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Abstract 15 

Two dimensional (2D) materials with hexagonal building blocks have received 16 

tremendous interests in the past years and show promising as nanoscale devices for 17 

versatile applications. Herein, we propose a new family of 2D pentagonal CrX (X = S, 18 

Se or Te) monolayers (penta-CrX) for their applications into electronics, spintronics 19 

and photocatalysis. We find that the 2D penta-CrX monolayers are thermally, 20 

structurally and mechanically stable. The penta-CrX monolayers are 21 

antiferromagnetic and semiconducting. We show that the magnetism is attributed to 22 

super-exchange induced by the ionic interactions among the Cr and X atoms and can 23 

be enhanced upon applying tension. We further show that the penta-CrS and 24 

penta-CrSe monolayers show good redox potentials versus normal hydrogen electrode, 25 

and their band gaps are comparable to the energy of photon in the visible light region, 26 

indicating their capable of maximal utilization of solar energy for water splitting. With 27 

intrinsic semiconducting and controllable magnetic properties, the proposed 28 
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penta-CrX monolayers may hold promising as flexible spintronics and photocatalysts. 29 

 30 

1. Introduction 31 

Spintronics have attracted extensive attention because of their unique properties 32 

of efficient data storage and transfer, and application in quantum computing.1 It had 33 

been reported that spintronics can be realized in dilute-magnetic semiconductors and 34 

Heusler alloy.2, 3 Recently, antiferromagnetic materials have been proposed to be more 35 

robust for spintronic and storage devices because they do not create parasitic magnetic 36 

fields, are insensitive to external magnetic field, and have a fast switching between 37 

antiferromagnetic states.4 These antiferromagnetic materials can be metallic, 38 

semiconducting, and insulating.4 Antiferromagnetic semiconductors are of particular 39 

interesting because of their intrinsic band gaps for applications into electronic 40 

devices.4 Therefore, searching novel antiferromagnetic semiconductors for ultrafast 41 

spintronics are necessary. 42 

Two-dimensional (2D) materials have been widely studied currently for their 43 

applications in various fields, such as nanodevices, optoelectronics, catalysis, and 44 

energy storage because of rich electronic, magnetic, and chemical properties.5-11 45 

Particularly, the applications of 2D nanomaterials in spintronics may lead to further 46 

enhancement of information transfer and storage. There are a plenty of magnetic 2D 47 

nanostructures, such as Cr2Ge2Te6,
12 CrI3,

13 CrOX (X = Cl or Br),14 MXenes,15-18 48 

CrN,19 defected BC3,
20 VX2,

21 Mn2C,22 MoS2 nanoribbons,23 strained MoN2,
24 janus 49 

transition metal chalcogenides,25 1T-CrX2,
26 and defected PtSe2.

27 Unfortunately, most 50 

of them are ferromagnetic (FM) metals, FM semiconductors, and antiferromagnetic 51 

(AFM) metals. AFM semiconductors could only be achieved by functionalization and 52 

external tension previously,16, 17 which made their applications complicated. Until 53 

most recently, there were only a few 2D AFM semiconductors reported, such as 54 

CrCTe3 and CrPS4.
28-30 Therefore, exploring pure AFM 2D intrinsic semiconductors is 55 

important to promote the practical applications. In this work, we designed a new 56 

family of monolayers, 2D pentagonal CrX (X = S, Se or Te) (penta-CrX) with 57 

Page 2 of 16Physical Chemistry Chemical Physics



3 

 

Cr-X-Cr three-atomic layer, for their applications in flexible spintronics based on the 58 

first-principles calculations. We demonstrate that penta-CrX are thermally, structurally, 59 

and mechanically stable. We find that penta-CrX monolayers hold intrinsic 60 

semiconducting and antiferromagnetic properties and show enhanced magnetic 61 

moments upon the application of moderate tensions. The band gaps of penta-CrS and 62 

penta-CrSe are tunable and comparable to the energy of photon in the visible light 63 

spectrum, which also promise them as photocatalysts for water splitting. 64 

 65 

2. Computational methods 66 

First-principles calculations were conducted within the density functional theory, 67 

as implemented in the Vienna Ab initio Simulation Package (VASP).31 The 68 

interactions between the valence electrons and ionic cores were described by the 69 

projector augmented wave (PAW) method,32 with valence electrons employed as 70 

3d54s1, 3s23p4, 4s24p4, and 5s25p4 for Cr, S, Se, and Te respectively. The generalized 71 

gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functionals 72 

were employed to describe the correlation and exchange interactions.33 The hybrid 73 

functionals (HSE06)34 including the spin polarization were employed to calculate the 74 

magnetic properties and band structures, wherein a standard mixing fraction of 0.25 75 

was adopted for the exact-exchange interaction. The effect of the spin-orbital 76 

coupling35 on the band structure was also considered in our calculations. Gaussian 77 

smearing method was adopted to describe the electronic occupancies was described 78 

by the Gaussian smearing with a value of 0.05 eV. The electronic and ionic relaxations 79 

were terminated when the energy and force converge to within 1×10-4 eV and 0.01 80 

eV/Å, respectively. An energy cutoff of 550 eV and a k-points of 12×12×1 centered 81 

on the Gamma-point36 were employed, which give a convergence of the total energy 82 

within 1 meV. The 2D monolayer was constructed by inserting a vacuum space of 18 83 

Å along the z direction. 84 

2.1 Phonon dispersion calculations 85 

The calculations of phonon curves were performed by the finite displacement 86 
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approach37 implemented in the PHONOPY code interfaced with VASP code.38 A 87 

supercell with 72 atoms (3×3×1 unit cells) was employed to create the dynamic 88 

matrix and then compute the phonon curves. 89 

3. Results and discussion 90 

3.1 Crystal structures 91 

Pentagonal 2D monolayers composed of pentagonal building blocks, such as 92 

penta-graphene,39, 40 penta-B2C,41 and penta-TMB/C,42 have been theoretically 93 

predicted. The existence of the pentagonal building blocks was recently confirmed 94 

experimentally for a 2D PdSe2 layers.43 In our work, the new 2D pentagonal 95 

monolayers, penta-CrX with an atomic ratio of 1:1, constitute three atomic layers in 96 

the sequence of X-Cr-X along the z direction (figure 1). The monolayers hold 97 

tetragonal symmetry and the unit cell contains four Cr atoms and four X atoms. Each 98 

Cr atom is five-fold coordinated with four X atoms and one Cr atom, while each X 99 

atom is four-fold coordinated with four Cr atoms. As a result, three Cr atoms and two 100 

X atoms form a buckled-pentagonal network with a thickness of h1 (figure 1b). The 101 

structural parameters of the optimized penta-CrX, such as lattice constant (a) and 102 

effective thickness (h2) of the unit cell, bond lengths (b1 and b2), bond angles (θ1, θ2, 103 

and θ3), and thickness of the buckled-pentagonal network are summarized in table 1. 104 

We see that the structural parameters, such as a, b2, θ3, h1 and h2, increase from 105 

S→Se→Te, while the others, including b1, θ1, θ2, decrease from S→Se→Te (table 1). 106 

 107 

Figure 1 Top (a) and side (b) views of penta-CrX monolayers (X = S, Se or Te). The unit 108 

cell is indicated by black-dash lines in panel a. The blue and yellow spheres denote Cr and X 109 

(X = S, Se or Te) atoms, respectively. b1 (bond length between Cr atoms); b2 (bond length 110 

between Cr and X atoms); θ1 (angle between Cr-X-Cr); θ2 (angle between X-Cr-X); θ3 (angle 111 
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between X-Cr-Cr); h1 (thickness of the buckled-pentagonal network); h2 (vertical distance 112 

between the outermost S atoms plus their van der Waals radius). 113 

Table 1 Structural parameters of the penta-CrX monolayers (X = S, Se or Te): lattice 114 

constant a; bond lengths b1 and b2; bond angles θ1, θ2, and θ3; thickness of the 115 

buckled-pentagonal network h1; effective thickness of the unit cell h2. 116 

Systems a (Å) b1 (Å) b2 (Å) θ1 (
0) θ2 (

0) θ3 (
0) h1 (Å) h2 (Å) 

Penta-CrS 4.92 2.12 2.40 67.1 93.3 106.9 1.50 6.59 

Penta-CrSe 5.03 2.05 2.53 65.7 89.7 107.7 1.62 7.04 

Penta-CrTe 5.25 2.03 2.71 64.3 86.5 108.3 1.79 7.69 

3.2 Dynamic, thermal, and mechanical stabilities. 117 

Before studying the physical properties of the penta-CrX monolayers, we firstly 118 

exam their stabilities. The phonon dispersion was calculated to investigate their 119 

dynamic stabilities. We see that there are no negative frequencies in the phonon 120 

dispersions of penta-CrS, penta-CrSe, and penta-CrTe monolayers (figure 2), 121 

indicating they are dynamically stable. 122 

 123 

Figure 2 Calculated phonon dispersions of penta-CrS (a), penta-CrSe (b) and penta-CrTe 124 

(c). 125 

The stabilities of the penta-CrX monolayers again thermal fluctuation were 126 

explored by the ab initio molecular dynamics (AIMD) simulations employing the 127 

canonical ensemble. The AIMD simulations are carried out for a supercell (3×3×1 unit 128 

cells) at 300 and 800 K for 3 ps with a time step of 1fs. We see that there is no 129 

structure reconstruction for the penta-CrX monolayers during the AIMD simulations 130 

(figures S1-S6), suggesting that the penta-CrX monolayers can survive up to 800 K. 131 

The stabilities of the penta-CrX monolayers against mechanical strains were 132 
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investigated by calculating their elastic constants. For a mechanically stable material, 133 

the elastic constants should satisfy the following equations:39 C11C22-C12
2 > 0 and C44 > 134 

0. Considering the tetragonal symmetry of penta-CrX, C11 = C22, the criteria turn out 135 

to be C11 > |C12| and C44 > 0. The calculated C11 > C12 and the C44 is positive (table 2), 136 

suggesting that the penta-CrX monolayers are mechanically stable. 137 

Table 2 Calculated elastic constants for penta-CrX (X = S, Se or Te) monolayers. 138 

Systems C11 (GPa) C12 (GPa) C44 (GPa) 

Penta-CrS 132 25 68 

Penta-CrSe 119 33 60 

Penta-CrTe 85 26 48 

 139 

3.3 Electronic properties 140 

We find that the penta-CrX monolayers are dynamically, thermodynamically, and 141 

mechanically stable. Consequently, their ground states are further investigated by 142 

considering spin-polarization. For this purpose, the energy differences ∆ENM-FM 143 

(wherein ENM and EFM denote the energies of nonmagnetic and ferromagnetic states, 144 

respectively), and ∆EAFM-FM (wherein EAFM is the energy of antiferromagnetic state) 145 

are calculated. Negative value of ∆ENM-FM or ∆EAFM-FM indicates the nonmagnetic or 146 

antiferromagnetic ground state, while positive value shows favorable ferromagnetic 147 

structure. As to the antiferromagnetic state, two configurations of spin-polarization are 148 

considered (figure S7). It is noted that the standard DFT usually show poor prediction 149 

for materials with localized electrons, which leads to underestimation of the electronic 150 

band gap, magnetic coupling and magnetic moments, partially due to inherent 151 

self-interaction errors. The hybrid-DFT (h-DFT) including the spin-polarization have 152 

shown better agreement with experiment, compared to standard DFT, for a wide range 153 

of materials and magnetic properties,44, 45 and thus is employed in our work.  154 

Table 3 Calculated energy differences (∆ENM-FM, ∆EAFM1-FM, and ∆EAFM2-FM) for 155 

penta-CrX, and the magnetic moment of the Cr atom for the AFM2 magnetic ground state. 156 

Systems ∆ENM-FM (eV) ∆EAFM1-FM (eV) ∆EAFM2-FM (eV) Moment µB/(Cr atom) 
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Penta-CrS 0.4666 0.0022 -0.6244 ±2.913 

Penta-CrSe 0.4390 0.0095 -0.6152 ±2.924 

Penta-CrTe 0.2290 -0.0048 -0.3582 ±3.019 

We see that ∆ENM-FM are positive, indicating FM are lower in energy than NM 157 

state. On the other hand, ∆EAFM2-FM are negative, suggesting that AFM are lower in 158 

energy than FM state. We also find that the energy of AFM2 state is lower than that of 159 

AFM1 for the penta-CrX monolayers (table 3). Therefore, the ground states for the 160 

penta-CrX monolayers are antiferromagnetic with AFM2 spin configuration. The 161 

magnetic moments of the Cr atoms are ±2.913, ±2.924 and ±3.019 µB for penta-CrS, 162 

penta-CrSe, and penta-CrTe, respectively, while those of the S, Se or Te are zero, 163 

suggesting that the super-exchange is the plausible mechanism for the 164 

antiferromagnetic coupling.46, 47 To determine the magnetic coupling, the exchange 165 

coupling parameters J1 and J2 (figure S8) were calculated by mapping the total 166 

energies of the penta-CrX with different spin-polarized states to the Ising model:17, 22 167 

H= −∑ ���� · �� − ∑ �	�
 · ��
,��,�  168 

where J1 and J2 are the nearest- and next-nearest-neighbors magnetic coupling 169 

parameters, and M is the local magnetic moment of the Cr atom. For the penta-CrX, 170 

each Cr atom is surrounded by one nearest and four next-nearest neighbor Cr atoms 171 

(figure S8). By mapping the h-DFT energies of the magnetic states to the Ising 172 

Hamiltonian, J1 and J2 can be expressed as following: 173 

EFM = -(J1 + 4J2)·Mi
2 174 

EAFM1 = -(J1 - 4J2)·Mj
2 175 

EAFM2 = J1·Mk
2 176 

where the values are about 1, ±1 and ±3 µB for Mi, Mj, and Mk, respectively. The 177 

magnetic coupling parameters J1/J2 are estimated to be -62.6/0.3 meV, -62.0/1.2 meV, 178 

and -35.6/-0.6 meV for penta-CrS, penta-CrSe and penta-CrTe, respectively. Negative 179 

and positive values of coupling parameters represent the antiparallel and parallel spin 180 

coupling, respectively. We see that J1 are all negative for penta-CrX, indicating that 181 

the nearest-neighbor spins favor the antiparallel interactions and suggesting that the 182 
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AFM2 state are energetically more favorable than the FM and AFM1 states for all the 183 

penta-CrX. On the other hand, J2 are positive for penta-CrS and penta-CrSe, while 184 

negative for penta-CrTe, suggesting that the FM states are lower in energy than the 185 

AFM1 states for penta-CrS and penta-CrSe, while the AFM1 state is energetically 186 

more favorable than the FM state for penta-CrTe, consisting with the results 187 

summarized in table 3. 188 

Based on the ground states, their electronic structures were further investigated. 189 

The band structures of penta-CrX are calculated with and without SOC effects. We 190 

see that the SOC have no effects on the band structures of penta-CrS (figure 3a, blue 191 

lines) and penta-CrSe (figure 3b, blue lines). On the other hand, though the band 192 

structure of penta-CrTe show a small splitting along the Gamma-X and X-M paths 193 

(figure 3c, blue lines), the effect of SOC are found to be negligible on band-edge and 194 

thus the band gap of the penta-CrTe. Our calculations show that the penta-CrX 195 

systems are semiconductors with indirect band gaps, as indicated by the calculated 196 

band structures (figure 3) and densities of states (figure 4). Specifically, penta-CrS 197 

holds a band gap of 2.378 eV with the valence band maximum (VBM) at the k-point 198 

of (0.158, 0.158, 0) and the conduction band minimum (CBM) at (0.132, 0.132, 0). 199 

Penta-CrSe shows a band gap of 2.522 eV with its VBM at (0.158, 0.158, 0) and 200 

CBM at (0, 0, 0). Penta-CrTe presents a band gap of 1.298 eV with VBM at (0.447, 201 

0.447, 0) and CBM at (0, 0, 0). The partial densities of states (PDOSs) show that the 202 

VBM and CBM of the penta-CrX are mainly attributed by the Cr-d states (figure 4). 203 

To confirm this, the band-decomposed partial densities were calculated for penta-CrS. 204 

We see that the band-decomposed charge densities for the highest valence band 205 

(figure 5a) and lowest conduction band (figure 5b) are accumulated on the Cr atoms, 206 

consistent with the calculated PDOSs (Figure 4a). 207 
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 208 

Figure 3 Calculated band structures of penta-CrS (a), penta-CrSe (b) and penta-CrTe (c) 209 

without SOC (black lines) and with SOC effects (blue lines). 210 

 211 

Figure 4 Calculated partial densities of states of penta-CrS (a), penta-CrSe (b) and penta-CrTe 212 

(c). 213 

 214 
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Figure 5 Calculated band-decomposed partial charge densities for the highest valence 215 

band (a) and lowest conduction band (b) for penta-CrS. The green color indicates the electron 216 

accumulation. 217 

3.4 Effects of tensions on magnetism and band gap 218 

We have shown that the penta-CrX monolayers are semiconducting with 219 

antiferromagnetic properties. To find their application in flexible devices, the effects 220 

of in-plane biaxial strains on their magnetism and band gap were investigated. The 221 

in-plane strain is defined as: ε = (a-a0)/a0×100%, where a and a0 are the lattice 222 

constants of the strained and strain-free penta-CrX monolayers, respectively. Positive 223 

value of ε represents tension, while negative value is compression. The values of ε 224 

ranging from -3% to 3% were considered in our calculations. Upon the application of 225 

the strain, the ground states of the penta-CrX monolayers may differ from the 226 

strain-free condition. Therefore, we firstly studied the ground states of the penta-CrX 227 

monolayers under strain by calculating ∆ENM-FM and ∆EAFM-FM (figure 6). We see that 228 

∆EAFM-FM are negative (blue line-points in figure 6), while ∆ENM-FM are positive 229 

(black line-points in figure 6) for penta-CrS, penta-CrSe and penta-CrTe in the whole 230 

considered ε, indicating that AFM states are lower in energies than the FM and NM 231 

states, and therefore are the ground states. Specifically, the ∆EAFM-FM (negative) 232 

decreases upon tension, while increases with compression, which indicate the 233 

enhanced and reduced magnetism upon tension and compression, respectively. 234 

 235 
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Figure 6 The ∆ENM-FM and ∆ENM-FM for the penta-CrX (X = S, Se, or Te) as a function of 236 

biaxial strains. 237 

Our calculations show that the anti-ferromagnetism of the penta-CrX monolayer 238 

is robust against strain and enhanced as tension. The Bader charge calculations were 239 

performed to reveal the origin of the enhancement. We find that MCrX (the magnetic 240 

moment of the Cr atom) correlates strongly with CT (charge transfer from the Cr to X 241 

atoms) (figure 7). For example, MCrS increases from ±2.913 to ±3.254 µB/atom as ε 242 

increases from 0% to 3%, and CT enhances accordingly from 0.851 to 0.895 electrons 243 

(figure 7a). On the other hand, MCrS decreases to ±2.689 at ε = -3%, while CT is 244 

reduced to 0.827 electrons. Similar trends are found for the penta-CrSe and 245 

penta-CrTe monolayers (figures 7b&c). Therefore, the enhancement is contributed to 246 

the improved super-exchanged due to increased charge transfer and increased 247 

magnetic moment. 248 

 249 

Figure 7 The MCrX (magnetic moment of the Cr atom) and CT (charge transfer from the 250 

Cr atoms to the X atoms) as a function of strain for penta-CrS (a), penta-CrSe (b) and 251 

penta-CrTe (c), respectively. 252 

 253 

Figure 8 The evolution of the band gaps as a function of applying strains for the penta-CrX (X 254 

= S, Se or Te). 255 
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Besides the magnetic moments, the band gaps of the penta-CrX monolayers are also 256 

modulated by the applied strains (figure 8). We see the band gap of penta-CrS increases with 257 

compression, while decreases upon tension, with a minimum value of 0.894 eV at ε = 3% 258 

and a maximum value of 2.508 eV at ε = -3%. On the other hand, the band gap of 259 

penta-CrSe increases as ε increases from -3% to -1%, while decreases as ε further 260 

increases, with a maximum of 2.587 eV at ε = -1% and a minimum of 1.974 eV at ε = 261 

3%. Penta-CrTe monolayer shows the same trend as penta-CrSe.  262 

3.5 Photocatalysts 263 

The semiconducting characteristic of the 2D penta-CrX monolayers with suitable 264 

band gaps to the energy of visible light may also suggest their applications in 265 

photocatalysis. To investigate their photocatalytic properties, we evaluated the redox 266 

ability of the penta-CrX by aligning their VBM and CBM with respect to the water 267 

oxidation/reduction potentials. The band-edge alignment with respect to the normal 268 

hydrogen electrode (NHE) are obtained by following equations:48 269 

ECBM = X – Ee – (1/2)Eg 270 

EVBM = ECBM + Eg 271 

where X represents the Mulliken electronegativity of the material, which is the 272 

geometric mean of the electronegativities of the constituent elements.48, 49 X is 4.81, 273 

4.68 and 4.52 eV for penta-CrS, penta-CrSe and penta-CrTe, respectively. Ee denotes 274 

the energy of free electrons on the hydrogen scale (4.5 eV), and Eg represents the band 275 

gap. For a suitable photocatalyst, its ECBM should be more negative than the reduction 276 

potential of H+/H2 (0 eV), while EVBM should be more positive than the oxidation 277 

potential of O2/H2O (1.23 eV). We see that ECBM of penta-CrS, penta-CrSe and 278 

penta-CrTe monolayers within the considered ε, are more negative versus the 279 

reduction potential of H+/H2 (0 eV) (figure 9), suggesting their abilities to produce H2 280 

from water reduction. On the other hand, penta-CrS and penta-CrSe monolayers 281 

within most of the considered ε values are suitable for the production of O2 from 282 

water because their ECBM values are more positive than the oxidation potential of 283 

O2/H2O (1.23 eV), except penta-CrS when ε > 1% and penta-CrSe at ε = 3%. 284 
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Unfortunately, 2D penta-CrTe in the whole considered ε shows no ability to produce 285 

O2 from water due to its less positive EVBM than the oxidation potential of O2/H2O 286 

(1.23 eV). 287 

 288 

Figure 9 The calculated ECBM and EVBM of penta-CrS, penta-CrSe, and penta-CrTe monolayers 289 

with respect to normal hydrogen electrode (NHE) as a function of strains. 290 

4. Conclusions 291 

In summary, we present a new family of penta-CrX (X = S, Se or Te) monolayers 292 

based on the first-principles calculations. Their stability is confirmed by carrying out 293 

dynamic, thermal and mechanical calculations. The penta-CrX monolayers are 294 

antiferromagnetic and semiconducting. Importantly, the magnetism can be enhanced 295 

upon moderate tension due to the improved ionic interaction between Cr and X atoms. 296 

We further find that penta-CrS and penta-CrSe monolayers show excellent 297 

photocatalytic properties of maximal utilization of solar energy for water splitting, 298 

due to their optimal band gaps and suitable band alignment with the reduction 299 

potential of H+/H2 and more positive value of EVBM than the oxidation potential of 300 

O2/H2O. We expect that penta-CrX are promising for flexible spintronics and 301 

photocatalysts. 302 

 303 
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