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(a) Marcasite-type (M-MS,) (b) Pyrite-type (P-MS,) (c) 2H-type (H-MS,)
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Fig. S1 The MS, (M = Mn, Ni, Cu/Ag and Zn/Cd) structures of (a) bulk marcasite
phase and (b) bulk pyrite phase. (¢) The top and side views of hexagonal H-MS,

monolayer. Dashed box represent an isolated monolayer of pyrite phase.
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Fig. S2 The cohesive energy of pentagonal MS, (M = Mn, Ni, Cu/Ag and Zn/Cd)

monolayer in a-, B, P, M and H-type structures.
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Fig. S3 The calculated phonon spectra of the pentagonal a-MS, and B-MS, (M = Mn,
Ni, Cu/Ag and Zn/Cd) monolayers.
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Fig. S4 Time evolution of temperature during the first-principles molecular dynamics
(FPMD) simulations of (a-f) a-MS, (M = Mn, Ni, Cu/Ag and Zn/Cd) and (g-j) B-MS,
(M =Ni, Ag, Zn and Cd) monolayers with a 4 x 4 x 1 supercell at 300 K for 5 ps. The

insets are the snapshots taken from the end of the FPMD simulations.



Fig. S5 The electronic localization function (ELF) for B-MS, (a-d) and a-MS, (e-j)
monolayers. In the ELF maps, the red and blue colors refer to the highest value (1.00)

and the lowest value (0.00) of ELF, respectively. Corresponding to the accumulation

and depletion of electrons in the two colored regions.
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Fig. S6 The response of y-axial lattice to the uniaxial stains along x-direction for -
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MS, (M = Ni, Zn and Cd) monolayers.
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Fig. S7 (a) The top view of B-NiS, monolayer and (b) the side view along y direction,
(c) the black (4d,), red (4d,) and blue (4b=A4d,+4d,) lines represent the variations of
y-projections of S—Ni—S and S—S lengths, and the change of lattice b, respectively.

Fig. S8 The four different magnetic configurations of pentagonal a-MnS, monolayer:

() FM, (b) AFMI, (c) AFM2 and (d) AFM3.



Fig. S9 The spatial charge density of VBM and CBM of pentagonal (a) a-ZnS,, (b) B-
ZnS,, (¢) a-CdS, and (d) B-CdS, monolayer, respectively. The charge density

isosurfaces are set with 0.004 e A-3.
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Fig. S10 Strain-induced electronic band structure for a-NiS, monolayer. (a, b) Band
structure under a compression and tensile strain of 6%, respectively; (c) the energy
gaps versus biaxial strains. The E, (S_I') denotes the gap between the highest
occupied band at the S point and the lowest unoccupied band at the I" point, the £,
(' T) represents the gap between the highest occupied band and the lowest

unoccupied band both at the I" point.



0.20
0.15 ]
0.10
“-“5': AFM
0.00
-0.05-
-0.10-
0.15- E ]
10 8 -6 4 2 0 2 4 6 8 10
Strain n (%)

Fig. S11 The energy difference between AFM and FM states (AEapm.pv) Of the
pentagonal a-MnS, monolayer as a function of biaxial strain 7. A negative (positive)
AE apv-pym Value indicates that AFM (FM) is the ground state.

AEAFM-FM (eV)

g r P NI A Ky e A Re Ry Ty ke K A e @
}?‘32 930002009 050505053505 %W L
1 S e S s ettt st lta R
1;(33(? YOV SN gV eV @V eV eVeVeVeSat oW t‘;”g)?‘f
s Lf wﬁ"ﬁgi&% © P i R
A - S o Ff
000 $230%
Lx’ \_} -i!\.-*' ;+ r_.'*'\.‘*_’ L‘*’ vt b b 1'*’ _t‘i?' L‘JT_’ o -"-}.t}'%cg
C o _(,__+‘_"{,__+11__,+1:c, - ¢ 'f‘l.b"f‘“x!ﬁ'fl“xb‘*‘-qb*ub ¥~ (:L ¢ 8. i | L 1Y
f AP OV OOV R O IR, S+
.L._h%ﬂ__yu+~b+_q-_ +‘tb+1h—f“‘-¢b _“L*hb _+_£L +9 Ei"'+ }+ i

P e B D e D D e e e B i S %%;%‘%

} !-&w.i“bf‘sm (@ f&-é"‘b#-‘\w 5 ="+<f‘+d
lf ...... :,({ ...... =-,L LW A o \f«»l__&,.c;...,*..i...,*

== == e S
Fig. S12 The structures of (a) a-NiS, and (b) B-ZnS, monolayers without compression.
The top and side views of (c) waved pentagonal a-NiS, and (d) waved pentagonal [3-

ZnS, monolayers along y direction.



_~
0
-
G
S—
~
-
S

-116.6
-1168] —o—p-ZnS,
-117.0{ —9—w-Zn§,
2= —~-117.2] )
7 2
E 3417.4- { =
% 1 a-ll?.é- 1=z
2
5 1 51178 el IS
= = 118.0] o e g
= 4 = i /'/ <
-118.24 ° S 24
e e = -l
igaf=—o=—4"
-178 T T T T T T -118.6 T T T T T r T T T T T T T
0 2 4 6 8 10 12 14 0 2 4 6 8§ 10 12 14 0 2 4 6 8 10 12 14 16
Compression (%) Compression (%) Compression (%)

Fig. S13 (a, b) The energies of uncambered 2D monolayer (u-MS,) and waved (w-
MS,) as a function of y-axial compression. (¢) Energy difference between uncambered
and waved of pentagonal MS, under the same compression as calculated from Eg¢ =
(E(w-MS,)-E(u-MS,))/N [ACS Appl. Nano Mater. 2020, 3, 2804], where N is the
number of unit cell in a supercell. N was adopted 6 in our test computations.
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Fig. S14 The PBE band structure of waved a-NiS, under uniaxial compressions of (a)

0%, (b) 2%, (c) 4%, (d) 6%, (¢) 8% and (f) 10%.
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Fig. S15 The PBE band structure of waved -ZnS, under uniaxial compressions of (a)

0%, (b) 2%, (c) 4%, (d) 6%, (¢) 8% and (f) 10%.
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Table S1. The lattice constants (a and b, in A), M—S bond length (dy;_s, in A), S—S
bond length (ds-s, in A), thickness (A, A) and cohesive energy (E., in eV/atom) of
penta-MS, monolayers, marcasite/pyrite-type bulk and 2H-type MS, (M = Mn, Ni,
Cu/Ag and Zn/Cd) monolayer structures (noted as a-MnS,, B-MnS,, M-MS,, P-MS,
and 2H-MS,, respectively). The most negative Eq, values were highlighted in bold.

System a b dvi-s ds_g h E.n
a-MnS, 5.67 5.67 2.20 2.21 0.20 -4.37
B-MnS, 5.66 5.70 2.24 2.22 0.62 -4.14
M-MnS, 451 5.22 2.45 -- -- -4.13
P-MnS, 5.50 5.50 2.31 2.09 -- -4.17
H-MnS, 3.08 3.08 2.28 3.08 -- -3.69
a-NiS, 5.28 5.28 2.14 2.13 1.36 -4.75
B-NiS, 5.21 5.32 2.17 2.13 1.15 -4.66
M-NiS, 4.60 5.18 2.16 -- -- -4.01
P-NiS, 5.59 5.59 2.36 2.03 -- -4.71
H-NiS, 3.53 3.53 2.29 3.52 -- -4.39
a-CuS, 5.50 5.50 2.26 2.10 1.41 -4.01
B-CuS, 5.56 5.67 2.32 2.07 1.38 -3.80
M-CuS, 491 5.09 2.15 -- -- -3.60
P-CuS, 5.79 5.79 2.46 2.02 -- -3.87
H-CuS, 3.12 3.12 2.36 3.12 -- -3.40
a-AgS, 6.00 6.00 2.48 2.02 1.35 -3.60
B-AgS, 5.95 6.06 2.51 2.03 1.12 -3.42
M-AgS, 5.27 5.32 2.39 -- -- -3.19
P-AgS, 6.23 6.23 2.67 2.00 -- -3.43
H-AgS, 3.31 3.31 2.56 3.32 -- -2.82
0-ZnS, 5.06 5.06 2.35 2.10 2.67 -3.41
B-ZnS, 5.83 5.48 2.53 2.10 1.40 -3.17
M-ZnS, 4.84 5.11 2.22 -- -- -3.08
P-ZnS, 6.00 6.00 2.54 2.08 -- -3.39
H-ZnS, 3.23 3.23 2.47 3.23 -- -2.71
a-CdS, 5.46 5.46 2.58 2.10 2.95 -3.23
B-CdS, 6.01 5.96 1.55 2.68 1.55 -3.01
M-CdS, 493 5.52 2.44 -- -- -2.90
P-CdS, 6.42 6.42 2.74 2.08 -- -3.14

H-CdS, 3.33 3.33 2.68 3.33 -- -2.45




Table S2. The calculated energies of the ferromagnetic (Ery) and antiferromagnetic
states (E4rvm), as well as the corresponding exchange energy (E.x) and the magnetic
moments (M). The exchange energy is defined as E.x = (Erpv — Eapm) for a 2x2x1

supercell.

Q'MnSZ Etotal (GV) Eex (meV) ZMtotal (:uB)
FM -144.678 0 23.99
AFM1 -145.214 536

AFM?2 -144.720 42

AFM3 -145.130 452

Table S3. Energy difference (meV/unit cell) among anti-ferromagnetic (AFM),

ferromagnetic (FM), and non-magnetic (NM) states in pentagonal unit cell of a-MS,

(M = Mn, Ni, Cu/Ag and Zn/Cd) and B-MS, (M = Ni, Ag, Zn and Cd) monolayers

with and without strain (y = -8%~8%). The AFM state refers to the lowest-energy

AFMI.
Exrm-Erm Exrm-Enm

n £ 6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
o-MnS, 184 148 -31 -92 -135 -101 -17 157 196 -85 -160 -290 -490 -540 -490 -304 -50 -24
a-NiS, 0 0 0 0 0 0 0 0 0 0 0 0 0 5 0 0 0 0
a-CuS, 0 0 0 0 1 0 0 0 0 0 0 0 0 4 0 0 0 0
a-AgS, 0 0 0 0 2 0 0 0 0 0 0 0 0 3 0 0 0 0
o-ZnS, 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0
a-CdS, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B-NiS, 0 0 0 0 0 0 3 0 0 27 45 60 72 100 &4 65 33 16
B-AgS, 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
B-ZnS, 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
B-CdS, 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0




Table S4. Bader charge and Hirshfeld charge analysis of pentagonal a-MS, (M = Mn,
Ni, Cu/Ag and Zn/Cd) and B-MS; (M = Ni, Ag and Zn/Cd) monolayers.

Charge Bader-M Bader-S, Hirshfeld-M Hirshfeld-S,
a-MnS, +0.96 -0.96 +0.29 -0.29
a-NiS, +0.23 -0.23 +0.05 -0.05
B-NiS, +0.24 -0.24 +0.06 -0.06
a-CuS, +0.45 -0.45 +0.14 -0.14
a-AgS, +0.22 -0.22 +0.16 -0.16
B-AgS, +0.45 -0.45 +0.17 -0.17
a-ZnS, +0.48 -0.48 +0.20 -0.20
B-ZnS, +0.84 -0.84 +0.29 -0.29
a-CdsS, +0.75 -0.75 +0.26 -0.26
B-CdS, +0.89 -0.89 +0.35 -0.35

Table SS5. The in-plane Poisson’s ratios of pentagonal B-MS, (M = Ni, Zn, and Cd)

monolayer and other reported 2D sheets.

Structures vy (vy)
Penta-graphene -0.068?
Phosphorene -0.027°
Borophene -0.022(-0.002)c

B-NiS,; (this work)
B-ZnS, (this work)
B-CdS; (this work)

-0.010(-0.020)
-0.50
-0.39

3 S. Zhang, J. Zhou, Q. Wang, X. Chen, Y. Kawazoe and P. Jena, Penta-graphene: a new carbon
allotrope, Proc. Nat. Acad. Sci., 2015, 112, 2372-2377.
b J. Jiang and H. Park, Negative poisson’s ratio in single-layer black phosphorus, Nat. Commun.,

2014, 5, 4727.

¢ H. Zhong, K. Huang, G. Yu, and S. Yuan, Electronic and mechanical properties of few-layer

borophene, Phys. Rev. B., 2018, 98, 054104.



