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ABSTRACT 

Altermagnets, which combine the advantages of ferromagnetic spin splitting and antiferromagnetic zero stray field, 

have been regarded as a promising platform for spintronic applications. However, it is challenging to achieve high 

tunneling magnetoresistance (TMR) in altermagnet-based tunnel junctions due to the momentum-dependent spin 

splitting. By leveraging the intrinsic spin-dependent tunneling asymmetry of altermagnetic (AM) insulators, we 

investigate spin-polarized transport properties in altermagnetic tunnel junctions (AMTJs) with fully altermagnetic 

heterostructure barriers using first-principles quantum-transport calculations. Specifically, we design and compare 

[110]-oriented heterostructured AMTJs composed of IrO2/CoF2/MF2/CoF2/IrO2 (M = Fe, Mn) with a homogeneous 

CoF2-barrier reference. Our results show that the FeF2-based heterostructure achieves giant TMR ratios of up to 

196,468%, while the MnF2-based counterpart yields substantial values up to 2,322%, far exceeding the modest 14% 

obtained for the homogeneous CoF2 barrier system. Mechanistically, this enhancement originates from a multi-stage 

spin-filtering effect enabled by the heterostructured barriers, which breaks the single transport-mode constraint of 

homogeneous barriers through the symmetry-selective superposition of spin states. These findings highlight the 

potential of staggered altermagnetic heterostructures to overcome the single-mode transport limitation of 

conventional MTJs, providing a robust pathway toward next-generation high-performance altermagnetic spintronic 

devices. 
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CoF2-barrier reference. Our results show that the FeF2-based heterostructure achieves giant TMR ratios of up to 

196,468%, while the MnF2-based counterpart yields substantial values up to 2,322%, far exceeding the modest 

14% obtained for the homogeneous CoF2 barrier system. Mechanistically, this enhancement originates from a 

multi-stage spin-filtering effect enabled by the heterostructured barriers, which breaks the single transport-mode 

constraint of homogeneous barriers through the symmetry-selective superposition of spin states. These findings 

highlight the potential of staggered altermagnetic heterostructures to overcome the single-mode transport 

limitation of conventional MTJs, providing a robust pathway toward next-generation high-performance 

altermagnetic spintronic devices. 
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1 Introduction 

Magnetic tunnel junctions (MTJs), comprising two magnetic electrodes separated by an insulating barrier, are 

central elements in spin-based information technologies [1, 2]. Their operation relies on tunneling 

magnetoresistance (TMR), whereby spin-dependent quantum tunneling becomes sensitive to the relative 

orientation of the electrode magnetizations, enabling nonvolatile memory, magnetic sensing, and logic 

functionalities [3–6]. Conventional MTJs employ spin-polarized ferromagnetic (FM) electrodes, such as 
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Fe/MgO/Fe junction and recently proposed van der Waals MTJs based on graphene/h-BN and 𝛼−In2Se3 [7–9]. 

However, FM-based architectures face intrinsic limitations, including stray fields, scaling challenges associated 

with magnetostatic coupling, and thermal instability in nanoscale devices [10–13]. By contrast, Antiferromagnets 

(AFMs) offer zero net magnetization, absence of stray fields, and ultrafast dynamics, yet their compensated spin 

structure generally yields zero spin polarization, limiting their effectiveness in tunneling devices [14, 15]. These 

constraints highlight the need for magnetic materials that combine the advantages of AFMs with robust spin-

dependent electronic structure.  

Recently, altermagnets (AMs) have attracted extensive interest as a distinct class of compensated magnets in 

which opposite spin sublattices give rise to large, symmetry-protected, momentum-dependent spin splitting even 

in the absence of spin–orbit coupling (SOC) [16–20]. Their alternating spin polarization—manifested 

simultaneously in real space through the crystal sublattices and in momentum space through the band structure—

arises despite possessing zero net magnetization. Representative materials include collinear AMs such as CrSb 

[21], MnTe [22], RuO2 [23], the transition-metal difluorides XF2 (X = Co, Fe, Mn) [24–27], and MnS2 [28]. By 

effectively combining the key advantages of both FMs and AFMs, the unique properties of AMs have stimulated 

extensive theoretical and experimental efforts aimed at predicting novel spin-transport phenomena in AM-based 

MTJs (AMTJs) [28–36]. In AMTJs with ordinary insulating barriers, AM metals serve as functional electrodes. 

By employing either symmetric dual-AM metallic electrodes or asymmetric combinations of a single AM electrode 

with other metals, the momentum-space spin splitting of altermagnets can be harnessed to serve as an efficient 

source of spin-polarized electrons [30, 33, 36–41]. Alternatively, in AMTJs with altermagnetic barriers, AM 

insulators act as both tunnel barriers and active spin-filtering media [34, 35, 43]. Building upon these concepts, 

research has expanded toward integrated multilayered architectures, ranging from AM heterostructure barriers 

separated by non-magnetic spacers—such as Ag/V2Te2O/BiOCl/V2Te2O/Ag [42] —to fully altermagnetic MTJs, 

exemplified by the RuO2/NiF2/RuO2 [43] system. In these configurations, AMs exhibit a dual physical role: 

providing highly polarized carrier injection as electrodes or active magnetic layers, and enabling precise spin-

selective tunneling as barriers through spin-dependent wave-function decay. These architectures exploit the unique 

spin-polarized electronic structures of AMs, offering new degrees of freedom to overcome the performance 

limitations of conventional MTJs.  

In addition, the spin-transport properties of AM-based MTJs are inherently orientation-dependent due to the 

momentum-space spin splitting characteristic of AMs [33–35, 40]. The anisotropic Fermi surfaces in AM metallic 

electrodes determine the spin polarization of propagating states, so the injected carrier spin polarization, symmetry 

filtering, and momentum-resolved transmission channels depend on the transport direction. Similarly, the 

altermagnetic insulating barriers project distinct regions of their spin-dependent complex band structures onto the 

two-dimensional Brillouin zone. Therefore, changing the crystallographic orientation (e.g., [001] versus [110]) 

fundamentally alters the symmetry-filtering rules and the decay rates of evanescent states within the altermagnetic 

insulator (AMI). Recent studies have shown that the evanescent states in FeF2 exhibit pronounced spin polarization 

along the [110] direction, leading to more efficient spin-selective transport than along the [001] direction [35]. 
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This orientation-sensitive tunneling mechanism leads to markedly different spin-selective efficiencies, suggesting 

that the performance of AM-based MTJs can be precisely engineered through the synergistic alignment of electrode 

injection and barrier filtering. Here, we specifically focus on the optimization of the barrier filtering stage. While 

previous studies have primarily explored MTJ designs employing either a single AMI layer [34, 35] or an 

AM/M/AM heterostructure (where M represents a nonmagnetic insulator) [26, 42], the potential of utilizing a fully 

altermagnetic heterostructure as a tunnel barrier remains unexplored. Such an architecture, particularly along the 

[110] direction, offers a unique opportunity to exploit the distinct spin-dependent decay characteristics of different 

AMIs to achieve multi-stage spin modulation.  

In this work, leveraging the intrinsic spin-dependent tunneling asymmetry of the AMIs CoF2(110), FeF2(110), 

and MnF2(110), we design and compare [110]-oriented heterostructured AMTJs composed of 

IrO2/CoF2/MF2/CoF2/IrO2 (M = Fe, Mn) with a homogeneous CoF2-barrier reference. These architectures integrate 

nonmagnetic metallic IrO2 electrodes and a full altermagnetic insulating tunneling barrier composed of either 

CoF2/FeF2/CoF2 or CoF2/MnF2/CoF2. For comparison, the reference junction employs a single-material 

CoF2/CoF2/CoF2 barrier without heterostructure modulation. First-principles quantum-transport simulations show 

that, even without half-metallic electrodes, the former structure achieves giant TMR ratios of 134,202% and 

196,468%, whereas the latter yields substantial values of 550% and 2,322%, far exceeding the modest 79% and 

14% obtained for the single-material CoF2 barrier system. The excellent TMR effect is attributed to the multi-stage 

spin-filtering effect enabled by the heterostructured barriers. The resulting symmetry-selective superposition of 

spin states significantly enhances the overall tunneling spin-selectivity of the device. Together, these 

considerations indicate that the proposed AM-based MTJs represent a promising new platform for investigating 

momentum-dependent symmetry-driven spin-filtering mechanisms and for realizing high-performance and high-

density spintronic devices. 

 

2 Computational methods 

First-principles calculations were performed within the framework of density functional theory (DFT) using 

the Vienna Ab initio Simulation Package (VASP) [44]. The pseudopotentials were described by the projector-

augmented-wave method, and the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) 

[45] exchange-correlation functional was employed. The cutoff energy was set to 500 eV. For all bulk materials, 

structural relaxation was performed using a k-point mesh of 12×12×16. The calculations were continued until the 

total energy difference and the maximum ionic forces converged to below 10−6 eV and 0.001 eV/Å, respectively. 

Electronic structures were calculated using the GGA+U method [46], with Ueff values of 6.0 eV (Co/Fe 3d electrons) 

and 5.5 eV (Mn 3d electrons). The relaxed lattice constants are a = b = 4.707 Å and c = 3.203 Å for CoF2; a = b = 

4.716 Å and c = 3.345 Å for FeF2; a = b = 4.904 Å and c = 3.313 Å for MnF2; and a = b = 4.538 Å and c = 3.189 

Å for IrO2, in agreement with the experimental or theoretical values [24, 47−49]. For all tunnel junctions, a 20-Å-

thick vacuum was added to separate the periodic superlattice. The in-plane lattice constants of these MTJs were 

fixed to those of bulk CoF2(110) i.e. a = 3.203 Å and b = 6.657 Å. Given these MTJ lattice constants, the lattice 
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mismatch of the other three materials relative to CoF2(110) was less than 5%. A k-point mesh of 10×5×1 was used 

to relax the atomic coordinates of the AMTJs. The energy-convergence criterion was set to 10−5 eV, and the atomic 

positions were optimized until the forces on each atom were less than 0.02 eV/Å. 

The transport properties of the AMTJs were calculated using DFT combined with the nonequilibrium 

Green’s function (NEGF) formalism as implemented in QuantumATK [50], which has been used in our recent 

works on altermagnetic tunnel junctions [36, 43]. The exchange–correlation potential was described using the 

PBE-based spin-polarized GGA+U method [45, 51], together with a double-zeta-polarized (DZP) basis set. The 

effective U values (Ueff) for the Co, Fe, and Mn 3d orbitals were set to 4.5, 5.0, and 4.0 eV, respectively. A cutoff 

energy of 150 Ha and a 16×8×150 k-point mesh were used for the AMTJs. Transmission functions were calculated 

using a 401×401 k-point mesh in the two-dimensional (2D) Brillouin zone of the devices. We tested a range of Ueff 

values for Co, Fe, and Mn based on previous theoretical studies of CoF2, FeF2 and MnF2. The selected Ueff 

parameters in QuantumATK yield band gaps for CoF2, FeF2 and MnF2 that are in good agreement with our VASP 

results as well as previously reported values [24, 26, 35]. 

 

3 Results and discussion 

AMIs exhibit nonrelativistic spin splitting in momentum space, giving rise to spin-polarized tunneling along 

crystallographic directions corresponding to the split reciprocal-space paths [24–27]. Electron tunneling through 

conventional insulating barriers (e.g., TiO2 and MgO) is spin-degenerate, whereas an altermagnetic insulating 

barrier lifts this degeneracy, endowing AMTJs with intrinsic spin selectivity and expanded tunability of transport 

properties, thereby enhancing device performance [26, 34, 35, 43]. Here, we investigate the role of the tunnel 

barrier in AMTJs by designing a heterostructure composed of three altermagnetic insulating layers arranged in an 

ABA-type configuration using two distinct AMI materials, as illustrated in Fig. 1. To isolate the intrinsic spin-

dependent transport arising solely from the barrier, nonmagnetic metal electrodes with no spin polarization are 

employed. This AMTJ operates based on the spin-selective tunneling asymmetry between the two types of AMI 

barriers (denoted AMI-A and AMI-B), which governs the transmission probability. The relative Néel vector 

orientations of the barrier layers introduce three controllable magnetic degrees of freedom for switching, namely 

the P (parallel) state with all Néel vectors aligned parallel, the AP (antiparallel)-I state in which the Néel vector of 

the rightmost barrier (AMI-A) is reversed, and the AP-II state where the Néel vector of the central barrier (AMI-

B) is reversed. Experimentally, such magnetic configurations may be manipulated through exchange bias, external 

magnetic fields, or current-induced spin-orbit torques, as demonstrated in previous antiferromagnetic spintronic 

studies [31, 52-54]. This architecture eliminates the reliance on ferromagnetic electrodes, thereby suppressing stray 

fields and improving spin-dynamical stability. 

Rutile-type MF2 (M = Co, Fe, Mn) are insulating compounds that have recently been proposed as AMs [24–

27, 55–57]. Their crystal structures, magnetic configurations, and electronic band structures are shown in Fig. 2. 

The calculated magnetic moments at the Co, Fe, and Mn sites (2.77, 3.79, and 4.60 μB) and band gaps (4.34, 3.49, 

and 3.94 eV) for CoF2, FeF2 and MnF2 agree well with reported theoretical and experimental values [24, 35, 47, 
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57]. The band structures of CoF2, FeF2, and MnF2 exhibit pronounced spin splitting along the high-symmetry Γ–

M and A–Z paths in reciprocal space [Figs. 2(c, e)]. The valence-band spin splitting at the Γ–M path reaches 0.43, 

0.08, and 0.04 eV for CoF2, FeF2, and MnF2, respectively, consistent with previous reports and indicative of their 

altermagnetic nature [26, 34]. Spin splitting is observed along the Γ–M path of MF2 (001) and the Γ–X path of 

MF2 (110) [Figs. 2(f)–(h)], implying that electron tunneling along the [110] crystallographic direction becomes 

spin-polarized, thereby generating spin-polarized currents analogous to those in FMs. Furthermore, the lowest 

decay rates of the evanescent states reveal globally spin-polarized tunneling along the [110] direction [35]. In 

contrast, the bands remain spin-degenerate along the Γ–Z direction, and therefore the transport properties along 

[110] are the focus of this work. To evaluate the TMR performance of the proposed AMTJ architecture [Fig. 1], 

we investigate and compare heterostructured AMTJs composed of IrO2/CoF2/MF2/CoF2/IrO2 (M = Fe, Mn) with 

a homogeneous CoF2 barrier reference. In the heterostructured configurations, one unit cell (UC) of CoF2 is used 

for each outer barrier layer (corresponding to the AMI-A regions in Fig. 1), while one UC of FeF2(110) or 

MnF2(110) serves as the central barrier layer (AMI-B region). Conversely, in the homogeneous reference, one UC 

of CoF2(110) is employed for all three barrier layers, representing both the AMI-A and AMI-B regions. The 

electrodes are made of nonmagnetic metallic IrO2(110), whose electronic structure and conduction channels are 

shown in Fig. S1. 

The investigation begins with the IrO2(110)/CoF2/FeF2/CoF2/IrO2 AMTJ. Figure 3(a) depicts its atomic 

structure and magnetic configuration of the AMTJ in the P state. The transitions from the P state to the AP-I and 

AP-II states define the magnetoresistance ratios TMR-I and TMR-II, respectively. The TMR is defined as 

TMR = abs(TP-TAP)/min(TP,TAP)×100%, where TP and TAP denote the transmission coefficients for P and AP 

magnetization alignments, respectively. Figures 3(b), (c), and (m) show the spin-resolved and total transmission 

coefficients, as well as the TMR ratios, as functions of energy. At the Fermi level, the TMR-I and TMR-II ratios 

reach as high as 134,202% and 196,468%, respectively, far exceeding the previously reported value of 3,956% in 

CrO2(110)/FeF2/IrO2 junction based on a half-metallic electrode [35]. Such extraordinarily large TMR ratios enable 

significantly enhanced signal contrast and hold strong potential for high-performance spintronic memory and 

sensing applications. Moreover, the device maintains TMR values exceeding 1,000% over multiple energy points. 

In the energy range below the Fermi level, TMR-II remains above 300% at most energies, while in a finite window 

above the Fermi level, TMR-I exceeds 200% across nearly the entire energy range, demonstrating robust and 

broadband spin-dependent transport characteristics. A giant TMR without the use of half-metallic electrodes 

indicates that the TMR originates from robust intrinsic spin filtering and symmetry-driven spin selectivity, which 

ensure extremely high readout contrast and superior sensitivity to magnetic state variations. 

The TMR performance of the AMTJ is strongly governed by the spin polarization of the tunneling electrons. 

The spin-filtering efficiency (SFE) is calculated as SFE=(T↑-T↓)/(T↑+T↓)×100%, where T↑ and T↓ denote the 

spin-resolved transmission coefficients at the Fermi energy. Figures 3(d)–3(i) display the spin- and k⃗||-resolved 

transmission spectra in momentum space for the AMTJ. The k⃗|| -resolved spin-filtering efficiency SFE(k⃗||)  is 
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shown in Figs. 3(j)–(l). At the Fermi level, the spin-down channel dominates the tunneling transport in the P 

configuration, with a transmission coefficient much larger than that of the spin-up channel [Fig. 3(b)]. In the k⃗|| 

space, most regions exhibit nearly −100% spin filtering [Figs. 3(d, e, j)], resulting in a SFE approaching −100%. 

When the magnetic configuration switches to the AP-I, the SFE decreases to approximately −96%, which 

originates from an increase in spin-up transmission accompanied by a reduction in spin-down transmission [Figs. 

3(b, f, g, k)]. Upon further switching to the AP-II configuration, the spin-up transmission exceeds the spin-down 

component [Figs. 3(b, h, i, l)], leading to a positive SFE of about 63%. It is worth noting that the spatial distribution 

of the transmission spectrum in the k⃗|| plane shows a certain resemblance to that of the electrode conducting 

channels [Fig. S1(c)]. However, for this AMTJ, the electrode channels are not the dominant factor governing the 

tunneling amplitude in the tunneling process. The SFE reaching 100% in the P configuration indicates that the 

dominant mechanism of tunneling originates from the spin-selective transmission of the barrier layers, whereas 

the interfacial band-symmetry matching plays only a secondary and modulating role. The electrodes primarily 

serve to provide propagating states in the corresponding k⃗|| regions that can couple to the barrier states, rather 

than fundamentally determining the transmission magnitude. Specifically, in the P configuration, spin-down 

electrons exhibit markedly enhanced transmission in the bright purple arc-like regions on both sides of the Y–Γ–Y' 

path, forming dominant tunneling channels that contribute most of the total transmission. This feature suggests an 

efficient coupling between the electrode states in these k⃗|| regions and the lowest decay rates of the evanescent 

states in the barrier. When the magnetic configuration switches to AP-I or AP-II, the spin-selective transmission 

characteristics of the middle and right barrier layers are altered. As a consequence, the dominant tunneling channels 

present in the P state are effectively suppressed. This leads to a strong reduction of the tunneling probability for 

spin-down electrons at the Fermi level, and the total transmission decreases by approximately three orders of 

magnitude compared with the P state [Fig. 3(c)]. The blockage of tunneling channels induced by the change in 

spin selectivity of the barrier layers is therefore the direct physical origin of the giant TMR. 

The spin- and layer-resolved projected device density of states (PDDOS) (Fig. 4) further corroborates the 

interpretation derived from transport calculations. The left IrO2 electrode is defined as the electron source. In the 

P configuration [Fig. 4(a)], the spin-down PDDOS near the Fermi level in the right electrode region is substantially 

larger than the spin-up component, confirming that tunneling is dominated by spin-down electrons and 

demonstrating the strong filtering of spin-up carriers in this state. The overall density of states (DOS) in the P 

configuration is also higher than those in the AP-I and AP-II states, consistent with the physical origin of the giant 

TMR. In contrast, in the AP-I configuration, the spin-down states near the Fermi level are markedly suppressed 

[Fig. 4(b)]. This reduction arises because reversing the Néel vector of the right barrier layer blocks the highly 

transmissive spin-down tunneling channels. For the AP-II configuration, the spin-up and spin-down PDDOS 

components become comparable near the Fermi level [Fig. 4(c)]. This behavior indicates that efficient tunneling 

channels for both spin species are largely closed, which explains the reduced spin polarization observed in the AP-
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II state. 

For the IrO2(110)/CoF2/MnF2/CoF2/IrO2 AMTJ, the spin-resolved transmission coefficients, total 

transmission coefficients, and TMR ratios as functions of energy are shown in Figs. 5(a)–(c). In the P configuration, 

the total transmission of the system remains the largest, and transport near the Fermi level is still dominated by the 

spin-down channel. The calculated TMR values at the Fermi level reach 550% (TMR-I) and 2,322% (TMR-II), 

significantly exceeding the 150−170% range reported for the NM/CoF2/NI/CoF2/NM junction (where NM and NI 

denote a normal metal and a normal insulator, respectively) [26]. Nevertheless, these TMR values are significantly 

smaller than those of the FeF2-based AMTJ discussed above. This reduction originates from weaker spin-down 

tunneling in the P state, reflecting less efficient matching of the slowest-decaying evanescent states in the MnF2 

barrier with those in CoF2 compared with the FeF2/CoF2 case, which partially suppresses the highly transmissive 

spin-down channels and thereby limits the overall TMR. Consistently, the spin-down transmission spectrum in the 

P configuration [Figs. S2(a)–(f)] does not exhibit the bright arc-like features along Y–Γ–Y' seen in the FeF2-based 

AMTJ. Instead, the main contribution to the total transmission arises from tunneling channels near the C and C' 

regions [Fig. S2(b)], whose contribution is noticeably smaller than that of the arc-like channels in the FeF2-based 

AMTJ. When the magnetic configuration switches to AP-I or AP-II, the efficient tunneling channels for both spin 

species are largely closed, suppressing electron transmission at the Fermi level and reducing the total conductance. 

This channel blocking leads to the sizable TMR observed in these configurations. The corresponding k⃗||-resolved 

SFE maps are shown in Figs. S3(g)–(i), yielding SFE values of −98% (P), −95% (AP-I), and −22% (AP-II). The 

overall spin-filtering effect is therefore weaker than that in the FeF2-based AMTJ for the corresponding magnetic 

states. 

To further elucidate the physical origin of the observed giant TMR, we investigated a reference AMTJ with a 

homogeneous tunneling barrier—specifically the IrO2(110)/CoF2/CoF2/CoF2/IrO2 structure. By eliminating 

internal material interfaces within the barrier region, this configuration serves as an ideal reference to isolate the 

intrinsic transport properties of a single altermagnetic phase from the multi-stage filtering effects. The spin-

resolved transmission coefficients, total transmission spectra, and TMR ratios as a function of energy are shown 

in Figs. 5(d, e, f). Although the spin-down tunneling remains stronger than the spin-up contribution, the total 

transmission is no longer maximized in the P configuration but instead in the AP-I state. At the Fermi level, the 

transmission coefficients of all magnetic configurations are comparable, yielding modest TMR values of 79% 

(TMR-I) and 14% (TMR-II), indicating an almost negligible magnetoresistance effect. Several energy points 

slightly below the Fermi level show enhanced TMR, and TMR-I stabilizes around ~200% above the Fermi level. 

The low TMR at the Fermi level indicates weak SFE in this system. The corresponding k⃗||-resolved SFE maps are 

presented in Figs. S3(g)–(i), giving SFE values of −80% (P), −88% (AP-I), and −47% (AP-II), indicative of only 

moderate spin-filtering capability. This suggests that the spin-selective tunneling characteristics of the barrier do 

not differ substantially among the various configurations, preventing the formation of a sufficiently large 

conductance contrast and thereby limiting the overall magnetoresistance effect. The modest TMR values (79% and 
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14%) suggest that a homogeneous CoF2 barrier provides only a single stage of symmetry filtering. Without the 

modulation of an additional altermagnetic phase, the evanescent states of the minority spin are not sufficiently 

suppressed across the entire barrier thickness, failing to achieve the near-complete spin-selectivity required for 

giant magnetoresistance. 

The remarkable enhancement in TMR ratios originates from a multi-stage spin-filtering mechanism. In the 

single-material CoF2 barrier, spin selection is limited by the intrinsic filtering capacity of a single complex band 

structure. In contrast, the CoF2/FeF2/CoF2 heterostructure functions as a series of specialized filters. Since CoF2 

and FeF2 possess distinct spin-split projections in momentum space, their interleaved arrangement sequentially 

suppresses residual leakage from non-targeted spin channels, leading to a much higher cumulative spin-selectivity 

than a homogeneous CoF2 barrier. Along the [110] direction, the selective superposition of evanescent states plays 

a critical role. The giant TMR in the FeF2-based AMTJ suggests that the [110] oriented evanescent states of CoF2 

and FeF2 exhibit highly compatible symmetry for the majority spin, while maintaining a drastic decay rate disparity 

for the minority spin. This synergistic superposition strongly promotes conductance in the P configuration while 

suppressing it in the AP-I and AP-II configurations, thereby maximizing the TMR ratios. The performance gap 

between the FeF2 (196,468%) and MnF2 (2,322%) systems originates from the different decay characteristics of 

their evanescent states. In the MnF2 system, the evanescent states may exhibit insufficient decay contrast or partial 

momentum-space overlap with the leakage channels of CoF2. Ultimately, the heterostructure architecture breaks 

the single-transport-mode limitation of homogeneous barriers. By introducing altermagnetic interfaces, the device 

utilizes coherent tunneling modulation to reshape the spin-polarized evanescent potentials across different layers. 

This provided degree of freedom allows for the precise manipulation of tunneling probabilities through the 

staggered decay constants of different altermagnets—a mechanism fundamentally unavailable in single-barrier 

IrO2(110)/CoF2/IrO2 structures. 

 

4 Conclusions 

In conclusion, leveraging the intrinsic spin-dependent tunneling asymmetry of the altermagnetic insulators 

CoF2(110), FeF2(110), and MnF2(110), we have designed and compared [110]-oriented heterostructured AMTJs 

composed of IrO2/CoF2/MF2/CoF2/IrO2 (M = Fe, Mn) with a homogeneous CoF2-barrier reference. First-principles 

quantum-transport simulations show that, even without half-metallic electrodes, the FeF2-based AMTJ achieves 

giant TMR ratios of 134,202% and 196,468%, whereas the MnF2-based one yields substantial values of 550% and 

2,322%, far exceeding the modest 79% and 14% obtained for the single-material CoF2 barrier system. 

Mechanistically, these results are attributed to the multi-stage spin-filtering effect enabled by the heterostructured 

barriers (CoF2/FeF2/CoF2 and CoF2/MnF2/CoF2). This architecture breaks the single transport mode constraint of 

homogeneous barriers by utilizing the distinct spin-polarized tunneling modulations of different magnetic layers. 

The resulting symmetry-selective superposition of spin states significantly enhances the overall tunneling spin-

selectivity of the device. Furthermore, as these AMTJs are composed of altermagnetic and non-magnetic materials, 

they effectively eliminate stray magnetic fields and magnetic crosstalk. This ensures high integration density and 
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robust stability against external perturbations. Consequently, MTJs employing altermagnetic heterostructure 

barriers offer superior signal contrast and higher performance for spintronic memory and sensing applications, 

providing a novel paradigm for the design of next-generation MTJ devices. 
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Fig. 1 Schematic illustration of an altermagnetic tunnel junction (AMTJ) with three magnetic configurations. 

The light-gray cubic regions denote the nonmagnetic metallic electrodes, while the light-pink and light-blue cubes 

represent the altermagnetic insulating layers (AMI-A and AMI-B) forming the tunnel barrier. Red and blue arrows 

indicate the tunneling probabilities of the spin-up and spin-down channels, respectively. Black hollow arrows 

denote the Néel vector orientations in each barrier layer. 
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Fig. 2 Atomic and magnetic structures of bulk rutile MF2 (M = Co, Fe, Mn) for the (001) (a) and (110) (b) 

faces, respectively. (c–e) Band structures of CoF2(001), FeF2(001), and MnF2(001). (f–h) Band structures of 

CoF2(110), FeF2(110), and MnF2(110). All band structures are calculated without spin–orbit coupling; red and blue 

curves denote the spin-up and spin-down channels, respectively. 
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Fig. 3 (a) Atomic structure of the IrO2(110)/CoF2/FeF2/CoF2/IrO2 AMTJ. (b) Spin-resolved transmission 

coefficients as a function of energy. (c) Total transmission coefficients as a function of energy. k⃗||  resolved 

transmission spectra in the two-dimensional Brillouin zone (d)–(i), and the corresponding spin-filtering efficiency 

(j)–(l), defined as SFE(k⃗||)=(T↑(k⃗||)-T↓(k⃗||))/(T↑(k⃗||)+T↓(k⃗||)×100%. (m) Energy-dependent TMR ratios. The insets 

in (b), (c), and (m) are magnified views of the energy window from −0.04 to 0.04 eV.  
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Fig. 4 Spin- and layer-resolved projected device density of states (PDDOS) across the 

IrO2(110)/CoF2/FeF2/CoF2/IrO2 AMTJ for the P, AP-I, and AP-II magnetic configurations. Contributions are 

projected from the left IrO2 electrode. 
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Fig. 5 Spin-resolved transmission coefficients (a) and (d), total transmission coefficients (b) and (e), and TMR 

ratios (c) and (f) as functions of energy for IrO2(110)/CoF2/MnF2/CoF2/IrO2 (a)–(c) and 

IrO2(110)/CoF2/CoF2/CoF2/IrO2 (d)–(f) AMTJs. The insets show magnified views of the energy window from 

−0.04 to 0.04 eV. 
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