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1. The choice of Hubbard parameter

For BFO, the Hubbard parameter U,y was often in the range of 3—6 eV in order to obtain
results consistent with experiments.! Our previous articles’? demonstrated that the
ferroelectric polarization and G-type AFM properties in bulk BFO can be well described by
Uy = 2.5-3.5 €V and the bandgap is determined to be ~ 2.1 eV for U= 3.5 eV. As regards
the V.X; monolayers, the Hubbard parameter was usually set to be 2-3 eV.4>67 We use the
upper value of U,y for V 3d electrons because of the frequent underestimation of bandgap
even for DFT+U approach. Furthermore, our relevant work® indicated that, in 17-VSe,

monolayer, the magnetic moment of V atom shows a nearly saturated value at U,;= 3.0 eV.

2. Electronic and magnetic properties of free-standing 2H-VS2 monolayer

From the U,4-dependence of energy difference AE |1,y between the 17 and 2H phase (Fig.
Sla), we find that the 2H phase is energetically preferred as Uy < 3.3 eV and AE| 1., reaches
a maximum value of 85.4 meV/fu. at U = 2.0 eV. The U, ~dependence of the ground
structure of VS, monolayer is in agreement with previous theoretical results®!? though the
critical U,y shows a different value to some degree because of the different functional used in
our present work. In the following results, the upper value of Uy = 3 eV (AE 1on = 40.4
meV/fu.) is adopted in view of the fact that bandgap is often underestimated for common
Hubbard parameter in the DFT+U approach. At U,y = 3 eV, the lattice constant of 2H-VS,

monolayer is calculated to be 3.161 A (without vdW correction), which is well consistent with
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previous theoretical results.”!1-12

For the 2H-VS,, Fig. Sla also shows the calculated total magnetization per formula unit
(M) and the magnetic moments of the V atom (My). We find that M, saturates to a value of
1.00 up at U= 1.0 €V, while My displays almost a linear increase as the Hubbard parameter
larger than this value. Although the magnetization is dominantly localized on V atoms, our
results demonstrate there are also some antiparallel magnetic moments on the S atoms. This
can be understood from the 3d' electron configuration of V4 ion and the spin polarization
induced by p-d orbital hybridization between V and S.!®!3 Furthermore, the antiparallel
magnetic moments on S atoms indicates the existence of superexchange coupling between
nearest V spins through the V-S-V path, which has been regarded as an important mechanism
for the FM ground state.!3> By employing the default Wigner-Seitz radii (1.217 A for V and
1.164 A for S) in the VASP package, the value of My and My in the pristine 2H-VS, is
respectively 1.099 w5 and -0.098 up at U= 3 eV. In the existence of 2% tensile strain, the
calculated My and Ms is increased to 1.146 pp and -0.113 u, respectively. As pointed by Ref.
[13], by using specific spin partitioning method, M, can be divided into the contribution from
individual V and S atoms with the relationship of M, = My + 2Ms.

In addition to the magnetic moments, the exchange integral J between nearest V 3d spins
and the magnetic anisotropy energy (MAE) are also determined. As shown by Fig. S2 in the
Supporting Information, we use a 3x3 supercell to determine the energy difference AEy,,
between FM and a ferrimagnetic (FiM) structure. For the FM and FiM configuration, the
magnetic energy should be expressed respectively by Epv = -6J and Eg = 6J because of the
six nearest-neighbors around the central V atom displaying the same magnetic moment and
opposite spin orientation. Therefore, the exchange integral equals to J = AE\,,/12. For the
free-standing VS, monolayer without and with 2% strain, the value of J is determined to be
59.02meV and 51.60 meV, respectively. Due to the easy-plane MAE (0.10 meV and 0.08
meV per formula unit for vanishing and 2% strain, respectively), we can estimate the critical
temperature 7, by the Berezinsky-Kosterlitz-Thouless (BKT) transition,'* i.e., T, = 0.89J/kg.
For 2H-VS, with zero and 2% strain, the value of 7, is ~606 K and ~530 K, respectively,
which is larger than the calculated value of 292 K and 115 K.!%12 As we know, the estimated
T. of vdW-2D magnets often shows relatively large dispersion in literature due to the
sensitivity of exchange integral to the employed functional and the Hubbard parameter.'>

Next, we plot in Fig. S1b the band structure of pristine 2H-VS, monolayer. The magnetic
semiconductive feature is evident. Although there exists clearly valley characteristics in the

spin-up channel at K point, the conduction band minimum is located near the M point in the

S2



spin-down channel. In other words, the bottom of conduction band and top of valence band
are characterized by opposite spin polarization. This behavior is called bipolar magnetic
semiconductor in Ref. [9]. As for the 2H-VS, monolayer with 2% strain, we find that this
bipolar behavior disappears due to the upward shift of spin-down bands near the M point (Fig.
S3a). For the spin-up and spin-down states, the band gap is determined to be 0.80 and 0.96 eV,
respectively. Our present results are in agreement with previous theoretical reports”®1? by
using different exchange-correlation functional. By performing orbital-resolved projections,
we find that the valence and conduction bands of the spin-up channels near the Fermi energy
are dominant by V 3d states, while the corresponding spin-down channels display much
stronger weight of S 3p orbitals. In addition, we should point out that, the K and M point of
the primitive-cell Brillouin zone is folded into I' and m point of the V3x\/3 supercell Brillouin
zone (Inset of Fig. S3a). In Fig. S3b and S3c, we show the folded band structure of free-

standing 2H-VS, with 2% strain along m-I'-m direction in the Y3x/3 supercell Brillouin zone.
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Fig. S1 (a) The U,4~dependence of energy difference between 17 and 2/ phase as well as magnetization of
VS, monolayer and V atom (M, and My, respectively) in the 2H-phase. (b) Band structure of pristine 2H-
VS, monolayer with U,y = 3 eV. The black and red curves represent the spin-up and spin-down states,

respectively. The energy scale is labeled relative to the Fermi level.
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(a) FM configuration (b) FiM configuration
Fig. S2 (a) Ferromagnetic (FM) configuration and (b) ferrimagnetic (FiM) configuration in the 3x3

supercell of 2H-VS, monolayer for determining the exchange integral J.
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Fig. S3 (a) Band structure in primitive-cell Brillouin zone of free-standing 2H-VS, monolayer with 2.0%
tensile strain. Inset shows the relationship of Brillouin zone between primitive-cell and V3x\/3 supercell.
The black and red curves indicate the spin-up and spin-down channels, respectively. (b) and (c) display
respectively the spin-up and spin-down bands in the \V3x\3 supercell Brillouin zone. The dark yellow
circles represent the projection of V 3d orbitals and the size of the circles is proportional to the projection

weight. The energy scale is labeled relative to the Fermi level.

sS4



Q ¢ bo ‘)H

-

. AQ (e) M (1m) y y AQ (e) M (up)

P — AP PA AP YN =y AP PA AP
vV,  -0018 -0017 1288 1.185 Vi 20.027 0080 1232 1431
Vi, -0.009 -0.010 1282 1.193 Vs 0025 -0.051 1214 -1.250
vV,  -0003 -0004 1227 1.140 v, 20.026 0051 1218 -1.232
S, -0.117 -0.129 0071 -0.105 8 20134 -0208  -0.088 0.001
S, -0.056 -0.048  -0.111 -0.106 S, 20182 0236  -0.080 0018
S5 0.027 0.033  -0.124 -0.121 S; 0178 -0.258  -0.080 0.013

(a) VS2/N0O (b) VS2/N0O'

Fig. S4 Top-view of the 2H-VS,/BFO(0001) heterostructure and the site-dependent atomic charge change

(AQ) as well as atomic magnetic moment (M). (a) VS,/NOO and (b) VS,/NO0’ hybrid system. For the top-
view, in addition to the VS, monolayer, only the outmost -Bi-O;-Fe trilayer of BFO(0001) substrate is
included for clarity.

(a) VS2/NOO' PA (b) VS2/N0O' AP

Fig. S5 Side-view of the 2H-VS,/N00" hybrid structures with different magnetic proximity effect. (a) and (b)
shows respectively the relaxed heterostructure with parallel (PA) and antiparallel (AP) interface magnetic

configuration between the outmost Fe layer of BFO(0001) substrate and the 2H-VS; monolayer. The black

arrow indicates the direction of ferroelectric polarization. The number shown on V denotes the site-

resolved V atom illustrated in Fig. S3.
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Fig. S6 Partial DOS of V-3d orbitals in the 2H-VS,/BFO(0001) heterostructure. (a) PA interface magnetic
configuration and (b) AP interface magnetic configuration. The black and red curves denote the partial
DOS of VS,/N00 and VS,/N0O0’ system, respectively. To facilitate comparison, the partial DOS of free-

standing 2H-VS, monolayer is also shown in the shadow area.
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Fig. S7 Electrostatic potential distribution of the NOO and NOO' surfaces with respect to the free-standing

2H-VS,; monolayer. The vacuum potential of 2H-VS, monolayer is set to zero point.
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