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Abstract: Two-dimensional (2D) materials have potential applications in nanoscale sensors and
spintronic devices. Herein, motivated by experimental synthesis of a Crl3 monolayer possessing
intrinsic magnetism and a Janus MoSSe monolayer with piezoelectricity, we propose a 2D Janus
CryI3F3 monolayer as a multifunctional material exhibiting both piezoelectricity and ferromagnetism.
Using density functional theory calculations, we systematically investigated the structural stability
and the electronic, magnetic, and piezoelectric properties of the Janus CryI3F3 monolayer. We
predicted that a vertical polarization of up to —0.155 x 10719 C/m is induced in the Cr,I3F3 monolayer
due to the breaking of symmetry. The origination mechanism of polarization was demonstrated in
terms of a local dipole moment calculated by maximally localized Wannier functions. Meanwhile, it
was found that a remarkable piezoelectric response can be produced under a uniaxial strain in the
basal plane. The calculated piezoelectric coefficients of the CryI3F3 monolayer compare favorably
with those of the frequently used bulk piezoelectric materials such as a—quartz and wurtzite AIN.
Particularly, the e3; and ds; values of the CryI3F3 monolayer are nearly 10 times as large as that
of Mo-based transition metal dichalcogenides. We also found that the magnitude of e3; mainly
arises from the ionic contribution, while the electronic contribution can be nearly neglected. The
considerable piezoelectric response combined with the intrinsic magnetism make the Janus CryI3F;
monolayer a potential candidate for novel multifunctional devices integrating both piezoelectric and
spintronic applications.

Keywords: chromium triiodide; piezoelectric properties; 2D Janus monolayer; vertical polarization;
first-principles calculations

1. Introduction

In recent years, low-dimensional functional materials, such as 2D ferromagnetic [1],
2D multiferroic [2], and 2D piezoelectric materials [3], have attracted great attention owing
to their fascinating physical characteristics and their potential application in future nano-
technologies. As a good example, the chromium triiodide (Crl3) monolayer is the thinnest
intrinsic ferromagnetic material that has been successfully synthesized by the mechanical
exfoliation method [4]. Most of the studies about 2D Crlz materials have been focused
on their ferromagnetic properties, contributing to the opportunity for the development
of nano-spintronic devices [5-7]. What is even more enticing is that, if a Crl3 monolayer
combines magnetism and piezoelectricity, it will offer considerable potential for integrat-
ing microelectronics and spintronics. However, due to the honeycomb structure where
chromium atoms are sandwiched between two atomic planes of iodine, a pristine Crlz
monolayer is a non-polar ferromagnetism semiconductor.

Fortunately, although centrosymmetric 2D materials possess no intrinsic piezoelec-
tricity, approaches such as the introduction of defects [8], applying external stress [9] and
an electric field [10], surface adsorption [11], and atom intercalation [12], which break
centrosymmetry, have been utilized to generate piezoelectric responses in these structures.
Besides these approaches, the construction of a Janus structure is a new method that breaks
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the mirror symmetry. Specifically, the Janus monolayer has the general chemical formula
XMY. Because of the different atomic radius and electronegativity of X and Y elements,
charge distributions of the M—X layer are not equal to those of the M—Y layer, resulting
in obvious spontaneous polarization [13]. Thus, the Janus method paves a way to explore
piezoelectric responses in 2D materials [14], and some related research has been imple-
mented. Dong et al. performed a theoretical study and demonstrated strong piezoelectric
effects in monolayer and multilayer Janus MXY (M = Mo, W; X/Y =S5, Se, and Te) transi-
tion metal dichacolgenides (TMDs) [15]. Additionally, such Janus MXY monolayers such
as MoSSe have been successfully synthesized in labs, suggesting a possibility for future
applications [16].

Consequently, inspired by the Janus monolayer, in which electric polarization can be
induced owing to the asymmetry in the atomic and electronic structure, in this work, a
CryI3F5; monolayer is designed by replacing iodine atoms at the top layer in the Crl3 mono-
layer with fluorine atoms, which have the largest electronegativity and exhibit the strongest
attractive electron ability among all elements [17]. As a result, the significant inversion
symmetry breaking of this configuration will induce an evident out-of-plane spontaneous
polarization. Moreover, because the intrinsic difference in the electronegativity of atoms
in the unit cell defines the magnitude of the piezoelectric response [18], a considerable
piezoelectric response will be generated in the Janus CryI3F; monolayer. Therefore, the
Cr,13F3 monolayer becomes a 2D multi-functional material with both piezoelectric and
ferromagnetic properties [19]. The diversity of the novel characteristics imparted to the
Cro13F3 monolayer would significantly expand application fields such as catalysis [20],
spintronics [21], energy harvesting [18], and sensing [22].

In this work, the structural, electronic, magnetic, and piezoelectric properties of the
Janus CrpI3F; monolayer are investigated by using first-principles calculations. It is found
that the magnetic properties of the Janus CryI3F3 monolayer is almost the same as those
of the Crlz monolayer, revealing the preservation of magnetism. On the other hand, a
large electric polarization is induced along the out-of-plane direction. The subsequent
calculations indicate that the Janus CrpI3F3 monolayer shows an excellent piezoelectric
response in the vertical direction, which is distinctly better than that of many TMDs
(e.g., MoSSe and MoSeTe), and is as good as that of the frequently used 3D piezoelectric
materials such as a—quartz and wurtzite AIN. Furthermore, the origination mechanism of
polarization and the strain coefficient were explored in terms of the local dipole moment
computed by maximally localized Wannier functions (MLWFs). Finally, to further enhance
the piezoelectric response, a study of the piezoelectric coefficients as a function of biaxial
strain (¢) varying from —4.0% to 4.0% was performed.

2. Materials and Methods
2.1. Computation Details

Our total energy and electronic structure calculations were performed employing the
Vienna ab initio simulation package (VASP) [23]. The electron—ion interaction was described
by the projected augmented wave (PAW) method [24]. The exchange and correlation were
treated with generalized gradient approximation in the Perdew—Burke-Ernzerhof (PBE)
form [25]. Because the band gaps of semiconductors are often underestimated by DFT
calculations with local or semi-local exchange-correlation functionals, some of the electronic
structure calculations were also performed using the Heyd-Scuseria—Ernzerhof (HSE06)
hybrid functional [26,27]. A cutoff energy of 600 eV was adopted for the plane wave basis
set, yielding a total energy convergence better than 1 meV/atom. A I'-centered 9 x 9 x 1
k-point mesh is used for the unit cell optimization. Structures are fully relaxed until the
force acting on each atom is reduced to less than 0.001 eV/ A. The vacuum thickness
between two neighbor slabs is 15 A in the z direction to avoid mirror interactions. The
VASPKIT code is used to post-process the calculated data obtained by VASP code [28].
The electric polarization of the systems are computed by using Wannier90 code [29]. The
phonon dispersions were performed utilizing a finite difference approach, as implemented
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in the Phonopy package, in which a 4 x 4 x 1 supercell is employed [30,31]. The Curie
temperature (T¢) is evaluated by using the Metropolis Monte Carlo (MC) simulations
implemented in mcsolver code [32,33].

2.2. Electric Polarization and Piezoelectricity

Based on the modern polarization theory, electric polarization P of a periodic 2D
structure can be calculated by the MLWF method, expressed as [29,34]

P:Pion+Pele:g[zqiri"i'z%wj}/ 1)
! ]

where Pj,, and P, represent the ionic and electronic contributions, respectively. Cor-
respondingly, g; and r; represent the charge quantity and position of the ith ion, and g;
and w; denote the charge quantity and position of the jth Wannier function center (WFC),
respectively. Since S is the area of the whole structure, P obtained by Equation (1) stands
for the average polarization of the whole system. Nevertheless, it is worth noting that the
MLWEF method also demonstrates an insightful local description of the polarization [35,36].
Specifically, because the MLWF method partitions the system into localized WFCs and ionic
charges, one can define the dipole moment of the local region of the structure, providing
a local description of polarization, such as the layer-by-layer polarization analysis. Thus,
the MLWEF method is of particular useful for discussing not only the polarization variation
within the same system, but also the polarization difference between the structures in dif-
ferent dimensions (e.g., the 2D phase and the bulk phase), exhibiting significant advantages
in the study of polarization in 2D materials.
The piezoelectric effect can be described by third-rank tensors ¢;j and d;j as

eijk = aPi/asjk (2)
djjx = oP;/ 90,

where P; is the polarization of the structure, and ¢, and o are strain and stress, respectively.

Since the Janus Cr,13F3 monolayer possesses C3, symmetry, and the stress and strain can

only be applied within the basal plane, the piezoelectric tensors can be written as [15]

e1r —en 0
Cik = 0 0 —0.5611
es1 €31 0
din —din 0
dij = 0 0 —dn
d31  d3 0

The ¢j; and d;; are related by the elastic stiffness tensor Cj:
eix = Cixdij. ®3)

In our calculations, the values of ej; and e3; are evaluated by a linear fitting of the
polarization change along the x and z directions with respect to the strain &;. Afterward,
the corresponding values of d1; and d3; are computed by

di1 = e11/(Cy1 — Ci2)

4
d31 = e31/(Ci1 + Cr2). @

3. Results and Discussion
3.1. Structural Stability

As evidence of the reliability of our simulation, we start by optimizing the unit cell
of the Crl3 monolayer. Our calculated results show that the equilibrium lattice constant
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and the Cr-I-Cr bond angle are 7.002 A and 95.25°, which agrees well with previous
reports [37—41]. The Janus Cr,I3F3 monolayer is then constructed by replacing iodine atoms
in the top layer with fluorine atoms, consisting of three atomic layers of F-Cr-I from top
to bottom. The atomic structure of the Cr;I3F3 monolayer is presented in Figure 1, which
shows that the fluorine atoms apparently move toward the chromium layer owing to the
largest electronegativity. Consequently, the top F~Cr bond (d; = 2.057 A) is notably smaller
than the bottom I-Cr bond (d; = 2.695 A), and the top Cr-F-Cr bond angle (01 = 122.48°)
is significantly larger than the bottom Cr-I-Cr bond angle (¢, = 84.00°) listed in Table 1,
revealing an evident asymmetry in the atomic structure. Interestingly, although the same
kind of parameters, it is found that the I-Cr bond and the Cr-I-Cr bond angle of the
Janus CryI3F3 monolayer are different from those of the Crl; monolayer (2.695 A versus
2.736 A, 84.00° versus 95.25°). Therefore, the bottom iodine atoms also have a slight
movement toward the chromium layer under the influence of the top fluorine atoms. As
a consequence, the calculated lattice parameter of the CrpI3F3 monolayer (2 = 6.246 A)is
significantly smaller than that of the Crl; monolayer. In fact, the lattice parameter of the
CryI3F3 monolayer lies between that of the Crlz monolayer and the CrF3 monolayer.

Figure 1. Atomic structures of (a) the top view and (b) the side view of the relaxed Janus CryI3F3
monolayer. The hexagonal primitive cell is highlighted in light cyan. The orthorhombic unit cell
used in the piezoelectric coefficient calculation is marked in light yellow. (c) Side view of the relaxed
Crl3 monolayer. The chromium, iodine, and fluorine atoms are displayed by the cyan, ice-blue, and
purple balls, respectively.
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Table 1. Lattice parameter 4, bond length d; and d, and bond angle 6; and 6, of the monolayer Crl3,

Cer3F3, and CI‘F3.
Monolayer a(A) di (A) dy (A) 01 (°) 62 (°)
Crls 7.002 2.736 2.736 95.25 95.25
CrpI3F3 6.246 2.057 2.695 122.48 84.00
CrF3 5.181 1.941 1.941 100.75 100.75

We next studied the stability of the CrpI3F3 monolayer by employing phonon disper-
sion calculations. As displayed in Figure 2, no imaginary vibrational frequency exists in
the first Brillouin zone, validating the dynamical stability of the structure. The thermody-
namic stability is further verified by calculating the formation energy (AH), which can be
written as

AH = (E]anus —her X ECr —np X EI —ng X EF)/(”Cr +np+ nF)/ (5)

where Ej,nys is the total energy of the Janus CryI3F3 monolayer; Ec,, Ej, and Ef are the
energies per atom of the chromium, iodine, and fluorine bulk phases, respectively; nc;, ny,
and np represent the atom numbers of chromium, iodine, and fluorine, respectively. The
computed formation energy has a negative value of —1.31 eV, confirming that the Janus
CryI3F3 monolayer is energetically favorable.

12} I | -

10

Frequency (THz)

Figure 2. Phonon dispersion of the Janus Cr;I3F3 monolayer.

For the Janus Cr,I3F; monolayer with a hexagonal symmetry, there are two indepen-
dent elastic constants C11 and Cy5. Table 2 shows that the calculated Cq7 (48.762 N/m) and
C12 (14.668 N/m) are both positive. The result fulfills the Born stability criteria, namely;,
C11Cap — C2, > 0, illustrating that the Janus Cr,13F5 monolayer has good mechanical stabil-
ity. Note that the elastic constants of the Janus Cr;I3F3 monolayer are evidently smaller
than those of the monolayers listed in Table 2 except for the Crl3 monolayer. Therefore, the
Janus CryI3F; monolayer has excellent flexibility, which is much desired to improve micro
flexible piezoelectric devices. Moreover, such excellent flexibility provides an attractive
possibility to tune physical properties such as piezoelectricity through strain engineering.
Based on the above-calculated elastic constants, Young’s modulus Y(0) and Poisson’s ratio
v(0) as a function of in-plane 6 can be expressed as [42]

- C11C2 — C3,
"~ Cppcosth+ Acos?0sin? 0 + Cpq sin® 6’ ©)
() = C1pc05%0 — B cos? 0sin? 0 + Cyp sin* 6

Cpp cos* 0 + A cos? 0sin® 6 + Cyq sin* 6’

Y(6)
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where A = (C11C22 - C%z)/C% - 2C12 and B = Cll + sz - (C11C22 - C%Z)/Céé. As
described in Figure 3, it can be seen that both Young’s modulus Y(6) and Poisson’s ratio
v(0) have a weak anisotropy character due to the absence of mirror symmetry in the Janus
monolayer. Specifically, Y(6) ranges from 43.838 to 44.498 N/m, and v(8) varies from 0.292
to 0.301.

Table 2. Piezoelectric coefficients (e;;, d;;) and elastic stiffness constants (C;j) of the Janus CrI3F;
monolayer. The corresponding coefficients of other Janus monolayers reported previously are listed

for comparison as well. The units of ¢;;, d;;, and C;; for these 2D materials are 10710 C/m, pm/V, and

ijir
N/m, respectively.

Pattern e31 d31 e11 dn C11 Cr2
CryI5F5 0.301 0.475 1.870 5.485 48.762 14.668
Crls ~ ~ ~ ~ 26.378 6.516
MoS, ! ~ ~ 3.64 3.73 130 32
MoSSe 23 0.032 0.020 3.74 3.76 126.78 20.61
InySSe 0.13 0.18 3.24 8.47 55 17
MoSTe ! 0.038 0.028 453 5.036 112.7 227
MoSeTe 23 0.037 0.030 4.35 5.30 96.57 20.67
WSeTe 23 0.010 0.008 3.34 3.52 111.03 17.31
WSSe 23 0.018 0.011 257 2.26 141.27 2241
WSTe 273 0.010 0.007 3.48 3.33 133.62 26.25

1 Ref. [43], 2 Ref. [15], ® Ref. [44].

(a) (b)

90° 90°

180¢

270° 270°

Y(6) v(6)
Figure 3. (a) The Young’s modulus and (b) Poisson’s ratio of the Janus CryI3F3 monolayer as a
function of the angle 6.

3.2. Electronic and Magnetic Properties

Figure 4b shows the PBE-calculated band structure of the Janus Cr;I3F; monolayer, of
which a non-zero band gap of 0.58 eV indicates that it is still a semiconductor. Specifically,
both the conduction band minimum (CBM) and the valence band maximum (VBM) come
from spin-up channels and locate at different k points on the I'-M path, leading to an indirect
band gap. Comparing this with the Crlz monolayer with a band gap of 1.13 eV displayed
in Figure 4a, we see an evident reduction in band gap due to a downward shift of CBM for
the Janus Cr;I3F3 monolayer. On the other hand, since the PBE-functional calculation can
remarkably underestimate the band gap, we also calculated the band structure utilizing the
HSEO06 functional, and the result is plotted in Figure 4c. It can be seen that the band structure
calculated by HSE06 presents similar characteristics to the band structure obtained by the
PBE method, as shown in Figure 4b,c. The band gap calculated by HSE06 is expanded to
1.39 eV, along with the upward shifting of the conduction bands. It is also worth noting
that the spin-down states contribute to the VBM in the HSE06 results, while the spin-up
states contribute to both the CBM and VBM in the PBE calculations.
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Figure 4. GGA energy band structure of the (a) Crl; and (b) Cr2I3F3 monolayers. (c) HSE energy
band structure of the CryI3F; monolayer. The red and blue lines represent the spin-up and spin-down
channels. The Fermi level is set as 0 eV. The energy band gap between VBM and CBM is indicated by
the black arrow. The Wannier interpolation valence band (plotted by circle and triangle) is included
in (b) for comparison.

Because the inversion symmetry is broken in the CryI3F3 monolayer, the charge dis-
tribution is different from that of the Crl3 monolayer. We further investigated the charge
rearrangement through the distribution of WFCs. To calculate the WFCs accurately, we
considered all of the occupied valence bands as a composite group to construct the ML-
WFs for spin-up and spin-down channels, respectively. After that, a comparison between
the Wannier interpolation band and the traditional DFT results was made to assess the
computed MLWFs. It can be seen from Figure 4b that the two band structures are vir-
tually indistinguishable, revealing a good Wannierization. Figure 5a exhibits the WFC
distribution. We can see that each fluorine and iodine atom are closely surrounded by four
spin-up and spin-down WFCs Wanniered from s and p bands of the atoms. This means
that electrons transform from chromium atoms to fluorine and iodine atoms, evidencing
the strong ionicity of the I-Cr bond and the F-Cr bond. Nevertheless, it is found that WFCs
are much closer to fluorine than to iodine atoms, implying the stronger ionicity of the
F-Cr bond and the difference in WFC distribution for the F-Cr layer and the I-Cr layer.
Besides the WFCs nearby the fluorine and iodine atoms, the remaining spin-up WFCs are
centered at the chromium atoms because they are Wanniered from the Cr 3d bands. It is
due to the strong localization of the Cr d-orbitals that these WFCs have the same location as
the chromium atoms. Therefore, the WEC distribution intuitively illustrates the electronic
structure asymmetry of the CryI3F; monolayer.
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Figure 5. (a) WFC distribution of the CryI3F3 and Crl3 monolayers. The small red and blue balls
represent the WFCs Wanniered from the spin-up and spin-down channels, respectively. (b) Local
dipole moment analysis in sequence from the fluorine side to the iodine side along the z direction.
(c) The electronic (APgje) and ionic (AP,on) contributions to the polarization of the CryI3F3 monolayer.
(d) The planar average of the electrostatic potential energy of the CrI3F3 monolayer.

The two faces of the CryI3F3 monolayer are composed by fluorine and iodine atoms,
respectively, which directly break the inversion symmetry and the out-of-plane mirror
symmetry of the structure [43]. Due to the presence of structural asymmetry in the CryI3F3
monolayer, the difference in the electronegativity of the fluorine and iodine atoms cause the
formation of a dipole across the plane (as shown in Figure 5d), so a vertical polarization is
induced in the CryI3F3 monolayer. According to the WFC distribution, we carried out a local
dipole analysis for the F-Cr layer and the I-Cr layer in the primitive cell (8 atoms) along
the z direction. Note that each WFC contains one electron due to spin degeneracy, namely,
g; = —1 in Equation (1). From Figure 5a, one can see that the dipole moment of the F—Cr
layer and the I-Cr layer is —7.48 D and 5.90 D, respectively. Consequently, a net vertical
dipole moment of —1.58 D pointing along the direction from fluorine to iodine is induced.
This value corresponds to an out-of-plane polarization of P = —0.155 x 1071 C/m, which
is two times larger than that of the usual Janus TMD monolayers reported in a previous
study [45]. To obtain deep insight into the origination of polarization, we compute the local
dipole moment in sequence along the z direction from the fluorine side to the iodine side.
Compared with those of the Crl3 monolayer displayed in Figure 5b, it can be seen that the
dipole moments in the I-Cr layer are nearly identical, whereas a noticeable difference arises
in the F-Cr layer, demonstrating that the F-Cr layer mainly accounts for the polarization of
the Janus configuration. Furthermore, we calculated the electronic (AP,},) and ionic (APjon)
contribution to the polarization using the Crl; monolayer as the reference structure. As
displayed in Figure 5c, AP, (—2.82 D) is two times larger than AP, (1.25 D). Accordingly,
the atomic relaxation of the fluorine atoms plays a critical role in the polarization formation
of the CrI3F3 monolayer. Additionally, the origination of the net dipole moment can also
be understood by the planar average of the electrostatic potential energy represented in
Figure 5d. Due to the charge redistribution in the Janus monolayer structure, the fluorine
side has a potential energy about 1.50 eV higher than that of the iodine side, resulting in an
electric field from fluorine to iodine that coincides with the result obtained by the above
MLWEF method.

The magnetic properties of the CryI3F3 monolayer were also explored by means of
WECs. Firstly, the magnetic moment of the Cr,I3F3 monolayer was inspected by WEC distri-
bution. In particular, observing the WFCs nearby fluorine and iodine atoms (see Figure 5a),
we can see that the numbers and locations of the spin-down WFCs are the same as those of
the spin-up WFCs, which leads to a magnetic moment counterbalance. Thus, the magnetic
moment of the CryI3F3 monolayer mainly arises from the three spin-up WFCs located at
the chromium position, giving rise to 3.0 up per chromium atom. This value agrees well
with that of the Crl3 monolayer computed by DFT theory, indicating that the CrpI3F3 mono-
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layer preserves the intrinsic magnetism [7,46]. Secondly, by employing the PBE functional
combined with spin-orbit coupling (SOC), we calculated the magnetic anisotropy energy
(MAE) by the energy difference between the out-of-plane and in-plane magnetization
directions of the CryI3F3 monolayer (expressed as E,-Ey), and we list the result in Table 3.
The obtained negative result of the Crl3 and CrF; monolayer exhibits the out-of-plane
magnetic anisotropy. However, the positive result of the CryI3F3 monolayer shows an
in-plane magnetic anisotropy. To confirm the easy axis of the CryI3F; monolayer, we also
computed the MAE utilizing the HSE06 functional and obtained a result of 2.171 meV per
chromium atom. Thus, the easy axis of the CryI3F3 monolayer lies in the xy-plane, which is
consistent with our PBE calculations. Moreover, this considerable MAE makes the CryI3F3
monolayer a promising candidate for low-dimensional magneto-electronic applications.

Table 3. The MAE (in unit of meV), the nearest neighbor (NN) exchange interaction J;, the next
nearest neighbor (NNN) interaction |, the third nearest neighbour (3NN) interaction J3 (in unit of
meV), and the Curie temperature T (in unit of K) of the CryI3F;3, CrF3, and Crl; monolayer.

Pattern MAE IR J2 I3 Tc
CrF; —0.130 1.750 0.066 —0.009 20.8
Crlz —0.737 2.896 0.639 —0.154 56

Cryl5F3 3.064 0.549 0.574 0.150 47

The Curie temperature (T¢) of the CrpI3F; monolayer was evaluated by using the
Metropolis Monte Carlo (MC) simulations implemented in mcsolver code [32,33]. To
perform the evaluation, the exchange coupling Jex, consisting of the nearest neighbor (NN)
exchange interaction J;, the next nearest neighbor (NNN) interaction J,, and the third
nearest neighbour (3NN) interaction [3, is firstly calculated by combining DFT calculations
with the Heisenberg spin Hamiltonian [7]. Specifically, we considered the FM order and
three possible AFM configurations, namely, Néel-AFM, Stripy-AFM, and Zigzag-AFM,
which are depicted in Figure 6. After that, by comparing the magnetic energy of these four
configurations, Jex could be acquired [5,7], which is listed in Table 3. As shown in Figure 7,
our calculated T¢ of the CrpI3F3 monolayer is about 47 K, which is slightly smaller than
that of the Crl3 monolayer but evidently larger than that of the CrF3 monolayer. Moreover,
using the energy of the FM state as the reference, the energy differences are 37.8, 59.4, and
61.1 meV for the Néel-AFM, Stripy-AFM, and Zigzag-AFM states, respectively. Thus, the
most stable magnetic state is the FM state. This also demonstrates that ferromagnetism in
the Crl3 monolayer is retained by using fluorine element substitution to construct the Janus
Cry13F; monolayer.

Figure 6. Four magnetic orders of the CrpI3F3 monolayer (2 x 2 x 1 supercell). (a) FM, (b) Néel-AFM,
(c) Stripy-AFM, and (d) Zigzag-AFM. The red (black) arrows represent the spin-up (spin-down).
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Figure 7. Simulated spin structure factor S(k) and specific heat Cy as a function of temperature from
Monte Carlo simulations. (a) CrF3, (b) Crls, and (c) CryI3F; monolayer.

3.3. Piezoelectricity Properties

Now we turn to explore the piezoelectricity of the Janus CryI3F3 monolayer. As
displayed in Figure 8, the piezoelectric stress coefficient e3; and eq; are calculated by a
linear fitting of the piezoelectric polarization as a function of a uniaxial in-plane strain ¢,
which is changed from —1.0% to 1.0% with a step size of 0.5%. In our study, the atomic and
electronic structure are both fully relaxed at each stress level to acquire the equilibrium state.
Afterwards, the electric polarization of each state is evaluated by using the MLWF method.
The slopes derived from a least-square linear fitting of the piezoelectric polarization at
the equilibrium state correspond to the piezoelectric stress coefficients. In terms of the
elastic stiffness coefficients of Cj; and Cy,, the piezoelectric strain coefficients d3; and dq;
are computed based on Equation (4).

The piezoelectric stress coefficient e3; for different Janus Mo/W-based transition
metal dichalcogenides (MoSSe, Iny;SSe, MoSTe, MoSeTe, WSeTe, WSSe, and WSTe) are
provided in Table 2, as a comparison with the CryI3F3 monolayer. For transition metal
dichalcogenides, the Mo-based transition metal dichalcogenides (MoSSe, MoSTe, and
MoSeTe) present the largest piezoelectric coefficients e3; (0.032 x 1071%,0.038 x 10719, and
0.037 x 10710 C/m, respectively) and d3; (0.020, 0.028, and 0.030 pm/V, respectively). It
is found that the CryI3F3 monolayer presents significantly larger piezoelectric coefficients
e31 (0.301 x 10719 C/m) and d3; (0.475 pm/V) than the previous studied transition metal
dichalcogenides in Table 2, and the e3; and ds; values are nearly 10 times as large as that
of Mo-based transition metal dichalcogenides. The e1; and di; of the CrpI3F3 monolayer
are calculated to be 1.870 x 1079 C/m and 5.485 pm/V, respectively. The e; value of the
CroI3F3 monolayer is comparable to the experimental results of the widely studied h-BN
(291 x 10710 C/m) [47] and MoS; (2.9 x 10710 C/m) monolayers [48], which demonstrates
the application potential for piezoelectric devices. Additionally, the dy; of the CryI3F3
monolayer is already as good as those of frequently used 3D piezoelectric materials, such
as a—quartz (dq1 = 2.27 pm/V) [49] and AIN (d33 = 5.4 pm/V) [50]. As a consequence, the
Janus Cr;I3F3; monolayer has an outstanding piezoelectric response, providing a potential
opportunity for piezoelectric applications based on 2D materials.
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Figure 8. Piezoelectric stress coefficients (a) e3; and (b) e;; obtained by linear changes in out-of-

plane and in-plane piezoelectric polarizations under a uniaxial strain £;. The ionic and electronic

contribution to e31 and ey is also listed for comparison. To conveniently compare the three, the ionic

and electronic contribution is properly rescaled.

The CryI3F; monolayer possesses a remarkable piezoelectric response, which is bene-
fiting from the high intrinsic out-of-plane spontaneous polarization and the strong local
distortion in the CrpI3F3 lattice. The high electronegativity difference between the fluo-
rine and iodine face induces strong out-of-plane spontaneous polarization in the CryI3F3
monolayer (—0.155 x 107!% C/m or —1.58 D), which is significantly larger than surface
defected I-Crl; (0.13 D) [8]. In the CrpI3F; monolayer, the F-Cr and I-Cr bond lengths
are 2.057 A and 2.695 A, respectively. The corresponding Cr-F-Cr and I-Cr-I bond an-
gles are 122.48° and 84.00°, respectively. The significant structural difference between the
F—Cr and I-Cr faces indicates that strong intrinsic strain is induced in the Cr,I3Fj3 lattice,
which could promote the ionic displacement and significantly improve the piezoelectric
response [51-53].

To obtain a deep insight into the mechanism of the piezoelectric response under the
uniaxial strain, we further performed an analysis from the ionic and electronic contribution.
The ionic and electronic contributions to the coefficients e3; were calculated by the linear
fitting method, respectively, as shown in Figure 8a. The ionic contribution to the e3; is
0.299 x 10719 C/m, while the electronic contribution is almost zero (0.002 x 10~19 C/m).
This shows that the total e3; response is dominated by the ionic contribution, while the elec-
tronic contribution is negligible. Conversely, for e;1, the ionic and electronic contributions
included in Figure 8b both change significantly and maintain the opposite part under the
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uniaxial strain €1 along the in-plane direction. Owing to a larger slope (2.255 x 1071 C/m)
than that (—0.385 x 1071% C/m) of the ionic contribution, the electronic contribution is
mainly responsible for e11. Therefore, these findings are of a certain guiding significance for
regulating the piezoelectricity along the in-plane and out-of-plane directions, respectively.
For instance, the in-plane polarization can be effectively adjusted by an applied external
electric field [10].

On the other hand, to enhance the piezoelectric response along the out-of-plane
direction, apart from the method by stacking layers to construct multilayers [15,54], a strain
varied in a large range can be applied. Meanwhile, the intrinsic monolayer configuration is
also reserved. The strain engineering has been shown to be a very effective way to enhance
the piezoelectric properties [9,55]. In fact, stain engineering is more preferable for the Janus
monolayer CryI3F3 because of the inherent smaller elastic constant.

It is well known that a large out-of-plane piezoelectric response is of particular impor-
tance for practical applications. Herein, according to the discussion above, we explored
the piezoelectric properties of the Janus CryI3F; monolayer as a function of biaxial strain
(¢) varying from —4.0% to 4.0%, which could be easily realized in experiments. Figure 9
displays the obtained e3; and e;;. It can be seen that the largest e3; (0.430 X 10719 C/m)
is obtained under an ¢ of —4.0%, which is increased by 43%. Furthermore, it seems that
e3; monotonically increases under the compression strain and decreases under the tension
strain. Moreover, the largest e11 of 2.49 x 1071 C/m is acquired under an ¢ of 4.0%, which
is increased by 33%.

2.6

24+

AT
N

Piezoelectric coefficient (107°C/m)

02}

-0.04 -0.02 0.00 0.02 0.04
&

Figure 9. e31 and eq7 as a function of biaxial strain .

Since the piezoelectric material should have a rational band gap to avoid current
leakage, we further calculated the band gap as a function of biaxial strain employing HSE06
code [56]. As plotted in Figure 10, a none zero band gap smaller than 1.55 eV can be found
under the biaxial strain within 4.0%, indicating that the material is still a semiconductor.
Moreover, the band gap monotonically increases when the biaxial strain changes from
—4.0% to 4.0%.
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Figure 10. The HSE06 band gap as a function of biaxial strain e.

4. Conclusions

In summary, we have studied the structural, electronic, magnetic, and piezoelectric
properties of the Janus Cr,I3F3 monolayer using first-principles calculations accompanied
by MLWFs. Based on the phonon, formation energy, and mechanical calculations, we
proved that the Janus CryI3F3 monolayer is thermally, energetically, and mechanically
stable and possesses excellent flexibility. The magnetic properties of the CrpI3F3 monolayer
were studied; the magnetic moment in the FM ground state is 6.0 pp per unit cell, and the
corresponding T¢ value was calculated to be 47 K. This shows that the ferromagnetism
observed in the Crl3 monolayer is retained in the CryI3F3 monolayer. The PBE and HSE06
functional calculations show that the Cr;I3F3 monolayer is a semiconductor with an indirect
band gap of 0.58 eV and 1.39 eV, respectively. The charge rearrangement and atomic
relaxation mainly occurred in the F-Cr layer, leading to a large vertical polarization of up
to —0.155 x 1071 C/m. Remarkable in-plane and out-of-plane piezoelectric responses
were found under a uniaxial strain in the basal plane. The obtained strain coefficient e3;
was up to 0.301 x 10719 C/m, which is significantly larger than the previously studied 2D
transition metal dichalcogenides MoSSe (0.032 x 1019 C/m), MoSTe (0.038 x 1071 C/m),
and MoSeTe (0.037 x 1079 C/m). The coexistence of ferromagnetism and piezoelectricity
in the CrpI3F3 monolayer, as a multi-functional 2D material, would greatly expand its
application field in future nano-technology. Specifically, the Cr,I3F3 monolayer provides a
promising way for the application of nanoscale spintronics and piezoelectric devices, such
as catalysis, spintronics, energy harvesting, and pressure sensors.
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