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1 Mechanical properties of bulk crystals.

Elastic stability criteria1 :
ScOX:

C11 > 0,C11C12 >C2
12,

C11C12C13 +2C12C13C23−C11C2
23−C23C2

13−C33C2
12 > 0,

C44 > 0,C55 > 0,C66 > 0.

R-YOX:
C11 > |C12|,C44 > 0,

2C2
13 <C33(C11 +C12),

C2
14 <C44C66.

P-YOX:
C11 > |C12|,C44 > 0,

2C2
13 <C33(C11 +C12),

C66 > 0.

Three of the most widely used methods to estimate bulk modulus are propose by Voigt2, Reuss3 and Hill4. Voigt
defined BV = [(C11 +C22 +C33)+2(C12 +C23 +C31)], Reuss defined 1/BR = [(S11 +S22 +S33)+2(S12 +S23 +S31)]. BV and BR
are rigorous upper and lower bounds respectively. Hill defined BV RH = (BV +BR)/2 as better approximation to the actual
elastic behaviour.

2 Calculation of carrier mobility.

The carrier mobility is based on deformation potential theory5 and estimated by the following expression6,7

µ2D =
2eh̄3C

3kBT |m∗|2 E2
l

where h̄ is reduced Planck constant; e is the elementary charge; kB is Boltzman constant; T is temperature at 300 K;
m∗ = h̄2/[∂ 2ε(~k)/∂~k2] is the charge effective mass; E1 = ∆V/(∆l/l0) represents the deformation potential coefficient, where
∆V is the shift of the band edges (conduction band minimum for electrons and valence band maximum for holes) under
strain with deformation rate of ∆l/l0; C is the elastic modulus fitted by C2D =

(
∂ 2E/∂δ 2

)
/S0, where E is the total energy, δ

is the applied strain, and S0 is the area of the optimized cell. The relaxation time of the carrier is estimated by τ = µm∗/e.

3 Calculation of absorption coefficient.
The theoretical optical properties are based on band structure and electric dipole approximation method, and described by
the dielectric function ε(ω) = ε(1)(ω)+ iε(2)(ω), where ε(2) is the imaginary part of relative dielectric constant determined
by a summation over empty states:

ε
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4π2e2

Ω
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1
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〉
and ε(1) is the real part of relative dielectric constant, defined by the usual Kramers-Kronig transformation:8
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The absorption coefficient is assessed by α (w) =
√

2ω

[√
ε2

1 (ω)+ ε2
1 (ω)− ε1 (w)

]1/2
9. For 2D materials, dielectric function

depends on the thickness of the vacuum layer when the low-dimensional systems are simulated with large interlayer
distance L. To avoid this problem, we adopted optical conductivity to to represent the optical properties. According to
Maxwell equation,the 3D optical conductivity can be expressed as10

ε(ω) = 1+
i

ε0ω
σ(ω)

The in-plane 2D conductivity is directly related to that of the the 3D conductivity of the superlattice we used10:

σ2D = LσSL

The absorbance is approximated by11

A =
Reσ̃

|1+ σ̃/2|2

where σ̃(ω) = σ2D(ω)/ε0c.
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Table S1 Experimental and calculated lattice parameters (a, b, c) of bulk crystals and the relative difference between experimental and calculated data.
Calculated electronic bandgaps from GGA and GGA+U methods in comparison with HSE06 functional.

Materials
Lattice constant Band gap

Method a (Å) b (Å) c (Å) V (Å3) diff. (%) Method Eg (eV)

ScOCl
Expt.1 3.465 3.955 8.178 112.072 — HSE06 6.26
GGA 3.446 3.954 8.123 110.659 -1.26 GGA 4.06
GGA+U 3.665 4.234 8.178 126.900 13.23 GGA+U 6.00

ScOBr
Expt.2 3.551 3.954 8.700 122.146 — HSE06 5.26
GGA 3.532 3.948 8.643 120.517 -1.33 GGA 3.17
GGA+U 3.733 4.220 8.703 137.104 12.25 GGA+U 5.01

R-YOCl
Expt.3 3.776 3.776 27.950 345.125 — HSE06 5.97
GGA 3.796 3.796 28.004 349.494 1.27 GGA 4.33
GGA+U 3.909 3.909 27.968 370.170 7.26 GGA+U 4.83

R-YOBr
Expt. — — — — — HSE06 5.05
GGA 3.829 3.829 29.817 378.600 — GGA 3.68
GGA+U 3.937 3.937 29.869 400.986 — GGA+U 4.11

P-YOCl
Expt.3 3.908 3.908 6.605 100.895 — HSE06 6.60
GGA 3.904 3.904 6.604 100.630 -0.26 GGA 5.02
GGA+U 4.057 4.057 6.600 108.638 7.67 GGA+U 5.10

P-YOBr
Expt.3 3.845 3.845 8.255 122.042 — HSE06 5.82
GGA 3.837 3.837 8.337 122.772 0.60 GGA 4.42
GGA+U 3.983 3.983 8.013 127.138 4.18 GGA+U 4.46

[1] Reference12, [2] Reference13, [3] Reference14
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Table S2 Stiffness tensors Ci j (GPa) of bulk crystals. ScOX and YOX have 9 and 6 independent elastic constants, respectively. (C66 = (C11−C12)/2
in R-YOX.) BV , BR and BV RH (GPa) are bulk modules based on Voigt, Reuss and Hill schemes respectively. GV RH (GPa), EV RH (GPa), νV RH are shear
modulus, Young’s modulus and Poisson ratio based on Hill schemes.

ScOCl ScOBr R-YOCl P-YOCl R-YOBr P-YOBr
C11 153.2 142.9 122.1 157.1 116.4 141.5
C12 45.9 42.9 41.2 52.0 40.0 35.2
C13 12.9 14.7 14.2 63.9 14.9 18.7
C14 — —— 1.9 — 1.6 —
C22 139.8 131.9 — — — —
C23 13.9 16.4 — — — —
C33 28.6 36.5 37.8 91.4 42.4 32.4
C44 10.3 9.9 8.6 25.9 7.8 15.8
C55 13.2 13.9 — — — —
C66 57.9 53.8 40.5 66.6 38.2 50.2
BV 51.9 51.0 46.8 85.0 46.1 51.2
BR 26.3 31.9 31.7 80.3 34.1 30.2
BV RH 39.0 41.4 39.2 82.6 40.1 40.7
GV RH 25.7 25.2 20.3 35.2 19.2 27.3
EV RH 63.1 62.8 52.0 92.4 49.7 66.9
νV RH 0.23 0.25 0.28 0.31 0.29 0.23
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Table S3 Optimized bond lengths and angles of bulk YOBr crystals.

dY−Br (Å) dY−O (Å) θBr−Y−Br (deg) θBr−Y−O (deg) θO−Y−O (deg)
R-YOBr 2.93 2.27/2.28 82 78 76/114
P-YOBr 3.18 2.23 74 75 75
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Table S4 Lattice parameter (a, b) of monolayers from GGA-PBE calculations. Bandgap energy (Eg) calculated by GGA, GGA+U and HSE06 functionals.
Data taken from other theoretical work are given in parentheses.

Materials a (Å) b (Å)
Eg (eV)

GGA GGA+U HSE06
ScOCl 3.436 (3.477)1 3.947 (3.980)1 4.12 (4.24)1 6.10 6.37 (6.46)1

ScOBr 3.527 (3.567)1 3.942 (3.979)1 3.15 (3.21)1 5.11 5.25 (5.24)1

R-YOCl 3.781 (3.814)2 3.781 (3.814)2 4.43 (4.40)2 5.02 6.04
R-YOBr 3.818 3.818 3.68 4.22 5.05

[1] Reference15, [2] Reference16
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Table S5 Calculated deformation-potential constant (E1), 2d elastic modulus (C2d ), effective mass in the unit of free-electron mass (m∗/m0), carrier
mobility (µ) and relaxation time (τ) for electron (e) and hole (h) along the x and y or zigzag and armchair directions for of monolayers at 300 K.

Material Direction Carrier type E1 (eV) C2d (J/m2) m∗/m0 µ (cm2V−1s−1) τ (ps)

ScOCl
x

h 5.12 113.67 3.67 4.58 0.010
e 5.16 113.67 0.63 154.64 0.055

y
h 1.62 99.04 1.17 393.87 0.261
e 2.85 99.04 1.33 98.43 0.074

ScOBr
x

h 0.22 112.37 2.81 4085.71 6.519
e 5.39 112.37 0.47 249.63 0.067

y
h 3.48 98.77 0.68 247.41 0.096
e 3.41 98.77 1.11 97.49 0.062

R-YOCl
zigzag

h 9.67 100.58 1.57 6.19 0.006
e 3.99 100.58 0.62 234.18 0.082

armchair
h 10.79 97.90 17.57 0.04 0.0004
e 3.94 97.90 0.62 233.29 0.082

R-YOBr
zigzag

h 1.64 101.81 1.56 221.97 0.196
e 1.42 101.81 0.59 2050.67 0.688

armchair
h 1.80 99.11 3.34 38.86 0.074
e 1.50 99.11 0.59 1803.20 0.605

S. H. et15 reported 2D ScOCl possesses electron effective mass of 0.78, 2.9 and hole effective mass 4.18, 1.28 through GGA method,
which are comparable with our calculations.
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Figure S1 Projections of of the SmSI-type and YOF-type structures along (110) plane. Metal, chalcogen and halogen atoms are shown in yellow, blue
and red, respectively.
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Figure S2 Enthalpy vs pressure for trigonal and tetragonal phases of (a) YOCl and (b) YOBr. The insets illustrate the curves around the transition point.
Phase-transition pressures Pt are denoted by the arrows.
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Figure S3 Exfoliation energy vs separation distance d-d0, where d0 is the vdw gap between immediate layers of MOX bulk crystals.

S10



(a) (b)

(c) (d)

ScOCl

R-YOCl R-YOBr

ScOBr

-100

0

100

200

300

400

500

600

700

800

Γ X S Y Γ

F
re

q
u

en
cy

 (
cm

-1
)

-100

0

100

200

300

400

500

600

700

Γ X S Y Γ

F
re

q
u

en
cy

 (
cm

-1
)

-100

0

100

200

300

400

500

600

Γ M K Γ

F
re

q
u

en
cy

 (
cm

-1
)

-100

0

100

200

300

400

500

600

Γ M K Γ

F
re

q
u

en
cy

 (
cm

-1
)

Figure S4 Phonon dispersions of MOX monolayers.
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(b)(a)

Figure S5 Total energy of the trigonal and tetragonal YOCl and YOBr monolayers under uniaxial strains.
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Figure S6 The conduction band minimum and valence band maximum (CBM and VBM) under strain of MOX monolayers, where the vacuum level is
set to be zero.
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Figure S7 Calculated electronic density of states of (a) ScOCl and (b) R-YOBr monolayers under -5% and +5% uniaxial strains along different directions.
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