Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2024

Supporting Information of

Realizing Multiferroics in a-Ga,S; via Hole-doping: A First-
Principles Study

Junwen Zhong!?, Peng Wu', Zengying Ma’, Xuegian Xia*3, Bowen Song!, Yanghong
Yu?, Sufan Wang'>", Yucheng Huang'?*

ICollege of Chemistry and Material Science, Key Laboratory of Functional Molecular
Solids, Ministry of Education, Anhui Normal University, Wuhu 241000, China
2Anhui Key Laboratory of Molecule-Based Materials, Anhui Carbon Neutrality
Engineering Center, Anhui Normal University, Wuhu 241000, China

3Key Laboratory of Electrochemical Clean Energy of Anhui Higher Education
Institutes, Anhui Provincial Engineering Laboratory of New-Energy Vehicle Battery

Energy-Storage Materials, Anhui Normal University, Wuhu 241000, China

E-mail: sfwang@mail.ahnu.edu.cn; huangyc@mail.ahnu.edu.cn



mailto:sfwang@mail.ahnu.edu.cn
mailto:20huangyc@mail.ahnu.edu.cn

NOTE 1: Test of functionals

The choice of functionals, i.e., PBE, HSE06, PBEO, and B3LYP, were carefully
tested by comparing the calculated lattice parameters, band gaps, and the formation
energies of Vg, with the available theoretical results at the same level of theory in
literatures. As listed in Table S1, the lattice parameters are insensitive to the
functionals while the band gap calculated at the level of HSE06 and B3LYP is close
to each other. On the other hand, for the formation energies, the PBE level gives the
same results to those of HSE06, which is lower in ~ 0.2 €V to those of B3LYP. Thus,
in our work, we used the PBE functional to optimize the geometries and obtain the
total energy while adopted the HSE06 functional to calculate the electronic properties.
TABLE S1. The lattice constant a, band gap E, of the pristine a-Ga,Ss3, and formation
energy Erf of Vg, under Ga-rich and S-rich conditions are calculated by PBE, HSE06,
PBEO, and B3LYP functionals.

Pristine a-Ga,S; unit cell Intrinsic defect gallium vacancy
a E, E¢ (Ga-rich) E¢ (S-rich)
A eV eV
PBE 3.62 1.74 3.47 2.52
HSEO06 3.62 2.68 3.47 2.52
PBEO 3.62 3.42 4.24 3.29
B3LYP 3.64 3.07 3.70 2.75
Ref.[1] 3.59PBE 1.79PBE
Ref.[2] 2.7 1HSE06

NOTE 2: Calculation method of ferroelectrics

The in-plane and out-of-plane electric polarizations were calculated by Berry
Phase method?® based on the optimized geometrics, and the total polarization can be
expressed as the sum of ion and electron components A Py = A Pjo, + A Peiee. The
SSNEB method (Solid State Nudged Elastic Band method)* was applied to calculate

the energy barrier of kinetic process. In this method, the total energy was expressed



by Landau-Ginzburg expansion?:

E= Z—p, —pl —pl Z(p, p;) (S-1)

<ig>

Here, P; is the polarization of each unit cell, A, B, C, D are Landau coefficients,
and 1, j denotes the nearest neighbors. The first three terms of the equation describe an
anharmonic double-well potential, and the last term captures the dipole-dipole
coupling between the nearest adjacent neighbors, which can be approximated by using

the mean field theory and assuming that only the nearest neighbor interaction exists.

NOTE 3: Calculation method of intrinsic defects
We used defect formation energy to estimate the stability of different defects.

The formation energy of the charged defect AHp, (&8 is defined as:

AH, =E, —E, =Y npu,+q(E. +E, +4V) (52)

Here, Epq represents the total energy of the supercell of the defect when the
charge state is g, and Ey is the total energy of the perfect supercell with the same size.
n, (o represents Ga or S atoms) refers to the number of atoms taken from the supercell
model (n, < 0) or added (n, > 0) to form defects in the supercell, and p, is the
chemical potential of the atom. q represents the number of electrons transferred from
the defect energy level to the top of the valence band (acceptor defect, q < 0) or the
bottom of the conduction band (donor defect, ¢ > 0)°. Er is the Fermi energy level
relative to the VBM energy position in the perfect a-Ga,S; supercell, and the
eigenvalues in different supercells should be aligned with the same reference energy
level (the valence band top of the perfect material). AV is the potential correction,
which is used to align the electrostatic potential between the pure crystal cell and the
defect system of the same size. The specific calculation is the defect electrification
correction divided by the real part of optical absorption coefficient of the perfect a-
Ga,S; supercell.

For the calculation of formation energies and thermodynamic transition energy

levels, we simulated two different growth conditions, i.e., rich gallium (Ga-rich) and



rich sulfur (S-rich). To avoid the formation of gallium or sulfur bulks, the chemical
potential of gallium or sulfur must be less than their respective bulk values®!0. As
shown in Fig. S1, the upper limits of the chemical potential of Ga and S bulk phases
are shown by black vertical lines and parallel lines, respectively. In order to achieve
uniform growth of a-Ga,S; crystals, the chemical potentials of Ga and S atoms must

be consistent with the following constraints:

HGa,s, = 2UG, T30 (5-3)

U : :
G3253represents the chemical potential of a-Ga,S; monolayer. The above

formula gives the equilibrium growth conditions: if the sum of pg, and pg is greater

K . o .
than Ga253, the balance will move to the left, resulting in non-uniform growth of a-

. o K
Ga,S; crystals; if the sum of the two terms on the right is less than Gaps

3, a—GaZS3
will decompose. The calculated formation energy of o-Ga,S; is -22.40 eV per

molecular formula, which is expressed by the blue solid line.
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Thermodynamic growth condition of a-Ga,S; crystal.
The black horizontal and vertical dashed lines represent the upper limits of sulfur and
gallium, which are determined by the natural phases of sulfur and gallium. The solid
blue and green lines give the conditions for the balanced growth of a-Ga,S; and GaS.
The allowable range of conditions for balanced growth of a-Ga,S; crystals is marked

with red thick solid lines.



In addition, for the a-Ga,S;, another phase of GaS may coexist in the system.
Compared with a-Ga,S;, the gallium/sulfur ratio of GaS is higher, indicating that the
effective growth of GaS phase tends to be in Ga-rich condition. To restrain the
formation of this unwanted phase, the growth conditions must be limited below the
upper limit of pg,. Under the thermodynamic equilibrium of GaS, the chemical

potentials of gallium and sulfur atoms must satisfy the following constraint conditions:

Heas = Hga T Hs (S-4)

The calculated formation energy of GasS is -8.803 eV per molecular formula, and
the solid green line in Fig. S1 marks the growth conditions of GaS. It can be seen
from the figure that the lines corresponding to formulas (S-3) and (S-4) intersect at
UGa=-4.101 eV (us=-4.702 eV). With the increase of pg,, the formation energy of a-
Ga,S; is higher than that of GaS, which means that the GaS phase will take the place
of a-Ga,S; in the Ga-rich condition. Therefore, we believe that pg,= -4.101eV is the
real upper limit of a-Ga,S; growth. The red solid line clearly marks the chemical
potential range in which a-Ga,S; can grow in equilibrium.

The transition energy level €(q/q") of a defect refers to the Fermi energy level
when the defect changes from the charged state of q to the charged state of q', and the
defect formation energy corresponding to the two different valence states is equal. It
can be seen from the formula (S-2) that the formation energy of neutral defects does
not change with the position of the Fermi level, but for charged defects, the formation
energy changes. The conversion energy level is calculated as'®!!:

AH,,, - AH

q9-q

D,q’

£(q/q) = (8-5)

Except for the neutral state, the valence states of all the intrinsic defects
considered in this paper range from -2 to +3. Since not all the valence states are stable

for these intrinsic defects, only the most stable valence states were discussed.

NOTE 4: Test of supercell size



For the pristine Ga,S; monolayer, constructing the size of 3 x 3 x 1 supercell is a
conventional choice. For the defective Ga,S; monolayer, the sizes of 2 X 2 x 1,3 x 3
x1,4x4x1and5 x5 x 1 were tested using the calculated formation energies Vg, as
the convergence criterion. As tabulated in Table S2, the results of 3 x 3 x 1 supercell
deviate slightly to those of 5 x 5 x 1 one. Taking into consideration both
computational economy and accuracy, the size of 3 x 3 x 1 supercell was chosen in
our investigation.

TABLE S2. Test of supercell size using the calculated formation energies Vg, as the

convergence criterion.

Supercell Number of E¢ (Ga-rich) E; (S-rich)

size atoms eV
2x2x1 19 3.65 2.71
3x3x1 44 3.47 2.52
4x4x1 79 3.42 2.47
5x5x1 124 3.40 2.45

NOTE 5: Validation of FM for the Vg,

To validate the FM, we double the size of the supercell by placing two 45-atom
units side by side, i.e., two Vg, centers are placed equidistantly in the 90-atom
supercell. The distance between two adjacent Vg, is 10.88 A. Depending on the initial
spin alignments, self-consistent calculations give two stable spin configurations: one
is ferromagnetic (FM), the other is antiferromagnetic (AFM). The energetic difference
between the two phases, AE = Eapm — Epy, i1s used to evaluate the magnetic
interactions. For one hand, the magnetic moment with two Vg, defects is 4.66 g,
which is slightly less than twice of a single Vg, (2.39 pg). On the other hand, the
energy difference AE is +25 meV, which proves that the coupling between the two
defects is a kind of FM. The spin density of one Vg, in 45-atom and two Vg, in 90-
atom supercell are depicted in the following figure, which also clearly supports the

FM coupling for the Vg,.



(a) Spin density of Vg, in a 3 x 3 x 1 supercell; (b) Spin density of Vg,ina 6 x 3 x 1

supercell.
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FIG. S1 Various possible configurations of defects. The numbers are the
corresponding formation energies of each considered structure under the Ga-rich

condition, in which the one marked with green is the most stable configuration.



FIG. S2 Variations of the temperature and total energy vs time for AIMD simulations
of pristine a-Ga,S; monolayer and Vg,. The simulations last 5 ps with a time step of
1.0 fs, and the temperature was set to 300 K. Insets are the side views of snapshots at

5 ps.
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FIG. S4 Band structures and DOS of a-Ga,S; under uniaxial strain.
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FIG. S5 Band structures and DOS of a-Ga,S; under biaxial strain.
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FIG. S7 The modified Curie temperature with hole-doping. Here, the modified T¢ are
calculated from the empirical relation (Tc/TcPtM = 0.51, where the TcfM is the value

obtained from the mean field method).



FIG. S8 Changes of out-of-plane spontaneous polarization and magnetic moment
along the structures of ferroelectric switch path at the hole-doping concentration of 6

e/f.u. in pristine a-Ga,S; monolayer.
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