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The search process of the evolutionary algorithm:

The global minimum energy configuration for CrO,, CrS,, and CrSe, binary
compounds containing 3-12 atoms in each unit cell and a 1:2 element ratio is
obtained by employing the evolutionary algorithm (EA) within USPEX (Universal
Structure Predictor: Evolutionary Xtallography) software. In the iteration of the
population, the initial population size is set to 90, the population size of each
subsequent generation is 40, the population generation is 40 generations, and retain
the first 50% of the energy of the current generation to generate offspring. During
evolution, 50% of the population is generated by inheritance, 30% is generated
randomly by space group symmetry, 10% is generated by lattice mutation, and 10%
is generated by soft mode mutation. A simulation is discontinued early when the

optimal structure remains unchanged for 20 generations.
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Figure S1. Calculated relative energies (eV per chemical formula) which refer to that

of the most stable 2D CrX; (X = O, S, Se) structure. Inset shows the corresponding

top and side views of various configurations. The CrO, and CrS, monolayers with

lepidocrocite-type structure (LNS) are most stable in energy, while the CrSe, with 1T

structure is most stable.

Table S1. Optimized structural properties of the four different 2D CrO, crystal structures. a, b and

c are the lattice constants. Atomic positions are the group Wyckoff positions for each independent

atoms in fractional coordinates. All the parameters are calculated by GGA+U method.

Structure ~ LNS 1H 1T HK D2H

Zf:l‘l"g Pmmn (#59) P-6m2 (#187) P-3ml (#164) P6/mmm (#191)  Pmmn (#59)

a(A) 2.935 2.626 2.900 5.810 2.906

b (A) 3.779 2.626 2.900 2.900 5.013

¢ (R) 25.0 25.0 25.0 25.0 25.0

Positions  0(0.5,0.5,0416)  O(2/3,1/3,0.453)  0(2/3,1/3,0.461)  0O(1/3,2/3,0.5) 0(0.0,0.76,0.461)
0(0.5,0.5,0.519)  Cr(0.0,0.0,0.5)  Cr(0.0,0.0,0.5)  0(0.5,0.5,0.595)  Cr(0.0,0.5,0.519)

Cr(0.0,0.5,0.459)

Cr(1/3,2/3,0.571)
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Figure S2
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Figure S2. Calculated formation energy convex hull for Cr-X systems. The red
markers indicate the formation energies of 2D materials with lepidocrocite-type (LNS)
structure. The elemental reference states are taken from bulk Cr, and molecular O,, Sg,
and Seg, as motioned in the main text. The stable intermediate phases of Cr-X systems
are selected  from  the databases of  Materials Project (1]
(https://materialsproject.org/materials), Inorganic Crystal Structure Database (ICSD) [21,
and the references -4 31, Van der Waals correction was considered at the vdW-DF

level [¢], with the optB86b functional for the exchange potential [71,

Table S2. Calculated charge transfer for inner and surface X atoms sites (X;, and Xg,r) and Cr of
CrX, monolayers based on Bader analysis [81 at PBE+U level. Subscript in and surf denote the

inner and surface X atoms.

System Xin (electron)  Xgur(electron)  Cr (electron)
Cro, +0.8148 +1.1125 - 1.9274
CrS, +0.5071 +0.7787 -1.2858
CrSe, +0.4275 +0.6484 -1.0758
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Table S3. Calculated values of exchange coupling parameters J; and local magnetic moment on Cr
site for electron and hole doped CrO, monolayer at HSE06 leve. The doped concentrations of

electron and hole are 0.1 e and 0.2 e per Cr atom, respectively.

System Ji(meV)  J,(meV) J3(meV) Mc; (1B)
CrO, + electron  55.5 0.88 6.97 2.541
CrO, + hole 70.15 3.32 1.91 2.540

Figure S3
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Figure S3. Phonon band diagrams of the (a) CrO,, (b) CrS,, and (c¢) CrSe, monolayers
with lepidocrocite-type structure (LNS). Potential energy as function of time for (d)
Cr0O,, (e) CrS,, and (d) CrSe, monolayers ab initio molecular dynamics simulations at

500 K. Inset shows the corresponding snapshots CrX, structures at the end of 10 ps.
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Figure S4
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Figure S4. Calculated orientation-dependent Young’s modulus Y(6)

Poisson’s ratio v(#). The angle 8 measured clockwise from the referent x-axis.
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We

calculated the orientation-dependent Poisson’s ratio v and Young’s modulus Y by

using the following equations:

Y(0) =

V() =

Y.

ZZ

cos*@+d, sin” @cos’ O +d,sin* @

v_. cos* @—d, sin’ Ocos’ @+v_sin* 9

cos* @ +d, sin’ @cos’ O +d,sin* @

)

where dy, d>, d5, Y,,, and v,, are elasticity-constant-related variables described in detail

in the references(® 10- 111,
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Figure S5
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Figure S5. Electronic band structures of the (a) CrO,, (b) CrS,, (c) CrSe, monolayers
at GGA+U+SOC level, and (d) CrO,, (e) CrS,, (f) CrSe, monolayers at HSE06+SOC
level. The Fermi level is denoted by a dashed line at 0.0 eV. The electronic band
structures do not appreciably change with respect to those obtained from GGA+U and
HSE06 without SOC.
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Figure S6.
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Figure S6. Electronic band structures of (a) electron- and (b) hole-doped CrO,
monolayers at HSE06 level. The doped concentrations of electron and hole are 0.1 e

and 0.2 e per Cr atom, respectively.
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Figure S7. Spin charge densities distribution with an isovalue of 0.01 ¢/ A3 for (a)
CrS, and (b) CrSe, monolayers. The contour profile with yellow and green indicates

spin-up and spin-down polarization
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Figure S8.
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Figure S8. Orbital projected band structures on Cr:3d orbitals in (a) spin-up and (b)
spin-down channels, on S:3p orbitals in (c) spin-up and (d) spin-down channels for

CrS; monolayer.
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Figure S9. Orbital projected band structures on Cr:3d orbitals in (a) spin-up and (b)
spin-down channels, on Se:4p orbitals in (¢) spin-up and (d) spin-down channels for

CrSe, monolayer.
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Figure S10.
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Figure S10. Electron localization functions of (a) bulk CrO; in rutile phase, monolayer
(b) CrO,, (¢) CrS,, and (d) CrSe, at the PBE level of theory. The plots of charge
density difference characterize similar conclusion that the surface X atoms carry much

more charge than that of the inner X atom for CrX, monolayers.
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