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1 AIMD

Ab initio molecular dynamics (AIMD) simulations were performed in the NVT ensemble
using a 2 x 2 x 1 supercell to examine the thermal stability of the Mn,CF5 monolayer
and the MnyCFy/MoS, heterostructures. The calculations were conducted at 300 K for
a total simulation time of 5000 fs. As shown in Fig. S1, the temperature fluctuates only
slightly around the target value, indicating proper thermal equilibration. Throughout the
entire simulation period, the structures retained their stability, and no bond breaking was
detected at the end of the calculations.
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Figure S1: Ab initio molecular dynamics (AIMD) simulations of (a) monolayer MnyCFy
and (b) MnyCFy/1T-MoSs,, and (c¢) MnyCFy/2H-MoS, heterostructure at 7' = 300 K.
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Figure S2: Phonon dispersion of (a) MnyCF5 monolayer, (b) MoSs monolayer, and (c)
Mny,CFy/ MoS, heterostructure.

2 Phonon dispersion plots

The phonon dispersion calculations were performed using density functional perturbation
theory (DFPT) as implemented in VASP, in conjunction with the Phonopy package,
employing a 2 x 2 x 1 supercell. The calculated phonon spectra are presented in Fig. S2.

As shown in Fig. S2, no imaginary (negative) phonon modes are observed throughout



the entire Brillouin zone for either the monolayers or the heterostructure, indicating their

dynamical stability.

3 DFT+U and HSEO06

Upon inclusion of the DF'T+U correction, the spin-down bands shift upward, whereas the
spin-up bands shift downward. As a result, the half-metallic gap increases with increasing

values of the on-site Coulomb parameter U, as shown in Fig. S3.

The band structure calculated using the HSE06 hybrid functional is presented in Fig. S4.
The HSEOG results clearly show that the spin-down band gap is larger than that obtained
within the DF'T+U approach, which is consistent with the well-known tendency of hybrid

functionals to provide more accurate band-gap values.
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Figure S3: (a) and (b) Spin-polarized band structures of the Mny,CF4 monolayer calculated
with different Hubbard U values of 3 and 5 eV, respectively, applied to the Mn atoms.

Table S1: Total energies of different FM and AFM configurations for the MnyCF5 mono-
layer and the MnyCFy/MoSs heterostructure. Energies are given in eV, with the lowest-

energy configuration set as the reference (0 eV).

Configuration MnyCFy (V) MnyCFo/MoS, (eV)

FM 0.00 0.00
AFM-1 2.30 2.28
AFM-2 1.97 2.03

AFM-3 0.56 0.57
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Figure S4: Band structure of the MnyCFy monolayer calculated using the HSE06 func-
tional.
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Figure S5: Magnetic configurations for the 2 x 2 x 1 supercell of Mny,CF5 monolayer,

illustrating the orientations of Mn spins: (a) FM, (b) AFM1, (c¢) AFM2, and (d) AFMS3.
Spin-up and spin-down states are shown by green and blue arrows, respectively.



4 Different Stacking Configurations, Interlayer Dis-
tance, and Binding Energy

In the MnyCF5/1T-MoSs and MnyCF5/2H-MoS, van der Waals (vdW) heterostructures,
we systematically explored several possible stacking arrangements to identify the most
stable interfacial configurations. As illustrated in Fig. S6, each interface exhibits three

distinct stacking geometries.

For the MnyCF4/2H-MoS, heterostructure Fig. S6(a), in stacking-I, the S atoms of the
MoS; layer are positioned directly above the bottom F and top Mn atoms of the Mn,CF,
layer, while the C atoms are located over the Mo atoms. In stacking-II, the Mo atoms
align above the top Mn atoms, the S atoms lie over the top F atoms, and the C atoms
occupy bridge sites between adjacent Mo and S atoms. In stacking-III, the Mo atoms
are situated above the bottom Mn and top F atoms, whereas the C atoms are positioned

nearly above the S sites.

Similarly, for the MnyCFy/1T-MoS, heterostructure Fig. S6(b), stacking-I features the
bottom S atoms of MoS; located above the top F atoms of Mn,CF,, with the Mo atoms
positioned directly above the C atoms and the Mn atoms occupying the hollow sites of
the nearly planar Mo-S network. In stacking-II, the top S atoms are aligned above the
top F atoms, the bottom S atoms lie above the C atoms, and the Mo atoms sit atop the
upper Mn atoms. In stacking-III, the bottom S atoms are positioned over the bottom F
atoms, the Mo atoms reside above the bottom Mn atoms, and the C atoms are located

near the hollow positions of the Mo—S hexagon.

Among all configurations considered, stacking-I of both the Mny,CF5/1T-MoS; and MnyCF5 /2H-
MoS, heterostructures exhibits the lowest binding energy (FEhing), indicating that these
are the most energetically favorable stacking geometries. Consequently, these two stable

stacking-I configurations were selected to construct the vdW MTJs.
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Figure S6:

Binding Energy (meV)
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(a) MnyCFy/2H-MoSs heterostructure and (b) MnyCFy/1T-MoSs het-

erostructure, showing different stacking configurations; and (c) binding energy as a func-

tion of interlayer distance for the MnyCFy/MoS, heterostructure.
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Figure S7: The electrostatic potential E, for (a) 1T-MoS,, (b) monolayer Mn,CFy, and
(c) 2H-MoS,.
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Figure S8: Projected band structures of (a) 2H-MoSs/MnyCF5 and (b) 1T-MoSs/MnyCFy

heterostructures.
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Figure S9: (a) Schematic illustration of the 1T-MoSy/MnyCFy/2H-MoS;/MnyCFo /1T-
MoS; heterostructure. (b,c) Spin-resolved, layer-dependent density of states (DOS) in the
energy window —0.7 to 0.7 eV for the parallel and antiparallel magnetic configurations,
respectively. The insets show an enlarged view of the DOS near the Fermi level (Eg). The

labels “1-5” denote the layer indices of the individual monolayers in the heterostructure.



@ - @ (8-

' 10-5
1077
107°

\\/ 10-1

N

L L i N
=13 . . 1.0 L3 -15  -10 -05 00 _ 05 1.0 15
Energy (eV) Energy (eV)

1074

10=°

Transmission

1078

10-10

1072 10-2 10-2
S 10 104 J 107
‘0
oD
g 6 10-6 1076
24 10
©
el
= 10-8
10-8 10-¢
10-10
10-10 10710 !
: 1027 Spin T
s 5 . . L U i . .
=15 =10 ’O'SE 0:0, v 93 10 15 a5 ; 00 05 1.0 1s -15 -10 -05 00 05 10 15
nergy (eV) (f) Energy (eV) X Energy (eV)
C I -
© () .
10*2-
10-3 1073
10-4F
=
9 1075 10-°
-6
a 10
=
c 107 1077 e
o 10-8fF
=
10-9 N 10°° 10-10f
; V=09V
,=0.
10-1 . .Ar 1071 — 1072F — spin t
— Spin i — Spin L —_— Sr:ln L ) ) )
. . . .
-15  -10 -05 0.0 0.5 1.0 15 15 10 05 0.0 o5 50 15 ~15 -10 -05 00 0.5 1.0 1.5
Energy (eV) Energy (eV) Energy (eV)

Figure S10: Bias-dependent transmission spectra as a function of energy in the parallel
state for MTJ with a single layer of 2H-MoS, tunnel barrier (MTJ1).
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Figure S11: Bias-dependent transmission spectra as a function of energy in the antiparallel
state for MTJ with a single layer of 2H-MoS, tunnel barrier (MTJ1).
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5 Comprehensive Analysis of Nonmagnetic Barrier

Variations in Magnetic Tunnel Junctions

Next, we analyzed MTJ, with a four-layer 2H-MoS2 barrier (MTJ2), exhibits strongly
spin-polarized transport similar to MTJ1 (Fig. S12). At EF, TPT,C exceeds Téc and T/Igc
by eight and three orders of magnitude, respectively, across a wide energy range, ensuring
robust spin polarization and giant TMR. Spin-resolved -V curves (Fig. S12(d—e)) show
fully suppressed spin-down current and non-monotonic spin-up current with peaks near
0.2 V and 0.6 V, followed by a drop beyond 0.8 V, indicating NDR with a PVR of 49. Un-
der applied bias voltage, spin-up transmission in the parallel state (Fig. S13) shifts to lower
energies and exhibits oscillatory variations, while spin-down remains nearly constant; be-
yond 0.7 V, both both spin-up and spin-down channels are suppressed (Fig. S12(d)). In the
antiparallel state (Fig.S14), bias-induced spin-channel segregation leads to non-monotonic

currents that align with transmission peaks.

Similarly, the MTJ with a hybrid barrier consisting of single layers of both 1T- and
2H-MoS; (MTJ3), shows comparable spin-polarized transport to MTJ1 and MTJ2 (Fig. S15).
At Ep, T} exceeds TpiC and T/I%LC by seven and four orders of magnitude across —0.4 to
0.4 eV, maintaining giant TMR and efficient spin filtering. The I-V curves (Fig. S15(d—¢))
display fully suppressed spin-down current and non-monotonic spin-up current with peaks
near 0.2 V and 0.7 V, indicative of NDR with a PVR of 25. Bias-dependent transmission
Figs. S16-S17 shows that spin-up and spin-down channels conincides around 0.9 V, while
in the antiparallel state, slight spin-channel separation produces non-monotonic current

behavior consistent with the transmission profile.

Extending this trend, MTJ4 with a five layer—-1T-MoS, barrier exhibits pronounced spin-
polarized transport (Fig. S18(d-e)). At Ep, Tp exceeds T and Thire by four and two
orders of magnitude across —0.4 to 0.4 eV, maintaining a large TMR and strong spin
selectivity. Under bias (V, = 0.1-0.5 V), the spin-up current in the parallel state rises to
~ 0.3 V, decreases until ~ 0.5 V, and vanishes beyond this, while spin-down remains nearly
constant (Fig. S18(d)), consistent with the transmission spectra (Fig. S19). Above 0.5 V,
both spin channels converge, leading to vanishing current and loss of spin polarization. In
the antiparallel state (Fig. S18(e)), spin channels remain distinct up to 0.5 V but merge

at higher bias, resulting in equal transmission and nearly zero current.
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Figure S12: (a) Schematic illustration of the MTJ device with a four layer of 2H-MoS,
tunnel barrier (MTJ2). (b, ¢) Spin-resolved transmission spectra of the parallel and
antiparallel states, respectively, at zero bias. (d, e) Spin-resolved total currents in the

parallel and antiparallel states, respectively, as functions of the bias voltage V.
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Figure S13: Bias-dependent transmission spectra as a function of energy in the parallel
state for MTJ with a four layer of 2H-MoS, tunnel barrier (MTJ2).
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Figure S14: Bias-dependent transmission spectra as a function of energy in the antiparallel
state for MTJ with a four layer of 2H-MoS, tunnel barrier (MTJ2).
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Figure S15: (a) Schematic illustration of the MTJ device with hybrid barrier consisting of
single layers of both 1T- and 2H-MoS, (MTJ3). (b, ¢) Spin-resolved transmission spectra
of the parallel and antiparallel states, respectively, at zero bias. (d, e) Spin-resolved total
currents in the parallel and antiparallel states, respectively, as functions of the bias voltage

V.
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Figure S16: Bias-dependent transmission spectra as a function of energy in the parallel

state for MTJ with hybrid barrier consisting of single layers of both 1T- and 2H-MoS,

(MTJ3).
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antiparallel states, respectively, at zero bias. (d, e) Spin-resolved total currents in the

parallel and antiparallel states, respectively, as functions of the bias voltage V.
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Figure S19: Bias-dependent transmission spectra as a function of energy in the parallel
state of for MTJ with a five layer of 1T-MoS, tunnel barrier (MTJ4).
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Figure S20: Bias-dependent transmission spectra as a function of energy in the antiparallel
state for MTJ with a five layer of 1T-MoS, tunnel barrier (MTJ4).
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Figure S21: Schematic illustration of different device configurations: H-MTJ and T-
MTJ, corresponding to homophase 2H-MoS,; and homophase 1T-MoSs tunnel barriers,
respectively. The notation 1L-6L denotes tunnel barriers consisting of one to six MoSs

layers.
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Figure S22: Schematic illustration of device configurations incorporating HT-MTJs, which
denote heterophase (1T/2H) MoS, tunnel barriers. For HT-MTJ devices, the notation
(H/T) represents the stacking sequence of 2H and 1T layers from left to right across the

tunnel barrier, with numbers indicating multiple layers of each phase.
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Table S2: Mulliken population analysis for the MTJ with a four-layer 2H-MoS, spacer.

Spin-up and spin-down charges are given for each atom.

Atom Index | Element | Spin-up Charge | Spin-down Charge
Left Mn,CF, Electrode
15 F 3.678 3.688
16 Mn 5.620 0.896
17 C 1.380 2.791
18 Mn 5.628 0.921
19 F 3.679 3.693
Right Mn,CF; Electrode
32 F 3.680 3.693
33 Mn 5.628 0.921
34 C 1.379 2.791
35 Mn 5.620 0.897
36 F 3.678 3.688
MoS; Spacer/Barrier
20 S 3.010 3.016
21 Mo 2.966 2.958
22 S 3.024 3.024
23 S 3.018 3.018
24 Mo 2.959 2.959
25 S 3.022 3.022
26 S 3.018 3.018
27 Mo 2.959 2.959
28 S 3.022 3.022
29 S 3.020 3.021
30 Mo 2.972 2.964
31 S 3.010 3.016
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Table S3: Comparison of representative theoretical tunneling magnetoresistance (TMR)

values reported for two-dimensional (2D) MXene- and van der Waals (vdW)-based mag-

netic tunnel junctions.

System Junction type TMR (%) Ref.
Crl;/Ag/Crls (12 layers) vdW MTJ > 10° 1]
Crls/WTe, /Crl; vdW MTJ ~ 10° 2]
Crl3/CraGeyTeg (bilayer) vdW MTJ 6.2 x 10° 3]
CrSey/NiCly/CrSey vdW MTJ 1.2 x 104 4]
MnBiyTey /BN /MnBisTey vdW MTJ 3.7 x 103 5]
CrPS, (10 layers) Spin-filter MTJ 3.7 x 10° (6]
Graphene/CrSBr/Graphene (4 layers) Spin-filter MTJ 2 x 107 [7]
Fe,GeTe, (layers) vdW MTJ ~ 500 8]
MnyCFy/TiyCOs/MnyCFy MXene-based MTJ ~ 106 9]
ScCryCyFy-based MTJ MXene-based MTJ ~ 106 [10]
ScaCHO/ScaNHO /Seo CHO MXene-based MTJ ~ 2.5 x 103 [11]
This work MXene/TMD vdW MTJ 7.21 x 10° This work

Table S4: Calculated magnetic moments (in pg) of Mn;—Mny atoms in the MnyCFy

layers of MTJ4 under different applied electric fields. Negative values indicate spin-flip

transitions.

Applied Field (V/A) Mn; Mn, Mn; Mny
-0.40 2245 -4.27 270 -4.24
-0.30 3.28 3.07 265 -2.65
-0.20 429 429 427 4.27
-0.10 4.27 429 428 4.28
0.00 4.28 429 428 4.29
0.10 4.28 427 429 428
0.20 429 429 429 4.30
0.30 048 4.29 423 270
0.40 4.28 -1.80 -2.56 -2.35
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Table S5: Variation of exchange energy, Fo, = Eapy — Epm (in €V), of MTJ4 under
different applied electric fields.

Applied Field (V/A) E. (eV)

-0.40 -4.87
-0.30 -1.15
-0.20 1.75
-0.10 0.88
0.00 0.007
0.01 0.023
0.20 0.04
0.30 -1.36

0.40 -3.46
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Table S6: Spin-dependent transmission coefficients at the Fermi level and corresponding
TMR values for MTJ2 (four-layer barrier) calculated with different DFT+U values.

Device U (eV) Tpc(Er) Tarc(Er) TMR (%)
H-MTJ-4L (MTJ2) 3 831 x 107* 2.33 x 1077 3.57 x 10°
H-MTJ-4L (MTJ2) 4 499 x 1073 6.92x 1077 7.21 x 10°
H-MTJAL (MTJ2) 5  505x10~% 815x 107  6.20 x 10°

6 Variation of TMR with different DFT+U values

As shown in Table S6, although the absolute values of the spin-dependent transmission
coefficients and the resulting TMR vary slightly with the Hubbard parameter U, the over-
all transport behavior remains unchanged. In particular, the transmission in the parallel
configuration remains several orders of magnitude larger than that in the antiparallel con-
figuration, leading to robust spin-filtering and large TMR values. The robustness observed
for this representative junction is expected to extend to the other MTJ configurations be-
cause the tunneling mechanism in all devices is governed by the same intrinsic property of
the MnyCFy spin-filter barrier, namely its half-metallic electronic structure and nearly per-
fect spin polarization. Moreover, the half-metallic gap of MnyCFs is preserved for U = 3
and U = 5 eV (see Fig. S3), demonstrating that moderate variations of U mainly affect
the half-metallic gap and the quantitative magnitude of the exchange splitting but do not
alter the underlying spin-selective tunneling mechanism. Consistently, nearly perfect spin
polarization is obtained for all MTJs (see Table 1 of the manuscript) for U = 4 eV, where
the transmission in the parallel configuration remains two to three orders of magnitude
larger than that in the antiparallel configuration, leading to strong spin-filtering behavior
and large TMR values. Since all MTJs employ the same electrodes and spin-filter barrier
and differ only in stacking or barrier thickness, the qualitative transport behavior and the
relative trends in TMR observed for U = 4 are expected to remain largely unchanged for
U=3and U =5¢eV.

7 Electric field induced spin flip

To elucidate the microscopic mechanism underlying the electric-field-driven magnetic
transition in MTJ4, we analyzed the total and Mn atomic-projected density of states

(DOS), as shown in Fig. S24. At zero electric field [Fig. S24(d)], the Mn states exhibit

a pronounced spin asymmetry near the Fermi level, reflecting strong exchange splitting
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and a robust half-metallic character of the MnyCFy spin-filter barrier. Consequently,
only one spin channel contributes at Er, resulting in nearly 100% spin polarization and
a stable ferromagnetic ground state. Upon applying a finite electric field of £0.4 V/A
[Fig. S24(e,f)], the Mn projected DOS undergoes a substantial reconstruction: minority-
spin states shift toward and cross Er, destroying the half-metallic character and giving
rise to finite DOS contributions from both spin channels at the Fermi level. As a result,
the spin polarization is strongly reduced, consistent with the behavior observed beyond
the critical bias of ~ 0.4 V in Fig. 6(h) of the manuscript.

Furthermore, with increasing electric field (particularly at 0.4 V/A), the total DOS
[Fig. S24(b,c)] shows that the electronic states near Er shift toward lower energies, lead-
ing to a slight reduction of the spin-up DOS at the Fermi level. In addition, the spin-up
DOS peak approaches and crosses Er, accompanied by a redistribution of spectral weight
between the spin-up and spin-down states. As a consequence, the total DOS becomes
nearly spin symmetric, closely resembling an antiferromagnetic electronic structure. This
systematic reduction of spin asymmetry signifies a pronounced weakening of the exchange
splitting within the MnyCFy layer, driven by electric-field-induced charge redistribution
and enhanced interfacial hybridization with the metallic 1T-MoS, barrier. Overall, the
polarity-dependent and continuous evolution of the DOS confirms that the observed spin-
flip transition originates from an electric-field- controlled modification of magnetic ex-
change energies, ultimately stabilizing an antiferromagnetic configuration and leading to
the reduction of spin polarization and tunneling magnetoresistance beyond the critical
bias of ~ 0.4 V.

A detailed calculation of individual exchange interaction parameters (such as J; and
J3) is beyond the scope of the present work and will be addressed in future studies.
Nevertheless, electric-field-controlled magnetic transitions of this type are well established
in the literature. Such electric-field-controlled magnetic transitions are well established
in the literature. For example, Sahoo et al. demonstrated electric-field-induced switching
between ferromagnetic and antiferromagnetic states in Mn dimer, where charge transfer
and interfacial hybridization modify the exchange interaction and even activate double-
exchange mechanisms [12]. Similarly, electric-field-driven spin flipping and suppression of
TMR have been reported in graphene and h-BN-based magnetic tunnel junctions, where
field-induced redistribution of spin-resolved density of states at the interface governs the
magnetic alignment and transport response [13]. More recently, Gogoi and Deb showed
that electric fields can induce layer-selective spin flipping and exchange sign reversal in
Janus van der Waals magnets, explicitly linking the phenomenon to field-driven charge

redistribution and interfacial screening effects [14].

In MTJ4, stabilization of the antiferromagnetic configuration under strong electric fields
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Figure S24: (a—c) Spin-polarized total local density of states at zero electric field and under
applied electric fields of +0.4 and —0.4 V/A. (d—e) Corresponding Mn atomic projected
density of states under the same electric-field conditions.

naturally explains the simultaneous suppression of both spin-up and spin-down currents
and the near-zero spin injection efficiency. Once the AFM state is stabilized, the spin-
resolved transmission becomes nearly symmetric, spin filtering is lost, and the tunneling

magnetoresistance collapses, as discussed in the manuscript and shown in Fig. S19.

Table S7: Calculated transmission coefficients at the Fermi level for different tunnel bar-
riers in the parallel configuration (PC), Tpc(Ey), and antiparallel configuration (APC)
with SOC, Tapc(Ey), along with the corresponding TMR ratios for various MTJ devices.

Device Tpc(Ef) TApc(Ef) TMR (%)
H-MTJ-1L (MTJ1) 6.74 x 107> 327 x 1077  2.05 x 10*
H-MTJ-4L (MTJ2) 1.11 x 1077 3.63 x 107?  2.95 x 10?

HT-MTJ-T1 H1 (MTJ3) 5.89x107% 1.94x 107" 2.92 x 10
T-MTJ-5L (MTJ4) 2.35 x 1072 249 x 1075 9.41 x 10*
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Figure S25: Projected band structures of (a) 2H-MoSy/Mny,CF, and (b) 1T-
MoSs/MnyCFy heterostructures, with the black circles highlighting the band crossing

points. (c) Schematic illustration of the nodal ring formation in the 2D Brillouin zone.
7.1 Topological Aspects

Although the topological properties of monolayer Mn,CFy have not yet been investi-
gated, and 1T-MoS, itself is topologically trivial, the formation of the 1T-MoSs/MnyCFy
heterostructure gives rise to interesting band-crossing features along the high-symmetry
paths M and K-I' as shown in Fig. S25(b). These crossings may potentially evolve
into nodal-line or nodal-ring-like features near the Fermi level. Similarly, the 2H-MoS,
barrier also exhibits band crossings along the same symmetry directions, which can host

nodal-line states protected by the mirror symmetry M, Fig. S25(a).

Although the present study does not focus on the topological characterization of the het-
erostructure, it is worth noting that the interfacial coupling can induce symmetry breaking
or preservation depending on the stacking configuration. Such symmetry modifications
may give rise to nontrivial topological phases, motivating future investigations into the

detailed topological electronic structure and their implications for spintronic applications.
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