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I. COMPUTATIONAL DETAILS
A. First-principles calculation with GGA+U method

Our first-principles calculations were performed by using the projected augmented-wave
method [1] as implemented in the Vienna ab initio simulation package (VASP) [2, 3]. The
generalized gradient approximation of the Perdew-Burke-Ernzerhof (PBE) type was used
to describe the exchange-correlation interaction [4]. The vdW interaction was treated by
using DFT-D3 functional [5]. All atoms were fully relaxed until the energy (107% eV) and the
Hellmann-Feynman force (0.01 ¢V /A) convergence thresholds were reached. A vacuum buffer
layer of 20 A was used to avoid unnecessary interaction along z direction between adjacent
slabs. The plane-wave energy cutoff was set to be 520 eV. The I'-centered Monkhorst-Pack
k-point grid of 11 x 11 x 1 was adopted in all our calculations.

To deal with the strong correlation effect of 3d magnetic elements in our first-principles
calculation (Fe, Co, Ni, Cr, V, and Mn), the GGA+U method [6] was used with the cor-
responding on-site repulsion energy U and exchange interaction J [15-19] as described in
Table S1. It is noteworthy that GGA+U method was used in all calculations including
structural optimization. Two-dimensional magnets MY, (M = Fe, Co, Ni; Y = Cl, Br, 1),
Cl3, VI3, and MnBiyTe, are ferromagnetic [11-22]. One can manipulate the easy magneti-
zation axis of two-dimensional ferromagnets to be out-of-plane by electric field, low-density
magnetic field, and strain [22-26]. Therefore, we set the magnetic moments to be parallel

to z direction in our calculation.

TABLE S1. On-site repulsion energies U, exchange parameters J and corresponding references.

Element U (eV) J (eV) Uet (eV) Reference
Co 3.67 0.00 3.67 Lv et al. [16]
Cr 3.00 0.87 2.13 Tian et al. [15]
A 3.68 0.00 3.68 Tian et al. [15]
Fe 4.00 0.80 3.20 Botana et al. [17]
Ni 4.00 0.80 3.20 Botana et al. [17]
Mn 5.34 0.00 5.34 Otrokov et al. [18]




B. Projected orbital contributions and Wannier functions

Before carrying out the maximally-localized Wannier functions, we calculated the orbital-
projected band structures of all systems. Here, we take the PtoHgSes /NiBry heterostructure
as an example and the corresponding projected orbital contributions are demonstrated in
Fig. S1. One can observe that Pt-d, Hg-s, Se-p, Ni-d, and Br-p mostly contribute to the

energy bands near Fermi level, supporting the following projection of Wannier functions.
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FIG. S1. The projected orbital contributions of PtoHgSes/NiBrs vdW heterostructure with spin-
orbit coupling. Red, blue and green dots represent the contribution of s, p and d orbitals from (a)
Pt, (b) Hg, (c) Se, (d) Ni and (e) Br elements, respectively. (f) displays the mostly contributed

orbitals as Pt-d, Hg-s, Se-p, Ni-d, and Br-p in purple, green, red, blue, and pink, respectively.

Therefore, we obtained the Bloch wave functions of Pt-d, Hg-s, Se-p, Ni-d, and Br-
p orbitals from our first-principles calculation and projected them on Wannier basises by
using maximally-localized Wannier functions as implemented in Wannier90 software package
[27, 28]. Subsequently, we carried out the fitting band structures as plotted in Fig. S2. One
can find that the band structures fitted by using maximally-localized Wannier functions
agree well with the first-principles calculation result, implying that we have obtained a set

of Wannier basis with fine fitness.
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FIG. S2. Band structures of the PtoHgSes/NiBry heterostructure plotted by using maximally-

localized Wannier functions versus by using first-principles calculations method.

C. Topological properties calculation method

Topological properties were carried out by using maximally-localized Wannier functions
as implemented in Wannier90 and WannierTools software packages [27-29].
Berry curvature of the n-th band at momentum k is calculated by

(k) = 21 Y Lo BViH (R (R)) < (W) Ve ()l (k)

(En,k — €tmk ) 2

: (1)

m#n

where €, is the electronic band structure.

Chern number of the n-th band is calculated by

1
C=— [ d&kQ.(k), (2)
2T B7Z
where the integration run over the states at momentum k in n-th band in first Brillouin
zone below the Fermi energy.
Anomalous Hall conductance is calculated by
e? 1
Opy = ——
Y h2r Jgy

PkQ, (k) , (3)

ie., 04y =Cée?/h.



II. MAGNETIC PROPERTIES OF TWO-DIMENSIONAL FERROMAGNETIC
SUBSTRATES

In this work, monolayer metal dihalides MY; (M = Fe, Co, Ni; Y = CI, Br, I) and
two-dimensional magnets Cl3, VI3, and MnBiyTe, are used to induce magnetic exchange
interactions [11-21]. These two-dimensional magnets have been proved that they all pos-
sess the ferromagnetic (FM) ground state at 0 K in freestanding monolayer. Additionally,
they are also energetically and dynamically stable in monolayer. The Curie temperatures
and dynamical stabilities of the ferromagnetic substrates and whether they are already syn-
thesized in experiments are all summarized in Table S2. The band gap of every material
and their band alignment are shown in the band edges as plotted in Fig. 2. Although the
monolayer metal dihalides MY, have not been synthesized yet, the bulk single crystals are
all synthesized and they are reported to be cleaved easily to monolayer due to their layered

crystal structures [11-15].

TABLE S2. Curie temperatures T, structural stability of two-dimensional monolayer ferromagnetic
substrates, and whether they are already synthesized in experiments and corresponding references.

ML denotes as “monolayer” while SL denotes as “septuple layer”.

FM Substrate T. (K) Stability Synthesis Reference
FeCly 109 Yes Bulk [11, 12]
FeBr; 81 Yes Bulk [11, 12]
Fely 42 Yes Bulk [11, 12]
CoCly 85 Yes Bulk [11, 12]
CoBr2 23 Yes Bulk 11, 12]
NiCl, 138 Yes Bulk 11, 12]
NiBr, 132 Yes Bulk [11, 12]
Nily 129 Yes Bulk [11, 12]
Crly 45 Yes Bulk, ML [13]
VI3 98 Yes Bulk, ML [15]

MnBiyTey (1SL) 12 Yes Bulk, ML [14]




ITII. LATTICE MISMATCH FOR ALL PT2AX3/FERROMAGNETIC SUBSTRATE
HETEROSTRUCTURES

In our calculation, monolayer jacutingaite family materials and monolayer ferromagnetic
substrates were fully relaxed with GGA+U method. The optimized lattice constants were
summarized in Table S3, respectively.

Subsequently, we investigate the lattice mismatch between 1 x 1 Pty AX3 and different
ferromagnetic substrates to construct a van der Waals (vdW) heterostructure. The lattice
mismatch ¢ can be defined as

2(ajac - asub)
Qjac + Asub

§ = x 100 % | (4)

where a;,. denotes the lattice constant of 1x1 Pty A X3 and ag,, denotes the lattice constant of
ferromagnetic substrate with respective supercell size. We summarized the lattice mismatch
for every possible vdW heterostructure combination in Table S3.

In Table S3, one can see that the highlighted systems exhibit well-matched lattice con-
stants, such as 1 x 1 Pty,CdS3/2 x 2 CoCly exhibits negligible lattice mismatch of only
0.0210 %, indicating that they can finely form a two-dimensional vdW heterostructure.
However, some systems are demonstrated to be difficult to match with each other. For
example, the lattice mismatch of 1 x 1 PtyZnTes/ V3 x /3 Nil, reaches up to 13.0225 %,
leading to an unstable atomic structure.

Considering the experimental feasibility, we selected the vdW heterostructure whose lat-
tice mismatch is smaller than 5 % to perform further calculations and highlighted these 62

kinds of lattice-matched systems in Table S3.
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IV. SCHEMATIC OF FOUR TYPES OF VDW HETEROSTRUCTURE STACK-
ING ORDERS

Different stacking orders were also considered. We adopt four kinds of stacking orders as
shown in Fig.S3. According to the atom site directly below the A1 site, they can be classified
to (i) M, (ii) Y (top), (iii) Y (hollow), and (iv) MY (bridge), respectively. We calculated the
total energy of different configurations for every well-matched system and finally find the

most stable stacking order as listed in Table S5.

FIG. S3. Top and side views of four different types of stacking configurations of the Pto AX3/MY>
heterostructure: (a) M, (b) Y (top), (c) Y (hollow), and (d) MY (bridge).



V. MOLECULAR DYNAMICS SIMULATIONS FOR 4 NON-TRIVIAL SYSTEMS

To verify the structural stability of 4

representative valley-polarized QAHE systems

among the 44 kinds of valley polarization heterostructures (PtoHgSes/NiBry, PtoZnS;/CoBrs,

PtyHgS3/NiBry, and PtoHgSe;/CoBry), we perform ab initio molecular dynamics (MD)

simulations as implemented in VASP. The canonical ensemble (NVT) was adopted for

the simulations by using Nose thermostat. The molecular dynamics simulations are per-

formed by using 3 x 3 supercell of PtoHgSe3/NiBrs, Pt2ZnS;/CoBry, PtoHgS3/NiBry, and

PtoHgSe3/CoBry heterostructures (216 atoms) with the temperature of 300 K and the time

step of 1 fs. After 5000 steps (5 ps) simulations, the 4 representative heterostructures pre-

serve their respective structures as shown in Figs. S4-S7, indicating the structural stability

of 4 non-trivial heterostructures.
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FIG. S4. The ab initio molecular dynamics simulations of PtoHgSes/NiBra heterostructure. (a)

The initial structure and the (b) final structure after 5 ps of MD simulations. The evolution of (c)

the temperature and (d) total energy during MD simulations.
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FIG. S5. The ab initio molecular dynamics simulations of Pt2ZnS3/CoBry heterostructure. (a)
The initial structure and the (b) final structure after 5 ps of MD simulations. The evolution of (c)

the temperature and (d) total energy during MD simulations.
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FIG. S6. The ab initio molecular dynamics simulations of PtoHgS3/NiBra heterostructure. (a)
The initial structure and the (b) final structure after 5 ps of MD simulations. The evolution of (c)

the temperature and (d) total energy during MD simulations.
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FIG. S7. The ab initio molecular dynamics simulations of PtoHgSes/CoBra heterostructure. (a)
The initial structure and the (b) final structure after 5 ps of MD simulations. The evolution of (c)

the temperature and (d) total energy during MD simulations.

VI. MAGNETIC EXCHANGE INTERACTION BETWEEN FERROMAGNETIC
SUBSTRATES AND MONOLAYER JACUTINGAITE FAMILY MATERIALS

A. Magnetic properties of CoBrs coupling to PtoHgSe3; and Pt.ZnS3

To obtain the influence of PtoHgSes; or Pt,ZnS3; monolayer on the magnetic proper-
ties of CoBry, we systematically calculated the ferromagnetic properties and magnetocrys-
talline anisotropy energy of freestanding CoBry, PtoHgSe3/CoBry, and Pt2ZnS;/CoBry. As
shown in Table R1, the energy differences between ferromagnetic and antiferromagnetic
states AE = Epy — Eapy are all negative value, demonstrating that the ferromagnetic
ground state of CoBry is very stable. Detailed analyses show that ferromagnetism of
CoBry is obviously enhanced in PtyZnS;/CoBry heterostructure while slightly weakened
in PtoHgSes;/CoBry heterostructure. Given the ferromagnetic ground states of freestand-
ing CoBry, PtoHgSe;/CoBry, and PtyZnS3;/CoBrsy, we also calculate the magnetocrystalline
anisotropy energy (MAE) of monolayer CoBry with and without PtoHgSes or Pt2ZnS; mono-

12



layer. The MAE is defined as the energy difference between in-plane and out-of-plane mag-
netization, i.e., MAE = FEi, plane — Eout-of-plane- 1he calculated results show that the MAE is
-0.026 meV /Co for freestanding CoBry and -0.024 meV /Co for PtoHgSes/CoBry heterostruc-
ture. The PtoHgSes layer has little influence on the MAE of CoBr,. Note that, the MAE
in PtoHgSe3/CoBry heterostructure is very small (on the order of 1072 meV), which indi-
cates that the direction of magnetic moments can be easily tuned to z direction by using a
weak external magnetic field. It is worth mentioning that the MAE of PtyZnS;/CoBry het-
erostructure is 1.795 meV /Co, suggesting that the magnetic easy axis of CoBrs can be tuned
by Pt2ZnS3 from in-plane to out-of-plane direction, which is beneficial to the experimental

realization of valley-polarized QAHE.

TABLE S4. Magnetic properties of CoBs monolayer with and without PtoHgSes and Pt2ZnSs.

CoB» PtgHgSeg/COBQ Pto ZHS;J,/COBQ
Epy — Eapy (meV/Co) -2.834 -2.782 -5.112
MAE (meV/Co) -0.026 -0.024 1.795

B. Magnetic proximity effect induced by ferromagnetic substrates

Considering the importance of the magnetic proximity effect to 2D ferromagnetic
heterostructures, we calculate the band structures of PtsHgSes/NiBry, PtsZnS;/CoBrs,
PtyHgS3/NiBry, and PtoHgSe;/CoBry without and with magnetization to illustrate the
effect of magnetic exchange interaction of ferromagnetic substrates. As shown in Fig. S8,
we can notice that the shapes of the band structures without and with magnetization are
similar except for the bands near the Fermi level. When the magnetism of the ferromagnetic
substrates is considered, one can find that the large spin splitting appears near the Fermi
level in the spin-polarized band structures of every system, which is induced by the magnetic
proximity effect of the ferromagnetic substrates. Furthermore, the band structures of the
Pt;AX3 near the Fermi level are also modified by the magnetic exchange interaction at
the interface. So, when SOC is further considered, both the time-reversal and inversion

symmetries are broken, leading to the non-trivial band gaps as plotted in Fig. 4.

13
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FIG. S8.  Band structures of (a)-(b) PteHgSes/NiBra, (c)-(d) Pt2ZnS3/CoBra, (e)-(f)
PtoHgS3/NiBrs, and (g)-(h) PtoHgSes/CoBry without and with magnetization. Left column shows
band structures without magnetization. Right column shows the spin-polarized band structures

with magnetization and the red (blue) color denotes spin up (down) state.
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VII. STRAIN EFFECT OF INTERLAYER DISTANCE ON GLOBAL BAND
GAPS

We calculate the total energies and the band structures of PtoHgSes /NiBry, Pt2ZnS3/CoBrs,
PtyHgS3/NiBry, and PtoHgSe; /CoBry with different interlayer distance d (vdW gap). In our
calculation, the interlayer distance d is changed from -10 % to 10 % compared to the initial
structure. After the optimization with magnetization and Hubbard U, the total energies
and the global band gaps are plotted in S9. We find the Pt2ZnS3/CoBry becomes metallic
with tensile strain over 6 % [so there is no data at tensile strain of 6 %, 8 %, and 10 %,
see Fig. S9(b)] and the band gap becomes trivial with the vdW gap strain below 2 %. The
total energy calculations show that the initial structure without strain is the most stable
state in PtoHgSes/NiBry, PtoHgS;/NiBry, and PtoHgSes; /CoBrs. For PtoHgS;/NiBry and
Pt3ZnS;/CoBry, as displayed in Figs. S9(a) and S9(b), we find that the reducing interlayer
distance enhances the global band gap. However, the band gaps of PtoHgS3/NiBrs and
PtoHgSe3/CoBry exhibit the maximum with the vdW gap strain around -2 % to 0 % [see
Figs. S9(c) and S9(d)].
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VIII. CHARGE DENSITY DIFFERENCE AND PLANAR-AVERAGED POTEN-
TIAL FOR 8 KINDS OF TYPICAL PTAX3/MY, HETEROSTRUCTURES

To investigate and analyze the interfacial characteristics, we carried out the charge density
difference and planar-averaged electrostatic potential as shown in Fig.S10 and Fig.S11. One
can notice that the charge density redistributes at the interface, leading to a built-in electric

field and an enhancement of Rashba SOC.
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FIG. S10. The planar-averaged electrostatic potential along z direction and charge density dif-
ference of vdW heterostructures constructed as (a)-(b) PtoHgS3/CoBra, (¢)-(d) PtaHgSes/CoBra,

(e)-(f) PtoHgTes/CoBrs, (g)-(h) Pt2ZnS3/CoBra. Cyan and yellow contours represent charge loss

and accumulation, respectively.

17



w
o
—
QO
~
w
o

(b) (c) (d)

N

[$))
N
[$)]

N

o
N
o

,HgSe,/NiBr,

Distance (A)
o
9
T
«Q
w(l)
P
w
Distance (A)
o
3

\_

Vi

-10 -5 0
V, (eV)

30 30

(e) (f) (9) (h)

N

a
N
()]

N

o
N
o

e,/NiBr,

Distance (A)
&
i
K
o
w(l)
2
o
Distance (A)
o
9
N
5
%)

N
N

T

5 >

-10 5 0

10 5 0
V., (eV)

V, (eV)
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IX. BAND STRUCTURES AND VALLEY SPLITTINGS OF 44 KINDS OF WELL-
MATCHED VDW HETEROSTRUCTURES

Figures S12-S23 display the band structures without SOC, with SOC, and with layer
projection for 44 kinds of well-matched systems as listed in Table S5. We specified them
into nine groups corresponding to the Pty A X3 family, i.e., PtoCdS; (see Fig. S12), PtoCdSe;
(see Fig. S13), PtoCdTes (see Fig. S14), PtyHgSs (see Figs. S15 and S16), PtoHgSes (see
Figs. S17 and S18), PtoHgTes (see Fig. S19), PtyZnS; (see Figs. S20 and S21), PtyZnSe;
(see Fig. S22), and PtyZnTes (see Fig. S23), respectively.

From the spin-resolved band structures without SOC as displayed in Figs. S12-S23, one
can find that magnetic substrates induces sizable Zeeman splitting of the spin up/down
bands. When SOC is considered, valley polarization can be universally observed in these
systems, which is originated from the breaking of inversion symmetry and time-reversal sym-
metry. Layer-resolved band structures show that the electronic states near the Fermi level
are mainly dominated by the topological Pty AX5 layer, indicating the electronic structures
of the Pty AX3 monolayer are modified by the proximity effect. We summarized all stack-
ing configurations, valley splittings, and global band gaps of these well-matched systems in

Table S5.

19



TABLE S5. Stacking configuration, valley splitting A (meV), and global band gap E, (meV) of 44

kinds of well-matched vdW heterostructures.

Well-matched system Stack A E; | Well-matched system Stack A E,
Pt2CdS3/CoBra? i -79.8 /P | PtyHgSes/FeBry i 86.7 /
Pt2CdS3/CoCly iii  -50.4 / | PtoHgSes/FeCly ii 42.3 /
Pt2CdSs/FeBro iii ~ -55.6 / PtoHgSes /MnBis Tey iv 0.9 /
Pt2CdS3/FeCl, iii -484 / | PteHgSe3/NiBrs i 1342 6.3
Pt2CdS3/NiBrs i 85.3 / | PtaHgSes/VI3 (1 x 1) iv 0.3
Pt2CdSs/ VI3 (1 x 1) iii 0.1 / | PtaHgTes/CoBry i 5 14.7
Pt2CdSes /FeBry ii -22.1 / PtoHgTes /FeBry i 6.7 /
PtoCdSes /FeCly iii 3 / PtoHgTes/Fely iii -24.2 /
Pt2CdSes /NiBry i 41.2 / PtoHgTes/MnBiyTey iv 0.1 /
PtyCdSes/ VI (1 x 1) iv 03 /| PtyHgTes/Nil, i 432/
Pt2CdTes/FeBry i -52.2 / Pt2ZnS3/CoBry i 36.3 7.8
PtoHgS3/CoBrs iii -15.3 145.3| Pt2ZnS3/FeBry iii 33.5 /
Pt,HgS3/CoCls iii -14.8 65.8| Pt2ZnSs/FeCl, o271
PtoHgS3/Crls (1 x 1) iv 7.2 39.1| PtyZnS3/Fely (V3 xV/3) i 173/
PtoHgSs3/FeBrsy iii  -11.1 195.5| Pt2ZnS3/NiCly i -133.8  /
PtoHgSs3/FeCly iii  -8.4 / | Pt2ZnS3/Nily (V3 x V/3)  iv 75.3  /
PtoHgSs/Fels (V3 xv3) i -15.6 105.2| Pt2ZnS3/VI3 (1 x 1) iii 0.3 /
PtoHgSs3/NiBry i 154 58.8 | PtyZnSez/FeBry iii 13.6 /
PtoHgS3/Nily (V3 x v/3)  iv -47.1 38.7| PtyZnSes/FeCly iii 7.9 /
PtoHgS3/VIs (1 x 1) iv 22 / | PtaZnSes/NiBry i -80.6 /
PtoHgSes /CoBro iii 3.5 19.3 | PtyZnTes/FeBry iii -24.6 /
PtoHgSes/CoCly i -6.1 0.9 | PtaZnTes/Fely i -1282  /

2 The supercell size of the substrate is 2 x 2 by default except MnBisTey with /3 x /3 supercell.

b «/” denotes that the system does not have a global band gap, i.e., the system is metallic.
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FIG. S12. Band structures of 6 well-matched heterostructures based on monolayer PtoCdSs. Left
column shows the spin-resolved band structures without SOC and the red (blue) color denotes
spin up (down) state. Right column shows the layer-resolved band structures with SOC. The pink
bubble represents the element projection of jacutingaite family layer whereas the light blue bubble

represents the element projection of ferromagnetic substrate layer.
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FIG. S13. Band structures of 4 well-matched heterostructures based on monolayer PtoCdSes. Left
column shows the spin-resolved band structures without SOC and the red (blue) color denotes
spin up (down) state. Right column shows the layer-resolved band structures with SOC. The pink
bubble represents the element projection of jacutingaite family layer whereas the light blue bubble

represents the element projection of ferromagnetic substrate layer.
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FIG. S14. Band structures of one well-matched heterostructure based on monolayer PtoCdTes.
Figure (a) shows the spin-resolved band structures without SOC and the red (blue) color denotes
spin up (down) state. Figure (¢) shows the layer-resolved band structures with SOC. The pink
bubble represents the element projection of jacutingaite family layer whereas the light blue bubble

represents the element projection of ferromagnetic substrate layer.
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FIG. S18. Band structures of other 3 in 7 well-matched heterostructures based on monolayer
PtoHgSes. Left column shows the spin-resolved band structures without SOC and the red (blue)
color denotes spin up (down) state. Right column shows the layer-resolved band structures with
SOC. The pink bubble represents the element projection of jacutingaite family layer whereas the

light blue bubble represents the element projection of ferromagnetic substrate layer.
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FIG. S20. Band structures of 4 in 7 well-matched heterostructures based on monolayer PtoZnSs.
Left column shows the spin-resolved band structures without SOC and the red (blue) color denotes
spin up (down) state. Right column shows the layer-resolved band structures with SOC. The pink
bubble represents the element projection of jacutingaite family layer whereas the light blue bubble

represents the element projection of ferromagnetic substrate layer.
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FIG. S21. Band structures of other 3 in 7 well-matched heterostructures based on monolayer
Pt2ZnS3. Left column shows the spin-resolved band structures without SOC and the red (blue)
color denotes spin up (down) state. Right column shows the layer-resolved band structures with
SOC. The pink bubble represents the element projection of jacutingaite family layer whereas the

light blue bubble represents the element projection of ferromagnetic substrate layer.
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FIG. S22. Band structures of three well-matched heterostructures based on monolayer PtoZnSes.
Left column shows the spin-resolved band structures without SOC and the red (blue) color denotes
spin up (down) state. Right column shows the layer-resolved band structures with SOC. The pink
bubble represents the element projection of jacutingaite family layer whereas the light blue bubble

represents the element projection of ferromagnetic substrate layer.
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