.79

	
2.79

	
2.93

	
2.93




	
8

	
NC1N–BC2B

	
2.81

	
2.81

	
2.95

	
2.95




	
9

	
HC1B–NC2N

	
2.80

	
2.81

	
2.94

	
2.94




	
10

	
HC1N–NC2H

	
2.80

	
2.80

	
2.94

	
2.94




	
11

	
BC1N–NC2B

	
2.83

	
2.83

	
2.96

	
2.96




	
12

	
HC1N–NC2B

	
2.81

	
2.82

	
2.95

	
2.95
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Table 2. The induced magnetic moment on C atoms in sublattice A (C1) and sublattice B (C2) of graphene in both APC and PC states.
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No.

	
Stacking Arrangement Name

	
Magnetic Moment (   μ B   )




	
APC

	
PC




	
C1

	
C2

	
C1

	
C2






	
1

	
HC1H–BC2B

	
0.000

	
0.000

	
0.002

	
0.003




	
2

	
HC1B–BC2H

	
0.001

	
−0.001

	
0.002

	
0.002




	
3

	
HC1N–BC2H

	
−0.006

	
0.005

	
−0.004

	
0.006




	
4

	
BC1B–NC2H

	
−0.005

	
0.006

	
0.006

	
−0.003




	
5

	
HC1H–NC2B

	
−0.004

	
0.005

	
0.007

	
−0.002




	
6

	
HC1B–BC2N

	
0.004

	
−0.004

	
0.007

	
−0.002




	
7

	
HC1H–NC2N

	
0.000

	
0.000

	
−0.011

	
0.015




	
8

	
NC1N–BC2B

	
0.000

	
0.000

	
−0.014

	
0.015




	
9

	
HC1B–NC2N

	
0.000

	
0.001

	
0.015

	
−0.012




	
10

	
HC1N–NC2H

	
0.012

	
−0.012

	
0.002

	
0.002




	
11

	
BC1N–NC2B

	
−0.010

	
0.010

	
0.003

	
0.003




	
12

	
HC1N–NC2B

	
−0.011

	
0.011

	
0.002

	
0.002
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Table 3. The Mulliken partial atomic charge population for the C1B–BC2H and BC1B–NC2H stacking configurations in PC states for spin UP and spin DOWN.
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No.

	
Atom Name

	
Mulliken Partial Atomic Charge




	
HC1B–BC2H

	
BC1B–NC2H




	
Spin UP

	
Spin DOWN

	
Spin UP

	
Spin DOWN






	
1

	
Upper B

	
1.914

	
1.935

	
1.917

	
1.938




	
2

	
Upper N

	
2.193

	
2.169

	
2.187

	
2.161




	
3

	
C1

	
1.981

	
1.979

	
1.997

	
1.991




	
4

	
C2

	
1.981

	
1.979

	
1.969

	
1.972




	
5

	
Lower N

	
2.193

	
2.169

	
2.193

	
2.168




	
6

	
Lower B

	
1.914

	
1.935

	
1.915

	
1.936
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Table 4. The integrated spin-charge density of the p   z  -orbital of C1 and C2 in APC and PC states for HC1H–BC2B, HC1B–BC2H, HC1N–BC2H, HC1H–NC2N, and BC1N–NC2B stacking configurations.






Table 4. The integrated spin-charge density of the p   z  -orbital of C1 and C2 in APC and PC states for HC1H–BC2B, HC1B–BC2H, HC1N–BC2H, HC1H–NC2N, and BC1N–NC2B stacking configurations.





	
No.

	
Stacking Arrangement Name

	
Integrated SPIN-charge Density (   n  η σ    ) of    p z   -Orbital




	
APC

	
PC




	
C1

	
C2

	
C1-C2

	
C1

	
C2

	
C1-C2




	
↑

	
↓

	
↑

	
↓

	
↑

	
↓

	
↑

	
↓

	
↑

	
↓

	
↑

	
↓






	
1

	
HC1H–BC2B

	
0.456

	
0.456

	
0.460

	
0.460

	
−0.004

	
−0.004

	
0.457

	
0.456

	
0.461

	
0.461

	
−0.004

	
0.003




	
2

	
HC1B–BC2H

	
0.458

	
0.459

	
0.459

	
0.458

	
−0.001

	
0.001

	
0.459

	
0.458

	
0.459

	
0.459

	
0.000

	
0.000




	
3

	
HC1N–BC2H

	
0.451

	
0.457

	
0.468

	
0.463

	
−0.017

	
−0.006

	
0.453

	
0.456

	
0.468

	
0.463

	
−0.015

	
−0.007




	
4

	
HC1H–NC2N

	
0.449

	
0.449

	
0.474

	
0.474

	
−0.025

	
−0.025

	
0.443

	
0.454

	
0.482

	
0.467

	
−0.039

	
−0.013




	
5

	
BC1N–NC2B

	
0.455

	
0.464

	
0.464

	
0.455

	
−0.009

	
0.009

	
0.461

	
0.459

	
0.460

	
0.459

	
0.001

	
0.000
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Table 5. The in-plane conductance difference ratio of interchanging stacking configuration as proposed in Figure 8.
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	No.
	Interchanging Stacking Configuration
	In-Plane Conductance Difference Ratio





	1
	HC1B-BC2H ↔ BC1B-NC2H
	42%



	2
	BC1B-NC2H ↔ BC1N-NC2B
	66%



	3
	HC1B-BC2H ↔ BC1N-NC2B
	80%
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