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The molecular scale magnetic proximity effect is proposed in single-molecule magnetic junctions (SMMJs) consisting of a dissociated amine-ended 1,4-benzenediamine (BDA) molecule coupled to two ferromagnetic Co electrodes. Our self-developed JunPy + Landau-Lifshitz-Gilbert simulation combined with first-principles calculation is employed to investigate the role of contact geometry in the magnetotransport properties of SMMJs with the choice of top, bridge, and hollow contact sites. The strong spinterface effect gives rise to distinct angular dependence of equilibrium field-like spin torque (FLST), asymmetric magnetic hysteresis loop and tunable exchange bias. From the analytical derivation of nonequilibrium Keldysh formalism, we believe that a promising way forward is to activate the multi-reflection process via the so-called molecular spinterface that will allow us to conquer as-yet unexplored magnetotransport properties of organic-based spintronics.
Keywords: exchange bias, field-like spin torque, contact geometry, first-principles, magnetotransport, spin dynamics, single-molecule magnetic junction
1 INTRODUCTION
Multi-toggling of magnetism in nanoscale magnetic heterostructures is significant for both fundamental and application in energy-efficient magnetic data storage, such as computer hard disks and magnetic random access memories (MRAMs). Among the hottest topics in contemporary spintronics, the spinterface [1–6] effect plays a crucial role to modulate the magnetic proximity effects via magnetic field, electric field, mechanical strain, and so on. Much effort has been devoted to solid-state magnetic devices, since the spin polarization and spin-orbit coupling (SOC) are decisive factors in spin transport and magnetic proximity [7–11], such as magnetic anisotropy, exchange bias (EB), and magnetic coercivity.
Electrical and spin switches across a single organic molecule connecting ferromagnetic electrodes are also burgeoning fields for possible applications in nano-spintronics devices [12–14], since chemical design offers various ways to incorporate spin degrees of freedom into a molecule to form the so-called molecular spintronics. Currently, most theoretical works [15–19] focus on the magnetoresistance and the spin-polarized transport in collinear magnetic configurations. The ability to calculate the noncollinear spin torque effect and spin dynamics of magnetic heterostructures remains difficult but important to include the complex structural, electronic, and magnetic properties at spinterfaces for nanoscale spintronics devices.
We introduce in Figure 1 the four steps of DFT + JunPy + LLG calculation procedure, including the density functional theory (DFT) calculation with our self-developed JunPy + LLG simulation, to investigate the magnetoelectric and magnetotransport properties of complex magnetic heterostructures, such as magnetic tunnel junctions (MTJs) [20] and single-molecule magnetic junctions (SMMJs) [21,22]. In this study, we propose the prototypical Co/1,4-benzenediamine (BDA)/Co SMMJs with three kinds of contact geometries for top (BDA-T), bridge (BDA-B), and hollow (BDA-H) contact sites of the N ion bonding to one, two, and three Co apex atoms, respectively. Since the hybridization between Co-d, N-py, and π-orbital of the phenyl ring preserve the spin-up pronounced resonance channel [23], the DFT + JunPy + LLG calculation reveals exchange bias toggling via the interplay between spinterface enhanced equilibrium field-like spin torque (FLST) and coercive field of Co electrode. We further use the nonequilibrium Keldysh formalism to clarify the crucial role of multi-reflection processes at interfaces in the non-sinusoidal angular dependence of equilibrium FLST, which may pave the way for unexplored magnetotransport properties of organic-based spintronics.
[image: Figure 1]FIGURE 1 | DFT + JunPy + LLG calculation procedure to investigate the magnetoelectric and magnetotransport properties of complex magnetic heterostructures, such as magnetic tunnel junctions (MTJs) [20] and single-molecule magnetic junctions (SMMJs) [21, 22].
2 CALCULATION METHODS
The first step of DFT + JunPy + LLG calculation is to carry out the first-principles calculation including the complex charge transfer and spinterfacial effect via self-consistent process. In the top of Figures 2A–C, these amine-ended SMMJs are composed of a dissociated 1,4-benzenediamine (BDA) sandwiched by two Co hcp [0001] oriented semi-infinite nanowires. To prevent coupling between SMMJs, we set the lateral separation between two neighboring junctions as 7 Å in both x- and y-directions. The junction geometry is optimized by the Vienna Ab initio simulation package (VASP) [24–27] with DFT based generalized gradient approximation (GGA) in the Perdew, Burke, and Ernzerhof (PBE) [28] form. The lattice constant of Co nanowire is fixed at 2.5 Å, and the Co apex atoms and the central BDA molecule are fully relaxed by using the force criteria of 0.02 eV/Å, the cut-off energy of plane wave basis set as 700 eV, a force criterion of 0.02 eV/Å, the total energy difference for electronic steps as 10–5 eV, and the k-point sampling of Γ-point. Based on the Pearson’s principle of hard and soft acids and bases (HSAB) [29], the strong coupling between hard metal (Co) and hard base (N) in amine-ended SMMJs favors the covalent bonding between H-dissociated amine linker and Co adatom. This may provide variability in linker–electrode contact geometry, which is crucial but usually not easily controlled during the fabrication of real SMMJs especially for breaking junction techniques [13]. Here we adopt three possible contact geometries, i.e., top (T-III′), bridge (B-II), and hollow (H-III) contact sites proposed in Figure 1 of Ref. [23], as long as the hydrogen ion is dissociated to form a covalent bond between Co-d and N-px,y orbitals. On the one hand the N ion bonds to the central phenyl ring, and on the other hand the amine linker tends to dissociate one (two) H ion to form one (two/three) bonding with Co adatom in T (B/H) case to fulfill the octet rule. This thus gives rise to the shorter optimized Co-N bond length of 1.84 Å in both BDA-T and BDA-B cases but the longer one of 1.95 Å in BDA-H case. By using the optimized junction geometries, we next use the two-probe structure with DFT and non-equilibrium Green’s function (NEGF) formalism implemented in Nanodcal transport package [30–32] to investigate the spin-polarized transmission spectum and spinterface effect of SMMJs [23]. The double-ζ double-polarized basis set of local numerical orbitals are applied to all ions, the cut-off energy of real space grid density is 150 Hartree, and the k-point samplings are 1 × 1 × 100 and Γ point for semi-infinite Co electrode and central device, respectively.
[image: Figure 2]FIGURE 2 | [Top] Junction geometries [Middle] the DFT + JunPy calculated equilibrium FLST, [image: image], for angle θ = π/4, π/2, and 3π/4, and [Bottom] angular dependence of equilibrium FLST field, [image: image], for (A) BDA-T (top-site), (B) BDA-B (bridge-site), and (C) BDA-H (hollow-site) cases of amine-ended Co/BDA/Co SMMJs. [image: image] of left (fix) Co electrode is fixed along the z direction, and [image: image] of right (free) electrode is freely rotated by an angle θ around the y axis with respect to the z axis to form a noncollinear magnetic configuration. Here [image: image] and [image: image] are the unit vectors of magnetization of the left (fixed) and right (free) Co nanowires, respectively.
In the second and third steps, our self-developed JunPy package [20, 21, 33] has successfully combined the NEGF and spin torque theory to calculate the angular dependence of equilibrium FLST, [image: image], in the noncollinear magnetic configurations, which can be formed by fixing [image: image] along the z direction but rotating [image: image] around the y axis with respect to the z axis by an angle θ. Since the weak spin-orbit coupling can be ignored in SMMJs, there are two components of noncollinear spin torque, i.e., the spin-transfer torque (STT, T‖) and the field-like spin torque (FLST, T⊥), originated from the spin accumulation of spin current density [34], and only the non-zero equilibrium [image: image] exists in the absence of an external current. For each angle θ, we repeat Nanodcal + JunPy + NEGF calculation to acquire the self-consistent junction Hamiltonian matrix [image: image], the overlap integral [image: image], and the reduced Hamiltonian matrix [image: image] to resolve the lesser Green’s function matrix [image: image] in the central device region. Here [image: image] with the subscript n = 0 denotes the spin current passing through the interface between the right NH-linker and the right Co apex atoms, where the spin current density between the two atomic sites i and j can be calculated by
[image: image]
and σy is the y-component of Pauli matrices. Thus, the net FLST acting on the right (free) Co electrode is defined as [image: image] in the directions of [image: image].
The last step of macrospin dynamics simulation is to apply the generalized Landau-Lifshitz-Gilbert (LLG) equation with equilibrium FLST component of spin torque [22, 35] as expressed in the form of
[image: image]
where γ is the gyromagnetic ratio, α is the Gilbert damping constant, [image: image] and [image: image] are the effective fields along damping and precession directions of right Co electrode, respectively. At equilibrium, [image: image] and [image: image] represents the effective field induced by the equilibrium FLST, where Ms, tF and A are the volume magnetization saturation parameter, the thickness and the lateral area of right Co electrode, respectively. For Co electrode [36], α = 0.01, μ0Hk = 76 mT, Ms = 1.27 × 106 A/m, the thickness tF = 100 nm, and the lateral area A = 1.63 × 10–19 m2 are chosen in this work.
3 RESULTS AND DISCUSSION
3.1 Effect of contact geometry on EB effect: DFT + JunPy + LLG
In the bottom of Figures 2A–C, we demonstrate the angular dependence of DFT + JunPy calculated equilibrium FLST fields, [image: image], for top (BDA-T), bridge (BDA-B), and hollow (BDA-H) contact geometries. Because of the covalent bonding between H-dissociated amine linker and Co apex atoms as shown in Figure 2 of Ref. [23], all three cases exhibit pronounced π-resonant spin-up transmission near Fermi energy. Such spinterface effect assists strong enhancement of [image: image] which is about one to two orders of magnitude larger than μ0Hk of Co electrode. To further investigate the effect of equilibrium FLST fields on the magnetization switching, our self-developed JunPy + LLG package is employed to solve the generalized LLG equation in Eq. 2. The DFT + JunPy + LLG calculated magnetic hysteresis curves (mz-H) for BDA-T, BDA-B, and BDA-H cases at zero temperature are presented in Figures 3A–C, respectively.
[image: Figure 3]FIGURE 3 | The JunPy + LLG calculated magnetic hysteresis curves (mz-H) for (A) BDA-T (top-site), (B) BDA-B (bridge-site), and (C) BDA-H (hollow-site) cases of amine-ended Co/BDA/Co SMMJs at zero temperature. The insets are the schematics of [image: image] and Hk when θ is below and above 90°, where Hk is the cohesive field of the right Co electrode. The gray shaded area represents the field region between ± μ0Hk. The red (blue) curved arrow is the threshold fields required for P-to-AP (AP-to-P) magnetization switching, where P and AP denote the parallel (θ = 0) and antiparallel (θ = π) magnetic configurations, respectively.
For the BDA-T case in Figure 2A, its [image: image] exhibits the non-sinusoidal angular dependence with a positive value and a maximum below π/2. Note that the positive and negative magnitudes refer to the field-like and anti-field-like equilibrium fields, respectively. When θ⩽π/2, the large and positive magnitude implies that the free [image: image] tends to move toward the parallel (P) magnetic configuration with θ = 0. In other words, such strong and positive equilibrium FLST field, i.e., [image: image] where HK is cohesive field of right Co electrode, significantly postpones the P-to-AP magnetic switching (red line) at a much more negative external magnetic field (μ0Hext) and hence in turn causes large EB effect as shown in Figure 3A. Instead, for θ > π/2 the positive but smaller magnitude pushes the free [image: image] away from the anti-parallel (AP) magnetic configuration with θ = π, that is to say, [image: image] assists the AP-to-P magnetic switching (blue line) at less positive field and thus in turn leads to a highly asymmetric magnetic hysteresis loop as shown in Figure 3A.
Unlike BDA-T case, the smaller magnitude with nearly sin 2θ angular dependence of [image: image] for BDA-B case is presented in Figure 2B. Its negative value for θ < π/2 and positive value for θ > π/2 both result in the fact of [image: image]. Interestingly, their comparable magnitudes but opposite signs assist both P-to-AP (red line) and AP-to-P (blue-line) magnetic switching to form a symmetric but narrower magnetic hysteresis loop as shown in Figure 3B. On the other hand, the BDA-H case retains the sinusoidal angular dependence of [image: image] similar to conventional MTJs [37], due to its relatively larger Co-N bond length (1.95 Å) compared to those of BDA-T (1.84 Å) and BDA-B (1.84 Å) cases. However, the existence of spinterface effect of BDA-H case still gives notable and positive value of |H(0)|∼ HK for both θ < π/2 and θ > π/2 and an asymmetric and slightly shifted magnetic hysteresis loop as shown in Figure 3C.
To further demonstrate the validity of our self-developed LLG simulation, we carry out the well-known OOMMF software [38] with the extension of SpinXferEvolve, but this extension simply uses default sinusoidal angular dependence of FLST in MTJs. Therefore, we revise it to include the user-defined angular dependence of FLST by fitting to our DFT + JunPy calculation in Co/BDA/Co SMMJs with three kinds of contact geometries as presented in Figures 2A–C. It is clear to find the excellent agreement between OOMMF simulation in Figures 4A–C and our own LLG calculation in Figures 4A–C.
[image: Figure 4]FIGURE 4 | The JunPy + OOMMF calculated magnetic hysteresis curves (mz‐H) for (A) BDA‐T (top‐site), (B) BDA‐B (bridge‐site), and (C) BDA‐H (hollow‐site) cases of amine‐ended Co/BDA/Co SMMJs at zero temperature.
3.2 Angular dependence of equilibrium FLST [image: image]: Analytical derivation
Finally, we turn to investigate the underlying mechanism of non-sinusoidal angular dependence of equilibrium FLST field by using the NEGF method to derive analytical formalism of equilibrium FLST [image: image] in Co/Barrier/Co MTJ with noncollinear magnetic configuration. In Figures 5A,B, the central barrier is considered as 1) the resonant tunneling barrier for BDA-based MTJs with strong spinterface effect and 2) the direct tunneling barrier for Co/BDMA/Co SMMJs where additional methylene (CH2) units are inserted between N-atom and the phenyl ring to form the 1,4-benzenedimethanamine (BDMA) molecule and then eventually destroy the spinterface effect. This is because CH2 unit well separates N-px,y orbital and π orbital of central phenyl ring near Fermi energy as shown in Figure 3 of Ref. [23].
[image: Figure 5]FIGURE 5 | [Top] Junction geometries, [Middle] schematic of energy profile, and [Bottom] schematic of multi-reflection paths of [image: image] for (A) resonant tunneling via spinterface effect of Co/BDA/Co SMMJs and (B) direct tunneling for Co/BDMA/Co SMMJs. The red and blue shaded areas represent the pronounced π-resonant spin-polarized density of states of central barrier for BDA-case. Here α (α′) is the last (first) site of left (right) Co lead, and a and b are the first and last sites of the central barrier, respectively. (C) Angular dependence of equilibrium FLST field, [image: image] and (D) the JunPy + LLG calculated magnetic hysteresis curves (mz-H) for Co/BDMA/Co SMMJ.
The net equilibrium FLST acting on the right (free) Co electrode can be defined by the one-dimensional tight-binding model with non-equilibrium Keldysh formalism [39],
[image: image]
where b and α′ denote the last site of barrier and first site of right Co electrode, respectively, and t is the coupling between barrier and the two Co electrodes. In consideration of multi-reflection process between two Co leads, the [image: image], [image: image], and [image: image] presented in the bottom of Figure 5A denote the equilibrium FLST contributed by multi-reflection at one, two, and three left (L) or right (R) interfaces, respectively. The details of analytical derivation are arranged in the following. For Co/Barrier/Co MTJ, [image: image] are the retarded, advanced, and lesser Green’s functions for the isolated left (L) Co, central barrier (B), and right (R) Co; t is the coupling between the two neighboring regions; and the coupled Green’s function matrix of the MTJ can be written as
[image: image]
Note that [image: image] is a 4 × 4 matrix with matrix elements of [image: image], [image: image], [image: image], and [image: image], and all Green’s functions are expanded as 2 × 2 matrices in spin space. Following by the Dyson equation, we can use the equations of [image: image], [image: image], and [image: image] to recast
[image: image]
where
[image: image]
By substituting Eqs 5, 6 into Eq. 3, we can derive the corresponding [image: image], [image: image], and [image: image] contributions of net [image: image] in consideration of multi-reflection processes. It is worth to mention that Eq. 6 is similar to Eqs 7–9 of Xiao et al. [36] for metallic spin valves due to its diffusive component to the spin-dependent reflection at interfaces.
We finally discuss the angular dependence of equilibrium FLST for noncollinear Co/BDA/Co(θ) SMMJ in Figure 5A. To simulate its strong spin-up dominated π-resonant tunneling, both [image: image] and [image: image] are complex numbers for (i,j)=(a,b) inside the resonant barrier, namely, the equilibrium FLST must consider all multi-reflection processes. We then summarize a general expression as
[image: image]
to represent the t2N-th order of equilibrium FLST including the Nth multi-reflection processes of M and (N − M) times at left Co/N and right N/Co interfaces, respectively, and a0 and an’s are real numbers. Notably, this allows us to modulate the spinterface induced non-sinusoidal angular dependence of equilibrium FLST fields via the contact geometry in BDA-based SMMJs as shown in Figures 2A–C.
It is interesting to recall that BDA-H case exhibits pronounced π-resonant spin-up transmission near Fermi energy even though its Co-N bond length (1.95 Å) is relatively larger than those of BDA-T (1.84 Å) and BDA-B (1.84 Å) cases. This gives rise to a weaker spinterface effect of BDA-H case that still can assist the enhancement of equilibrium FLST, i.e., |H(0)|∼ HK, but the larger Co-N bond length significantly weakens those contributions from multi-reflection process and hence in turn preserves the sinusoidal angular dependence of [image: image] as shown in Figure 2C. In sharp contrast, the central BDMA molecule of noncollinear Co/BDMA/Co(θ) SMMJ can be simplified as the direct tunneling barrier, due to the elimination of spinterface effect by inserting additional CH2 units as shown in Figure 5B. Similar to the insulating barrier in MTJs [37], it has been known that [image: image] exhibits sinusoidal angular dependence and a much smaller magnitude which is about two orders of magnitude smaller than that of BDA-H case. Therefore, the fact of [image: image] does not cause EB effect and then remains symmetric P-to-AP and AP-to-P magnetic switching at ∓ HK as presented in Figures 5C,D.
4 CONCLUSION
We summarize the four steps of DFT + JunPy + LLG calculation, which successfully resolve computational difficulties in spin torque, magnetotransport and magnetic proximity for complex magnetic heterojunctions with noncollinear magnetic configurations. Here we propose three types of dissociated amine-ended Co/BDA/Co SMMJs with top, bridge, and hollow contact sites together with strong equilibrium FLST fields, i.e., [image: image]. Our calculation results illustrate the underlying mechanism in an important aspect, namely, molecular scale exchange bias effect, via the modulation of angular dependence of equilibrium FLST. In consideration of spinterface induced resonant tunneling via central BDA molecule, the nonequilibrium Keldysh formalism is applied to derive the non-sinusoidal angular dependence of equilibrium FLST resulting from the multi-reflection processes at interfaces.
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