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Figure S1. Top and side views of the (a) CulnP,S¢ monolayer, (b) Crl; monolayer and (c) Crl; bilayer. The
band structure of the (d) CulnP,S¢s monolayer, (¢) Crl; monolayer and (c) Crl; bilayer. The purple and green
curves denote spin-up and spin-down bands, respectively.
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Figure S2. The energy of CulnP,S¢/ monolayer-Crl; heterostructures with different stacking configurations
— (a) stacking-1, (b) stacking-1I, (c) stacking-III and (d) stacking-IV — as a function of the interlayer spacing.

This is based on benchmark works before structural optimization. The dashed gray line indicates the lowest
structural energy under this interlayer spacing.
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Figure S3. The top and side views of CulnP,S¢/ monolayer-Crl; heterostructures with (a) stacking-1, (b)
stacking-II, (c) stacking-III, and (b) stacking-IV. The black arrows show the direction of out-of-plane
electric polarization.
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Figure S4. (a) Schematic diagrams of different magnetic coupling coefficient J for CulnP,S¢/ monolayer-
Crl; heterostructures (Only display Cr atoms). Schematic of FM (b), AFM1 (¢) and AFM2 (d) of CulnP,S¢/
monolayer-Crl; heterostructures. The spin orientations of the magnetic atoms are indicated by the arrows
with different colors.
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Figure S5. (a) Schematic diagrams of different magnetic coupling coefficient J for CulnP,S¢/bilayer-Crl;
heterostructures (Only display Cr atoms, blue and pink represent Cr atoms in the upper and lower layers,
respectively). Side view of different magnetic configurations for CulnP,S¢/bilayer-Crl; heterostructures in
(b) upward and (c) downward polarizations. The spin orientations of the magnetic atoms are indicated by
the arrows with different colours.
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Figure S6. The planar-averaged charge density differences at I-Se interface (a), (b) and I-I interface (c), (d)
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for CulnP,S¢/bilayer-Crl;, respectively. Shaded region refers to the interface.

Z(A)



The exchange coupling strength J
The magnetic exchange parameters of CulnP,S¢/bilayer-Crl; heterostructures are estimated through
Heisenberg model: —
2 H= Z JiMM; - Z J,M M, - Z JM, M,
ij k,l mn (S1)
Where M is the magnetic moment of each Cr atom, J;, J, and J5 are the first-, second-and third-nearest-
neighbor exchange parameters, respectively. Among them, J; and J, represent the intralayer coupling, while

J3 is the interlayer interactions, as shown in Figure S5(a). These exchange parameters can be derived from
the energy differences of the FM and four AFM configurations through the following equations:

Epy =- (18], + 36/, + 12/ ) M? s2)
E gpan =— (18] + 36], - 12]5)M? (s3)
Eppmz == (= 18] + 36/, + 0/5)M°

(54)
Eppmz=-(-2/1-12], + 8]3)M2 (S5)



Table S1. Calculated lattice parameters a = b (A), spontaneous out-of-plane polarization P (uC/cm?) of
CulnP,Se monolayer and magnetic moment M (ug/Cr atom) of Crl; monolayer/bilayer. Previous theoretical

and experimental results of CulnP,S¢ and Crl; monolayer/bilayer are also provided for comparison.
This work DFT!:? Experiments®-
a=b P M a=b P M a=b P M
CulnP,S¢ 6.13 5.45 — 6.126 5.35 — 6.10 3.8 —
Monolayer-Crls 6.98 — 3.47 6.85 — 3.15 6.87 — 3.1
Bilayer-Crl; 6.98 — — 6.92 — — 6.87 — —




Table S2. The optimized interlayer distance d (A), binding energy E\, (meV), band gap E; (eV) and the
electrostatic potential difference Ap (eV) of the CulnP,S¢/monolayer-Crl; and CulnP,S¢/bilayer-Crl;
heterostructures.

d Ey E, Ag

CulnP,S6-(P1)/monolayer-Crl; 3.54 -93.0 2.54 0.20
CulnP,S¢-(P|)/monolayer-Crl; 3.56 -89.0 2.41 0.30
CulnP,S4-(P1)/bilayer-Crl; 3.55 -68.0 0.96 —

CulnP,S,-(P|)/bilayer-Crl, 3.58 -66.0 091 —




Table S3. The total energies of monolayer-Crl;, bilayer-Crl;, CulnP,S¢/monolayer-Crl;

CulnP,S¢/bilayer-Crl; heterostructures compared to FM state. The unit is meV/cell.

and

FM AFMI1 AFM2 AFM3

Monolayer-Crl; 0 138.1 179.2 138.4
Bilayer-Crl; 0 -0.5 351.3 259.4
CulnP,S4-(P1)/Crl; 0 140.7 189.7 142.0
CulnP,S4-(P|)/Crl; 0 140.6 188.9 140.8
CulnP,S¢-(P1)/bilayer-Crl; 0 -2.5 382.1 267.7
CulnP,S4-(P|)/bilayer-Crl; 0 1.5 382.6 269.7




Table S4. The total energies of CulnP,S¢/monolayer-Crl; heterostructure in different interlayer distance d
(A) compared to FM state. The unit is meV/cell. P represents polarization direction.

d P FM AFM1 AFM2 AFM3

Pt 0 151.79 229.34 157.34

28 P| 0 148.23 224.08 150.63
Pr 0 149.20 221.08 153.98

29 P| 0 146.98 216.91 148.23
Pt 0 147.14 213.86 151.09

30 P| 0 145.24 210.90 146.53
31 Pt 0 144.15 207.42 145.36
' Py 0 143.89 205.20 144.84

Pr 0 142.98 202.23 143.98

32 Py 0 142.68 200.40 143.46
Pt 0 141.87 197.43 142.67

33 P| 0 141.83 196.42 142.47
Pr 0 141.16 193.99 141.82

34 P| 0 140.95 193.00 141.49
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