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Fig. 1. (a) Schematic crystal structure of the 1D Mol; atomic chain; (b) structural model of the spin-polarized quantum transport

device based on the 1D Mol; scattering region with doped Mol; electrodes, electronic band structures of the Mol; chain in the

(c) ferromagnetic and (d) antiferromagnetic states.
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Table 1.  Geometric parameters and energy stability of the 1D Mol; atomic chain in ferromagnetic and antiferromagnetic

states, listed are the lattice constant (a), adjacent Mo—Mo bond lengths (dpy,,

dyax), dimerization bond length ratio

(dipin/ dmax)» and relative energy (AE) between two magnetic states.
State a/A dmin/A dluax/A d‘min/dmax AE/GV
FM 6.49 2.89 3.60 0.80 0.150
AFM 6.56 2.99 3.58 0.84 )
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Fig. 2. Transport performance of Moly devices with varying scattering region lengths (N = 6, 8, 10, 12): (a) Tunneling magnetore-

sistance (TMR) ratio as a function of bias voltage; (b) spin injection efficiency (SIE); (c¢)—(f) spin-resolved current-voltage (I-V)

characteristics under PC and APC configurations for N = 6, 8, 10, 12, respectively.
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Fig. 3. Spin-resolved transmission spectra T(E) of Mol; under equilibrium and non-equilibrium conditions for varying scattering re-
gion lengths: (a)—(d) PC configuration for N = 6, 8, 10, 12; (e)—(h) APC configuration for N = 6, 8, 10, 12, the spectra illustrate the

evolution of transmission channels near the Fermi level Ey.
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Fig. 4. Spin-resolved local density of states (LDOS) for the N = 12 Mol system under varying bias voltages: (a)—(d) Spin-up com-
ponents in PC and APC configurations at V = 0V and 0.5 V; (e)—(h) the corresponding spin-down components, the yellow and

blue regions represent high and low local state densities, respectively.

Parallel configuration (PC) state

Bl 5 —4E Mol J& T4 H R H BE AL AR 25 7R IE (a) PC #EALTIRL; (b) APC HEALFIRL, PR EF 1—6 FRic 1 HF 0L
S5 DX P RTSEAT f RE R A 43 A  ASR D 0

Fig. 5. Schematic illustration of local spin polarization manipulation in the 1D Mol; atomic chain: (a) PC configuration; (b) APC
configuration, the numbers 1—6 denote the representative atomic sites within the central scattering region for spin-flip operations.
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Fig. 8. Spin-resolved local density of states (LDOS) of the N = 12 Mol;

system following local spin manipulation at specific atomic
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Abstract

The exploration of high-performance tunnel barrier materials is a key scientific issue for enhancing the
performance of magnetic tunnel junctions (MTJs) devices and advancing the development of spintronics. In
recent years, two-dimensional van der Waals materials have attracted extensive attention in tunnel barrier
studies because of their atomically flat interfaces, reduced interfacial scattering, and excellent capability for
heterogeneous integration. In comparison with two-dimensional systems, however, one-dimensional magnetic
semiconductors exhibit more pronounced quantum confinement effects and superior spin tunability, thereby
offering unique advantages for achieving efficient spin filtering and enhancing spin-dependent transport
responses. These characteristics provide a promising new avenue for the construction of novel low-dimensional
spintronic devices. Motivated by these considerations, we propose a new MTJs architecture employing a one-
dimensional Mol; atomic chain as the tunnel barrier layer. By combining first-principles calculations with the
nonequilibrium Green’s function method, we systematically investigate the spin-dependent transport properties
of this device under different scattering-region lengths and external bias voltages. Through analyses of the
current-voltage characteristics, transmission spectra, and spin-polarized transport behavior, the microscopic
physical mechanisms underlying its high-performance magnetotransport response are elucidated. The results
show that MTJs based on one-dimensional Mol; atomic chains exhibit excellent spin transport characteristics
for different scattering-region lengths. Within the low-bias regime, the device can achieve an ultrahigh tunneling
magnetoresistance (TMR) ratio of up to approximately 107%, together with a 100% spin injection efficiency,
indicating that this system possesses nearly ideal spin injection capability. This outstanding performance mainly
originates from the highly selective suppression of the transmission probabilities for different spin channels by
the one-dimensional barrier layer, as well as the pronounced difference in transport channels between the
parallel and antiparallel magnetic configurations. Furthermore, the influence of local spin manipulation on the
transport properties of the device is investigated. It is found that precise control of local spin-polarization
reversal at specific atomic sites, such as the ACG6 site, can effectively reconstruct the local electronic-state
distribution and thereby significantly modulate the spin transport behavior of the device. Remarkably, under
such local regulation, the device can still maintain a TMR ratio exceeding 10°% over a wide bias range,
demonstrating that this system not only exhibits an excellent magnetoresistive response but also possesses
strong bias stability and functional robustness.

These results indicate that one-dimensional Mol; atomic chains can serve not only as highly efficient tunnel

barrier materials in MTJs structures, but also as a versatile platform for flexibly tuning transport performance
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through local spin engineering. Such features highlight their considerable potential for applications in high-
performance nonvolatile spin memory, nanoscale spin logic devices, and low-dimensional quantum spintronics.
This work provides a new materials perspective and physical picture for the design of high-performance MTJs
based on low-dimensional magnetic systems, and lays a theoretical foundation for the development of next-
generation spintronic devices that simultaneously feature high TMR ratios, high spin injection efficiency, and

excellent tunability.

Dependence of TMR on TMR under local
scattering-region length spin manipulation
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