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Abstract

Two dimensional (2D) materials with sexagonal building blocks have received
tremendous interests in the past years and show promising as nanoscale devices for
versatile applications. Herein, we propose a new family of 2D pentagonal CrX (X =S,
Se or Te) monolayers (penta-CrX) for their applications into electronics, spintronics
and photocatalysis. We find that the 2D penta-CrX monolayers are thermally,
structurally and mechanically stable. The penta-CrX monolayers are
antiferromagnetic and semiconducting. We show that the magnetism is attributed to
super-exchange induced by the ionic interactions among the Cr and X atoms and can
be enhanced upon applying tension. We further show that the penta-CrS and
penta-CrSe monolayers show good redox potentials versus normal hydrogen electrode,
and their band gaps are comparable to the energy of photon in the visible light region,
indicating their capable of maximal utilization of solar energy for water splitting. With
intrinsic semiconducting and controllable magnetic properties, the proposed
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penta-CrX monolayers may hold promising as flexible spintronics and photocatalysts.

1. Introduction

Spintronics have attracted extensive attention because of their unique properties
of efficient data storage and transfer, and application in quantum computing.' It had
been reported that spintronics can be realized in dilute-magnetic semiconductors and
Heusler alloy.”* Recently, antiferromagnetic materials have been proposed to be more
robust for spintronic and storage devices because they do not create parasitic magnetic
fields, are insensitive to external magnetic field, and have a fast switching between
antiferromagnetic states.” These antiferromagnetic materials can be metallic,
semiconducting, and insulating.* Antiferromagnetic semiconductors are of particular
interesting because of their intrinsic band gaps for applications into electronic
devices.” Therefore, searching novel antiferromagnetic semiconductors for ultrafast
spintronics are necessary.

Two-dimensional (2D) materials have been widely studied currently for their
applications in various fields, such as nanodevices, optoelectronics, catalysis, and
energy storage because of rich electronic, magnetic, and chemical properties.”™"!
Particularly, the applications of 2D nanomaterials in spintronics may lead to further
enhancement of information transfer and storage. There are a plenty of magnetic 2D
nanostructures, such as CrzGezTe6,12 CrI3,13 CrOX (X = ClI or Br),14 MXenes,lS'18
CrN," defected BC3,% VX5,2! Mn,C,* MoS, nanoribbons,” strained MoN,,** janus
transition metal chalcogenides,25 17-CrX,,% and defected PtSe,.”’ Unfortunately, most
of them are ferromagnetic (FM) metals, FM semiconductors, and antiferromagnetic
(AFM) metals. AFM semiconductors could only be achieved by functionalization and

external tension previously,'®

which made their applications complicated. Until
most recently, there were only a few 2D AFM semiconductors reported, such as
CrCTe; and CrPS4.*>° Therefore, exploring pure AFM 2D intrinsic semiconductors is

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

family of monolayers, 2D pentagonal CrX (X = S, Se or Te) (penta-CrX) with
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Cr-X-Cr three-atomic layer, for their applications in flexible spintronics based on the
first-principles calculations. We demonstrate that penta-CrX are thermally, structurally,
and mechanically stable. We find that penta-CrX monolayers hold intrinsic
semiconducting and antiferromagnetic properties and show enhanced magnetic
moments upon the application of moderate tensions. The band gaps of penta-CrS and
penta-CrSe are tunable and comparable to the energy of photon in the visible light

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

2. Computational methods

First-principles calculations were conducted within the density functional theory,
as implemented in the Vienna Ab initio Simulation Package (VASP).3 ' The
interactions between the valence electrons and ionic cores were described by the
projector augmented wave (PAW) method,””> with valence electrons employed as
3d°4s', 3s%3p*, 4s%4p”, and 5s*5p* for Cr, S, Se, and Te respectively. The generalized
gradient approximation (GGA) with the Perdew-Burke-Emzerhof (PBE) functionals
were employed to describe the correlation and exchange interactions.” The hybrid
functionals (HSE06)** including the spin polarization were employed to calculate the
magnetic properties and band structures, wherein a standard mixing fraction of 0.25
was adopted for the exact-exchange interaction. The effect of the spin-orbital
coupling® on the band structure was also considered in our calculations. Gaussian
smearing method was adopted to describe the electronic occupancies was described
by the Gaussian smearing with a value of 0.05 eV. The electronic and ionic relaxations
were terminated when the energy and force converge to within 1x10* eV and 0.01
eV/A, respectively. An energy cutoff of 550 eV and a k-points of 12x12x1 centered
on the Gamma-point™® were employed, which give a convergence of the total energy
within 1 meV. The 2D monolayer was constructed by inserting a vacuum space of 18
A along the z direction.
2.1 Phonon dispersion calculations

The calculations of phonon curves were performed by the finite displacement
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approach®’ implemented in the PHONOPY code interfaced with VASP code.”™ A
supercell with 72 atoms (3x3x1 unit cells) was employed to create the dynamic
matrix and then compute the phonon curves.
3. Results and discussion
3.1 Crystal structures

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

3% % penta-B,C,"' and penta-TMB/C,”> have been theoretically

penta-graphene,
predicted. The existence of the pentagonal building blocks was recently confirmed
experimentally for a 2D PdSe, layers.”” In our work, the new 2D pentagonal
monolayers, penta-CrX with an atomic ratio of 1:1, constitute three atomic layers in
the sequence of X-Cr-X along the z direction (figure 1). The monolayers hold
tetragonal symmetry and the unit cell contains four Cr atoms and four X atoms. Each
Cr atom is five-fold coordinated with four X atoms and one Cr atom, while each X
atom is four-fold coordinated with four Cr atoms. As a result, three Cr atoms and two
X atoms form a buckled-pentagonal network with a thickness of h; (figure 1b). The
structural parameters of the optimized penta-CrX, such as lattice constant (a) and
effective thickness (h;) of the unit cell, bond lengths (b; and b,), bond angles (6, 0.,
and 6;), and thickness of the buckled-pentagonal network are summarized in table 1.

We see that the structural parameters, such as a, by, 05, h; and h,, increase from

S—Se—Te, while the others, including by, 0, 6,, decrease from S—Se—Te (table 1).

©@Cr O X(X=S,SeorTe)

(b)

Figure 1 Top (a) and side (b) views of penta-CrX monolayers (X = S, Se or Te). The unit
cell is indicated by black-dash lines in panel a. The blue and yellow spheres denote Cr and X
(X =S, Se or Te) atoms, respectively. b; (bond length between Cr atoms); b, (bond length

between Cr and X atoms); 0, (angle between Cr-X-Cr); 0, (angle between X-Cr-X); 05 (angle
4
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between X-Cr-Cr); h; (thickness of the buckled-pentagonal network); h, (vertical distance
between the outermost S atoms plus their van der Waals radius).

Table 1 Structural parameters of the penta-CrX monolayers (X = S, Se or Te): lattice
constant a; bond lengths b; and b,; bond angles 0;, 0,, and 0;; thickness of the

buckled-pentagonal network h;; effective thickness of the unit cell h;.

Systems |a (A)[b; (&) bz (A)|0; ()] 62 () (05 ()| hy (A) |ha (A)

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.

Before studying the physical properties of the penta-CrX monolayers, we firstly
exam their stabilities. The phonon dispersion was calculated to investigate their
dynamic stabilities. We see that there are no negative frequencies in the phonon
dispersions of penta-CrS, penta-CrSe, and penta-CrTe monolayers (figure 2),

indicating they are dynamically stable.

— 14
N

Frequency (TH

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

The stabilities of the penta-CrX monolayers again thermal fluctuation were
explored by the ab initio molecular dynamics (AIMD) simulations employing the
canonical ensemble. The AIMD simulations are carried out for a supercell (3%3x1 unit
cells) at 300 and 800 K for 3 ps with a time step of 1fs. We see that there is no
structure reconstruction for the penta-CrX monolayers during the AIMD simulations
(figures S1-S6), suggesting that the penta-CrX monolayers can survive up to 800 K.

The stabilities of the penta-CrX monolayers against mechanical strains were

5
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investigated by calculating their elastic constants. For a mechanically stable material,
the elastic constants should satisfy the following equations:39 C11Cy-C1> > 0 and Cyy >
0. Considering the tetragonal symmetry of penta-CrX, C;; = Cp,, the criteria turn out
to be Cy; > |Cyz| and Cus > 0. The calculated C;; > Cj; and the Cy4 is positive (table 2),
suggesting that the penta-CrX monolayers are mechanically stable.

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

Systems Ci1 (GPa) | Ci,(GPa) | Cyy (GPa)
Penta-CrS 132 25 68
Penta-CrSe 119 33 60
Penta-CrTe 85 26 48

3.3 Electronic properties

We find that the penta-CrX monolayers are dynamically, thermodynamically, and
mechanically stable. Consequently, their ground states are further investigated by
considering spin-polarization. For this purpose, the energy differences AExm.pm
(wherein Eny and Epy denote the energies of nonmagnetic and ferromagnetic states,
respectively), and AEapvpm (Wherein Eapy is the energy of antiferromagnetic state)
are calculated. Negative value of AExyrpm or AEapmpm indicates the nonmagnetic or
antiferromagnetic ground state, while positive value shows favorable ferromagnetic
structure. As to the antiferromagnetic state, two configurations of spin-polarization are
considered (figure S7). It is noted that the standard DFT usually show poor prediction
for materials with localized electrons, which leads to underestimation of the electronic
band gap, magnetic coupling and magnetic moments, partially due to inherent
self-interaction errors. The hybrid-DFT (h-DFT) including the spin-polarization have
shown better agreement with experiment, compared to standard DFT, for a wide range

. : . 44,45
of materials and magnetic properties,

and thus is employed in our work.
Table 3 Calculated energy differences (AEnmrm, AEapmirm, and AEapwvprvm) for

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

Systems AENM»FM (eV) AEAFM]»FM (eV) AEAFMZ—FM (eV) Moment },lB/(CI' atom)

Page 6 of 16



Page 7 of 16

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

Physical Chemistry Chemical Physics

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 AEnm.pm are positive, indicating FM are lower in energy than NM
state. On the other hand, AEp\vo.pm are negative, suggesting that AFM are lower in
energy than FM state. We also find that the energy of AFM2 state is lower than that of
AFMI for the penta-CrX monolayers (table 3). Therefore, the ground states for the
penta-CrX monolayers are antiferromagnetic with AFM2 spin configuration. The
magnetic moments of the Cr atoms are +2.913, £2.924 and +3.019 pg for penta-CrS,
penta-CrSe, and penta-CrTe, respectively, while those of the S, Se or Te are zero,
suggesting that the super-exchange is the plausible mechanism for the
antiferromagnetic coupling.*®*’ To determine the magnetic coupling, the exchange
coupling parameters J; and J, (figure S8) were calculated by mapping the total
energies of the penta-CrX with different spin-polarized states to the Ising model:'"

H= =X, JiM; - M; — ¥ 1 [, My - M,

where J; and J, are the nearest- and next-nearest-neighbors magnetic coupling
parameters, and M is the local magnetic moment of the Cr atom. For the penta-CrX,
each Cr atom is surrounded by one nearest and four next-nearest neighbor Cr atoms
(figure S8). By mapping the h-DFT energies of the magnetic states to the Ising
Hamiltonian, J; and J, can be expressed as following:

Erv =-(J1 +4) « MY

Earvi = -(J1 - 412) * M’

Eamv =J1 * M@

where the values are about 1, +1 and +3 pg for M;, M;, and My, respectively. The
magnetic coupling parameters J,/J, are estimated to be -62.6/0.3 meV, -62.0/1.2 meV,
and -35.6/-0.6 meV for penta-CrS, penta-CrSe and penta-CrTe, respectively. Negative
and positive values of coupling parameters represent the antiparallel and parallel spin
coupling, respectively. We see that J; are all negative for penta-CrX, indicating that

the nearest-neighbor spins favor the antiparallel interactions and suggesting that the
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AFM?2 state are energetically more favorable than the FM and AFM1 states for all the
penta-CrX. On the other hand, J, are positive for penta-CrS and penta-CrSe, while
negative for penta-CrTe, suggesting that the FM states are lower in energy than the
AFMI states for penta-CrS and penta-CrSe, while the AFM1 state is energetically
more favorable than the FM state for penta-CrTe, consisting with the results
summarized in table 3.

Based on the ground states, their electronic structures were further investigated.
The band structures of penta-CrX are calculated with and without SOC effects. We
see that the SOC have no effects on the band structures of penta-CrS (figure 3a, blue
lines) and penta-CrSe (figure 3b, blue lines). On the other hand, though the band
structure of penta-CrTe show a small splitting along the Gamma-X and X-M paths
(figure 3c, blue lines), the effect of SOC are found to be negligible on band-edge and
thus the band gap of the penta-CrTe. Our calculations show that the penta-CrX
systems are semiconductors with indirect band gaps, as indicated by the calculated
band structures (figure 3) and densities of states (figure 4). Specifically, penta-CrS
holds a band gap of 2.378 eV with the valence band maximum (VBM) at the k-point
of (0.158, 0.158, 0) and the conduction band minimum (CBM) at (0.132, 0.132, 0).
Penta-CrSe shows a band gap of 2.522 eV with its VBM at (0.158, 0.158, 0) and
CBM at (0, 0, 0). Penta-CrTe presents a band gap of 1.298 eV with VBM at (0.447,
0.447, 0) and CBM at (0, 0, 0). The partial densities of states (PDOSs) show that the
VBM and CBM of the penta-CrX are mainly attributed by the Cr-d states (figure 4).
To confirm this, the band-decomposed partial densities were calculated for penta-CrS.
We see that the band-decomposed charge densities for the highest valence band
(figure 5a) and lowest conduction band (figure 5b) are accumulated on the Cr atoms,

consistent with the calculated PDOSs (Figure 4a).
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209  Figure 3 Calculated band structures of penta-CrS (a), penta-CrSe (b) and penta-CrTe (c)

210 without SOC (black lines) and with SOC effects (blue lines).
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Figure 5 Calculated band-decomposed partial charge densities for the highest valence
band (a) and lowest conduction band (b) for penta-CrS. The green color indicates the electron
accumulation.

3.4 Effects of tensions on magnetism and band gap

We have shown that the penta-CrX monolayers are semiconducting with
antiferromagnetic properties. To find their application in flexible devices, the effects
of in-plane biaxial strains on their magnetism and band gap were investigated. The
in-plane strain is defined as: ¢ = (a-ap)/apx100%, where a and a, are the lattice
constants of the strained and strain-free penta-CrX monolayers, respectively. Positive
value of & represents tension, while negative value is compression. The values of &
ranging from -3% to 3% were considered in our calculations. Upon the application of
the strain, the ground states of the penta-CrX monolayers may differ from the
strain-free condition. Therefore, we firstly studied the ground states of the penta-CrX
monolayers under strain by calculating AExy.pm and AEapm-pum (figure 6). We see that
AEapmpm are negative (blue line-points in figure 6), while AExypm are positive
(black line-points in figure 6) for penta-CrS, penta-CrSe and penta-CrTe in the whole
considered &, indicating that AFM states are lower in energies than the FM and NM
states, and therefore are the ground states. Specifically, the AEapm.pm (negative)
decreases upon tension, while increases with compression, which indicate the

enhanced and reduced magnetism upon tension and compression, respectively.

0.6 M 0.6
—~ 0.3M0.3 S
> q CrS - %
%]
2L CrSe —— -~
s O0--------- CiTe =4 0 =
= CrS —o =~
' CrSe —4
Z 03T CrTe <03 £
5 e S
0.6} {06 <
>
0.9 ——————1—.09
3 2 -1 0 1 2 3
Strain € (%)

10
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Figure 6 The AExy.rm and AExy.rm for the penta-CrX (X =S, Se, or Te) as a function of
biaxial strains.

Our calculations show that the anti-ferromagnetism of the penta-CrX monolayer
is robust against strain and enhanced as tension. The Bader charge calculations were
performed to reveal the origin of the enhancement. We find that Mcx (the magnetic
moment of the Cr atom) correlates strongly with CT (charge transfer from the Cr to X
atoms) (figure 7). For example, Mc;s increases from £2.913 to +3.254 pg/atom as ¢
increases from 0% to 3%, and CT enhances accordingly from 0.851 to 0.895 electrons
(figure 7a). On the other hand, Mc,s decreases to £2.689 at ¢ = -3%, while CT is
reduced to 0.827 electrons. Similar trends are found for the penta-CrSe and
penta-CrTe monolayers (figures 7b&c). Therefore, the enhancement is contributed to
the improved super-exchanged due to increased charge transfer and increased

magnetic moment.

3.5 0.95 33 0.8 3.2 0.65
M-CrS —o— M-CrSe —e— M-CrTe —o— 2
'é\ CT-CrS —o— E CT-CrSe —o— E CT-CrTe —o—
S —~ 8 ~ £ —
Ry 209 v & ‘v & 06 ‘o
-] ~ A - A Y
2 3 ;" 2 3 0.75 gn 2 3 §‘°
= =i =
z 10855 & S g 0.555
= = s
(a) (b) (©)
'5 | | | | | 0. .7 | | | | | R ‘8 | | | | | 0'5
3210123 3210123 3210123
Strain € (%) Strain € (%) Strain € (%)

Figure 7 The Mcx (magnetic moment of the Cr atom) and CT (charge transfer from the
Cr atoms to the X atoms) as a function of strain for penta-CrS (a), penta-CrSe (b) and

penta-CrTe (c), respectively.

2.6 2.7 14
-~ 25}
T 2f 13}
g 23}
k=]
5 14} a1 12}
CrS —— ) CrSe —o— CrTe —-
0.8 L L L L L 1.9 L L L L L 1.1 L L L L L
3210123 32-10123 3210123
Strain € (%) Strain € (%) Strain € (%)

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

=S8, Se or Te).
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Besides the magnetic moments, the band gaps of the penta-CrX monolayers are also
modulated by the applied strains (figure 8). We see the band gap of penta-CrS increases with
compression, while decreases upon tension, with a minimum value of 0.894 eV at € = 3%
and a maximum value of 2.508 eV at € = -3%. On the other hand, the band gap of
penta-CrSe increases as € increases from -3% to -1%, while decreases as & further
increases, with a maximum of 2.587 ¢V at € = -1% and a minimum of 1.974 ¢V at g =
3%. Penta-CrTe monolayer shows the same trend as penta-CrSe.

3.5 Photocatalysts

The semiconducting characteristic of the 2D penta-CrX monolayers with suitable
band gaps to the energy of visible light may also suggest their applications in
photocatalysis. To investigate their photocatalytic properties, we evaluated the redox
ability of the penta-CrX by aligning their VBM and CBM with respect to the water
oxidation/reduction potentials. The band-edge alignment with respect to the normal
hydrogen electrode (NHE) are obtained by following equations:**

Ecgm=X—-E.—(12)E,

Evem = Ecpm T+ E;
where X represents the Mulliken electronegativity of the material, which is the
geometric mean of the electronegativities of the constituent elements.”* X is 4.81,
4.68 and 4.52 eV for penta-CrS, penta-CrSe and penta-CrTe, respectively. E. denotes
the energy of free electrons on the hydrogen scale (4.5 eV), and E, represents the band
gap. For a suitable photocatalyst, its Ecgm should be more negative than the reduction
potential of H'/H, (0 eV), while Eygm should be more positive than the oxidation
potential of O,/H,O (1.23 eV). We see that Ecgm of penta-CrS, penta-CrSe and
penta-CrTe monolayers within the considered & are more negative versus the
reduction potential of H'/H, (0 eV) (figure 9), suggesting their abilities to produce H,
from water reduction. On the other hand, penta-CrS and penta-CrSe monolayers
within most of the considered € values are suitable for the production of O, from
water because their Ecgm values are more positive than the oxidation potential of

0,/H,O (1.23 eV), except penta-CrS when ¢ > 1% and penta-CrSe at ¢ = 3%.

12

Page 12 of 16



Page 13 of 16

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Physical Chemistry Chemical Physics

Unfortunately, 2D penta-CrTe in the whole considered & shows no ability to produce

0O, from water due to its less positive Evgy than the oxidation potential of O,/H,O

-1 L < L1 L1
3-2-10123-3-2-10123-3-2-10123
Strain € (%) Strain € (%) Strain € (%)

(1.23 eV).
>
2 1.5
=
Z 1
7))
> 05 I~ Ecpy-CrSe —o—| | Epqpn-CrT
E : Eggm-CrSe —— Eggﬁ-CiTg :
S gL rvBME e b T H'/H
= 0 ! 2
"g B
“E-O.S - L o o o o o ¢
2
>
=

Figure 9 The calculated Ecgy and Eypy of penta-CrS, penta-CrSe, and penta-CrTe monolayers
with respect to normal hydrogen electrode (NHE) as a function of strains.
4. Conclusions

In summary, we present a new family of penta-CrX (X =S, Se or Te) monolayers
based on the first-principles calculations. Their stability is confirmed by carrying out
dynamic, thermal and mechanical calculations. The penta-CrX monolayers are
antiferromagnetic and semiconducting. Importantly, the magnetism can be enhanced
upon moderate tension due to the improved ionic interaction between Cr and X atoms.
We further find that penta-CrS and penta-CrSe monolayers show excellent
photocatalytic properties of maximal utilization of solar energy for water splitting,
due to their optimal band gaps and suitable band alignment with the reduction
potential of H'/H, and more positive value of Eygy than the oxidation potential of
0,/H,O. We expect that penta-CrX are promising for flexible spintronics and

photocatalysts.
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