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Intrinsic bitunable magnetism/polarity behavior in 2D Janus
Cr2I3Y3 (Y=F, Cl, or Br) systems
Zhenning Sun1, Xinru Li 1✉, Jianwei Li1, Yadong Wei1, Hong Guo1,2 and Jian Wang1

Two-dimensional (2D) magnetoelectric (ME) materials with spontaneous magnetism and polarity have drawn a lot of research
interest due to their potentially valuable physics and spintronic applications. One of the obstacles in the current study of 2D ME
materials is to achieve flexible magnetism/polarity switches because of a fundamental contradiction between magnetism and
polarity. In this work, we propose an intrinsic magnetism/polarity switchable 2D Janus structure Cr2I3Y3 (Y= F, Cl, or Br) with
mechanical and thermodynamic stability. Janus Cr2I3Y3 monolayers show indirect-gap semiconductors with ferromagnetic ordering.
Intrinsic vertical electric polarity (EP) in Janus Cr2I3Y3 structures is investigated by surface potential difference analysis and dipole
calculations. We discover that there is an obvious ME coupling between magnetic anisotropy energy (MAE) and EP. MAE can be
obviously tuned by rotating the orientations of spins within yz and zx vertical planes, and the easily distinguishable MAE on vertical
planes has strong inherent relevance with vertical EP. Simultaneously, magnetic phase transition and magnetic moments can be
manipulated by introducing vertical strain, which directly corresponds to the linear response of the EP strength. Our work provides
a promising candidate for realizing the spintronic devices with multiple functionalities.
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INTRODUCTION
Two-dimensional (2D) material is a significant component of
nanomaterials since they could hold better mechanical, optical,
transport, and electronic properties than bulk materials1–5. 2D
material has gained increasing research attention involving
scientific fields like photoelectric, thermoelectric, detection, biolo-
gical and medical device, etc.6–8, and is an important candidate for
the development of spintronic application due to the pursuit of
miniaturization, higher speed and storage density, and lower
power consumption beyond three-dimensional systems. The
success of the mechanical stripping exfoliation of single-layer
graphene1 in 2004 with excellent physical and chemical properties
gives rise to a research boom on 2D materials7–14. However, the
development of 2D magnets was lagging behind, which were not
realized experimentally and were, for a long time, theoretically
challenged by Mermin and Wagner theorem15, which argues that
magnetic order is prohibited in the 2D isotropic Heisenberg model
at finite temperature. In 2017, Huang et al. and Gong et al.
demonstrated the first atomic thin 2D ferromagnets CrI3 and
Cr2Ge2Te6, and since then, great interest has been stimulated on
2D magnets16–18. Huang et al. used magneto-optical Kerr effect
microscopy to verify that the CrI3 monolayer is an Ising ferro-
magnet with out-of-plane spin orientation, and its Curie tempera-
ture is of 45 K17. The successful synthesis of 2D CrI3 and Cr2Ge2Te6
magnet breaks the logjam of Mermin and Wagner theorem and
provides a broader and more profound platform for studying
magnetism in atomically thin 2D materials.
The urgent demand for miniaturization and multi-

functionalization in spintronic devices prompts 2D materials to
develop into a stage that should possess multiple and controllable
functionalities. 2D magnetoelectric (ME) materials which combine
magnetism and electric polarity (EP) in a single 2D phase, play an
irreplaceable role due to applicable ME functionalities motivated
by potential applications in the areas of multiple-state memories,

information storage, and spintronic switches6,19–25. To achieve 2D
ME devices, the ME coupling strength between spin orderings and
charge dipoles should be intrinsically strong and finely tunable26.
So far, only a small number of 2D systems with intrinsic ME
coupling are reported, and most of them are 2D multiferroics. The
key obstacle to obtaining 2D ME materials is the interplay
between energy-lowering covalent bond formation and energy-
raising electronic Coulomb repulsion27,28. Recently, a few 2D
magnetic systems are theoretically demonstrated to be 2D ME
systems, examples including: the charged 2D CrBr3 monolayer
that exhibits in-plane multiferroicity due to the combination of
orbital and charge ordering as realized by the asymmetric Jahn-
Teller distortions of Cr-Br6 units29–31. ReWCl6 monolayer with a
transition between antiferromagnetic (AFM) and ferromagnetic
(FM) phases can be tuned by reversing the in-plane polarization
due to the low symmetric C2 phase32. VOCl2 is demonstrated to be
a 2D multiferroic material due to orbital-charge interactions, and
the coexistence of d-electron polarity and magnetism indicates
strong ME coupling beyond the d0 rule33. The ME coupling
realized by spin and electron polarization can be mostly attributed
to the absence of time-reversal symmetry and spatial inversion
symmetry. In pursuit of finding ME compounds, a great deal of
effort has been devoted to studying the absence of symmetry in
2D materials. 2D Janus structures, due to the structural inversion
asymmetry along the normal axis, have demonstrated great
potentials in new-generation design in the nanoscale fields
including valleytronics, photocatalysis, and spintronics13,14,34–40.
Further development of the Janus system is highly desirable,
especially since MoSSe41–43 and WSSe44 monolayers have been
synthesized successfully by evolving modified chemical vapor
deposition with breaking the structural symmetry. Therefore,
these facts lead us to speculate that 2D transition-metal based
Janus monolayers with ordered spin configuration and out-of-
plane EP might hold intrinsic ME coupling to realize bitunable
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magnetism/polarity behavior, which is of fundamental interest
and importance in spintronics.
In this work, we investigate a type of Janus structures Cr2I3Y3

(Y= F, Cl, or Br) with spontaneous magnetism and EP based on
first principles calculation. The stability of the Janus structure is
confirmed by ab initio molecular dynamics (AIMD) and phonon
spectrum calculation. We find that the ground state of Cr2I3Y3 is
FM semiconductors with out-of-plane EP. By combining orbital
and dipole analysis, we systematically study the bitunable changes
between magnetism and EP, and further identify two ME coupling
mechanisms: the first is the regulation of polarization through
rotation of spin orientation, and the second is the regulation of
magnetic moment and ground state through changing electric
dipole moment. Furthermore, we confirm that the easily
distinguishable magnetic anisotropy energy (MAE) on vertical
planes has strong inherent relevance with vertical EP. Besides, the
magnetic features controlled by EP are also studied through the
modulation of distance εd between two different halogen layers.
The magnetic moment demonstrates a monotonic decreasing
behavior for εd, and the magnetic ground state can be reversed
from FM to AFM due to the change of EP. We find that the Janus
Cr2I3Y3 structure has intrinsic bitunable magnetism/polarity
behavior, and its special ME coupling effect will not only promote
the future research of ME coupling materials as well as 2D Janus
materials but also has great application potential for the
preparation of integrated nanoscale devices.

RESULTS AND DISCUSSION
Geometrical structures and stability
We first analyze the geometrical structure of CrI3 monolayer17,
which has been successfully synthesized, for better comparison
with the following study of CrI3-like Janus structures. After
sufficient structural relaxation without any symmetry constraints,
the single-layer structure of pure CrI3 monolayer shown in Fig. 1a
is a sandwich structure with a layer of Cr atoms wrapped in the
center by two layers of I atoms, showing a primitive structure of

hexagonal lattice with P-31m space group symmetry. Meanwhile,
each Cr atom is located at the center of the regular octahedron
formed by eight I atoms, and the bond lengths of Cr-I and Cr-Cr
are 2.74 Å and 4.04 Å, respectively. The DFT optimized lattice
parameters of the CrI3 monolayer is 7.00 Å and the angle formed
by Cr-I-Cr bonds is 95.26°, which agrees well with the previous
study16, indicating that our computational method is reliable. The
2D Janus Cr2I3Y3 structure shown in Fig. 1b is very similar but not
identical to that of the pure CrI3 monolayer. The Janus Cr2I3Y3
sandwich is formed by replacing one layer of I atoms with other
halogen atoms Y (Y= F, Cl, or Br) of CrI3 monolayer. The changes
of geometric parameters are listed in Table 1. The layer of Cr atom
is no longer at the inversion center, but with a shift due to
asymmetry between different up and down halogen layers. Janus
Cr2I3Y3 structure is formed in the P31m space group with vertical
mirror symmetry, but it lacks horizontal mirror symmetry and
inversion center. It can be seen easily that the optimized lattice
parameter a of the Janus system in accordance with the order
from small to large, which is aCr2 I6 > aCr2 I3Br3 > aCr2 I3Cl3 > aCr2 I3F3 .
Meanwhile, the bond lengths (d2) between Cr and Y atoms are
also changed following the upper rule. Such a result can be
understood by the radius of the atoms (RI > RBr > RCl > RF ) and
the spatial interaction between different halogen layers. With little

Fig. 1 Structural configurations and stability. a, b Top and side views of 2D structure isolated Cr2I6 monolayer and Janus Cr2I3Y3 (Y= F, Cl, or
Br) monolayer. The solid lines indicate the primitive cells. The amethyst, blue, and grey spheres represent the Iodine, Chromium, and Y
(Florine, Chlorine, or Bromine) atoms, respectively. c Change of free energies over time in AIMD simulations at 300 K and the snapshots at 0 K
and 300 K after a 5000 fs simulation for the Janus Cr2I3Br3 monolayer. d Phonon spectra of the Janus Cr2I3Br3 monolayer.

Table 1. The summarization of structure parameters of 2D Cr2I6 and
Janus Cr2I3Y3 (Y= F, Cl, or Br) monolayer, corresponding with symbols
labeled in Fig. 1b.

Material a d d1 d2 d3 Θ1 Θ2 Θ3 Cr-Cr

(Å) (Å) (Å) (Å) (Å) (°) (°) (°) (Å)

Cr2I6 7.00 3.12 2.74 2.74 3.69 95.26 95.26 94.36 4.04

Cr2I3Br3 6.74 2.99 2.72 2.54 3.53 91.46 100.03 94.57 3.89

Cr2I3Cl3 6.59 2.89 2.71 2.40 3.39 89.09 105.00 95.36 3.80

Cr2I3F3 6.25 2.58 2.70 2.06 2.98 84.09 122.61 95.94 3.61
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change in Cr-I bonds length (d1) as the radius of Y decreases,
Cr-I-Cr bond angle (Θ1) decreases pronouncedly, indicating that
the distance between the magnetic metallic element Cr becomes
smaller and the spatial interaction thus be affected. The variation
trend of geometric parameters in Table 1 is clearly represented in
Supplementary Fig. 1a.
Although the most energetically stable structure can be precisely

obtained through structural optimization, it may not guarantee the
stability of the 2D Cr2I3Y3 Janus structure. Therefore, further analysis
in thermal and dynamic stability of Janus structure by AIMD
simulations and corresponding phonon spectra are implemented,
and details can be seen in Fig. 1c, d. The evolution process of free
energy last 5000 fs for Janus Cr2I3Y3 supercell at 300 K during the
AIMD simulations. Neither occurrence of major structural distortion
nor breaking of chemical bond from two views in Fig. 1c verifies
that the morphological structure is dynamically stable at room
temperature. Phonon spectra obtained by executing p3 ´p3
supercell further strengthens the proof of dynamic stability by
showing twenty-one optical and three acoustical phonon branches
with the absence of imaginary frequencies throughout the Brillouin
zone. In addition, the cohesive energy per atom, ΔEcoh defined
as ΔEcoh ¼ 1=8 � ECr2 I3Y3 � 2ECr � 3EI � 3EYð Þ, whereECr2 I3Y3 is the
total energy of the Cr2I3Y3 monolayers, Ecr, EI, and EY are the
energy of isolated Cr, I, and Y (Y= F, Cl, or Br) atoms in a
25 × 25 × 25 Å3 box, respectively. The negative ΔEcoh as shown in
Table 2 suggests that the monolayer is energetically favorable. Our
results are in good agreement with previous results40. We find that
the predicted cohesive energy ΔEcoh of the 2D Janus Cr2I3Y3 are
lower than that of the pure Cr2I6 monolayer, indicating the stability
of the Janus monolayer and the possibility of their synthesis. Due to
the streamlining of high-purity CrI3 and Cr2Ge2Te6 preparation and
the successful fabrication of Janus transition-metal dichalcogen-
ides16–18,41–45, the experimental preparation of the corresponding
Janus structure should also be realizable.

Magnetic and electronic properties
To verify the ground magnetic states of Janus Cr2I3Y3 monolayers,
the collinear magnetic configurations of FM order and AFM order
are considered. Identical calculations on the 2D Cr2I6 monolayer are
also carried out for the purpose of comparison. For intuitive analysis
of spin behaviors of Cr2I6 and Cr2I3Y3 monolayers, the spin-resolved
band structures are shown in Supplementary Fig. 3. Our results show
that the Cr2I6 monolayer is a half-semiconductor with FM state,
where the conduction band and valence band are spin split with the
conduction band (CB) minimum and valence band (VB) maximum
possessing the same spin channel as shown in Supplementary Fig.
3a. The indirect band gap Eg is estimated to be 0.81 eV with SOC
effect (1.15 eV without SOC effect). Magnetic ground states are
determined by evaluating the energy difference between AFM and
FM states, and 2D Janus Cr2I3Cl3 and Cr2I3Br3 have the same order of
energy difference ΔE as 2D Cr2I6 (ΔE ¼ 59:99meV=cell), where
ΔE= EAFM− EFM, which are 51.97 and 40.16meV/cell, respectively.
Cr2I3F3 has a minimum ΔE of 3.56meV/cell among the Cr2I3Y3
monolayers. Almost all the magnetic moments are contributed by d-
electrons of Cr atoms as shown in Table 3. As shown in
Supplementary Fig. 3, the 2D Janus Cr2I3Y3 monolayers are also
semiconductors with FM states, among which Cr2I3Br3 with Eg of
1.04 eV with SOC effect (1.30 eV without SOC) is a half-semiconduc-
tor, while Cr2I3Cl3 and Cr2I3F3 are both bipolar magnetic semi-
conductors, where the spin channel is opposite at VB maximum and

CB minimum, and the band gaps are 0.90 and 0.22 eV with SOC
effect (1.20 and 0.54 eV without SOC effect), respectively. The band
gaps of Cr2I6 and Cr2I3Y3 monolayers with FM and AFM states are
both listed in Table 3, and results show that the band gaps of FM
states for all the monolayers are smaller than that of AFM states,
which are mainly because the competition between FM exchange
splitting and band gap.
The atom-resolved band structure with SOC for FM Cr2I3Y3

systems are shown in Fig. 2, it can be clearly observed that all Janus
Cr2I3Y3 are semiconductors with the CBs mainly contributed by the
transition metal Cr atoms, while the halogen elements I or Y atoms
make a major contribution to the VBs. Different I atomic layers make
identical contributions to the VBs in CrI3 monolayer due to
centrosymmetry, while for Janus structure Cr2I3Y3, the VBs near
the Fermi level are dominated by the I atomic layer instead of the Y
atomic layer. Meanwhile, by separating the contribution of Cr atom
in a primitive cell for the band near the Fermi level as shown in
Supplementary Fig. 2, it is confirmed that the change of Y atom will
not affect the contribution of different Cr atoms to each energy level
but can change the distribution in CBs. That is, the localization of
four degenerated bands near CBs minimum dominated by Cr-d
electrons is decreased with the electron negativity of halogen atoms
being larger. The reason is that the smaller distance between Cr and
halogen atoms introduced by larger electron negativity leads to
stronger couplings between Cr-d electrons and dispersive Y-p
electrons. We can see that d orbitals of Cr atoms can split into three
groups (a1 ¼ dz2 , e1 ¼ dxy and dx2�y2 , e2 ¼ dxz and dyz) in Cartesian
coordination as shown in Fig. 2 instead of expected octahedral
splitting. This can be explained by the mismatch between the
Cartesian coordination with the internal coordination of the
octahedral crystal field, which makes the projected DOSs of Cr-3d
electrons orbitally unresolved. To transfer the d orbitals from trigonal
prismatic field to octahedral crystal field (t2g ¼ dxy , dxz and dyz , eg ¼
dx2�y2 and dz2 ), a manipulation is executed to align the Cr-I bonds in
the octahedrons along the x, y, and z axis. The approximate rotation
matrix is determined, and the five d orbitals are reconstructed.
Finally, the projected DOSs of Cr-3d orbitals of Cr2I6 monolayer, as
shown in Fig. 3a, can split into two groups as t2g and eg, which is the
typical octahedral splitting as expected. For the Janus Cr2I3Y3
monolayer, taking Cr2I3Cl3 in Fig. 3b as an example, the splitting of
3d orbitals of Cr atoms can also obey the rules of splittings under an
octahedral crystal field. The above results indicate that Janus
structure with noncentrosymmetry induced by different halogen
layers will affect the dispersions of Cr-d states and further have an
influence on band gaps and magnetic properties, which can
therefore be explored further.

Table 2. Formation energy ΔEcoh of 2D Cr2I6, Janus Cr2I3Y3.

System Cr2I6 Cr2I3Br3 Cr2I3Cl3 Cr2I3F3

ΔEcoh (eV/atom) −2.09 −2.25 −2.41 −2.91

Table 3. Summarization of energy differences for FM and AFM
magnetic configurations for 2D Cr2I6 and Janus Cr2I3Y3 monolayers,
where the energy of FM ground state is set to be 0meV/cell.

Material Magnetic
configuration

ΔE
(meV/
cell)

Band gap
Eg (eV)

Magnetic moment
MCr(μB/Cr)

SOC noSOC

Cr2I6 FM – 0.81 1.15 3.36

AFM 59.99 0.90 1.29 3.32

Cr2I3Br3 FM – 1.04 1.30 3.27

AFM 51.97 1.08 1.38 3.24

Cr2I3Cl3 FM – 0.90 1.20 3.23

AFM 40.16 1.04 1.33 3.21

Cr2I3F3 FM – 0.22 0.54 3.24

AFM 3.56 0.78 1.04 3.24
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As for the octahedral environment coordinated by six halogen
anions, Cr3+ cation hold a high spin state with three low-lying t2g
orbitals, which indicates the dominant contribution of indirect FM
exchange instead of direct AFM exchange46. The underlying
physical mechanism of the FM ground state in our system is
related to the superexchange interaction. Goodenough-Kanamori-
Anderson (GKA) rule46–48 points out that if the cation-anion-cation

bond angles are of 90° and 180°, two cation spins often favor FM
and AFM ordering, respectively. The FM superexchange interac-
tion of Cr atoms through I ions in Cr2I6 satisfies the GKA rules since
the Cr-I-Cr bond angle (Θ1=Θ2= 95.26°) is approximately
approaching 90°. Similarly, as for Janus Cr2I3Y3 (Y= Br, Cl, or F)
structures, the bond angles Θ2 of Cr-Y-Cr are 100.03°, 105.00°, and
122.61°, respectively, which are also approaching 90° instead of

Fig. 2 Atom-resolved band structures of Janus monolayers and calculated DOSs. a–d Atom-resolved band structures of Janus monolayers
and corresponding DOSs of (a) Cr2I6, (b) Cr2I3Br3, (c) Cr2I3Cl3, and (d) Cr2I3F3. The different proportions of occupancy Cr, I (or upper I), and Y (or
lower I) atoms are represented by the green, blue, and red dots in the band scatter diagram, respectively. The black gradient filling in the right
part of each diagram represents the total contribution of DOS, while the green, purple, and yellow gradient filling represent the projected
contribution of dz2 , dyz=dxz , dxy=dx2�y2 orbitals, respectively.

Fig. 3 Projected DOSs of Cr-3d orbitals by coordination matching. a, b Projected DOSs of Cr-3d orbitals of (a) Cr2I6 and (b) Cr2I3Cl3 without
SOC after changing d orbitals from trigonal prismatic field to octahedral crystal field by coordination matching. The insets are schematic of
rotation of Cr centered octahedron. Amethyst, blue, and green balls present I, Cr, and Cl atoms, respectively.
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180°, indicating FM via superexchange results. However, with the
atomic numbers of halogen elements increasing, the bond angles
Θ2 of Cr-halogen-Cr are larger, while the bond lengths d2 of Cr-
halogen (Cr-Cr) are decreasing from 2.74 to 2.06 Å (4.04 to 3.61 Å).
The results indicate the reduced dominance of FM superexchange
interaction and thus explain the decreasing of the energy
difference ΔE between AFM and FM states as listed in Table 3.
Further, the intrinsic mechanism of Janus monolayer’s magnetism

and the prediction of the associated Curie temperature Tc are briefly
discussed. As mentioned above, the magnetic moment of Cr2I3Y3 is
mainly contributed by Cr atoms. The contribution of the magnetic
moment of Cr atom in Cr2I3Y3 (Y= F, Cl, or Br) is 3.24, 3.23, and 3.27
μB, respectively, showing different d-p electron coupling strength
between Cr and halogen atoms in different Janus structures. The
nearest neighbor Heisenberg model of Cr2I6 and Cr2I3Y3 systems in
one unit cell (with FM exchange J > 0) should be expressed as

H ¼ �J
X

<i;j>

Si � Sj ¼ � 1
2
J
X

i;j

Si � Sj (1)

where <i, j> represents the number of nearest interactions with the
double counting subtracted. There are two Cr atoms in one unit cell
and three nearest neighbors for each Cr atom. Thus, the spin model
allows to write the energies of the different configurations
normalized per unit cell (2 Cr atoms):

EFM ¼ �3J Sj j2 (2)

EAFM ¼ 3J Sj j2 (3)

then the energy difference between FM and AFM magnetic
configurations can be written as30,49:

EFM�AFM ¼ �6J Sj j2 (4)

Here, only nearest-neighbor exchange couplings between Cr
atoms are considered. This is because previous studies indicated that
the nearest neighbor exchange parameters are 12 and 25 times
larger than the second and the third ones in CrI3 systems,
respectively, showing robust FM intralayer coupling50. The exchange
parameter of Cr2I6 monolayer for the first nearest neighbors is
estimated to be 3.63meV, and the value is quite consistent with the
previous study with JCr2 I6 ¼ 3:25meV of Cr2I6 monolayer51, which
indicates the reliability and validity of our method. Thereafter, the
corresponding exchange parameters Jof Janus Cr2I3Y3 monolayer
(JCr2 I3F3 ¼ 0:23meV , JCr2 I3Cl3 ¼ 2:61meV , JCr2 I3Br3 ¼ 3:30meV) are
obtained. And theTc is obtained by combining the Heisenberg
model with the local field theory16,30,

TC ¼ �J
Sj j
kB

(5)

Here, kB denotes Boltzmann constant while Sj j is 3=2. However,
the critical temperature in our result (TC= 77 K) of Cr2I6
monolayer estimated by mean-field expression (Eq. 5) is over-
estimated compared with 45 K obtained experimentally17. The
overestimation can be ascribed to the neglect of magnetic
anisotropies in the mean-field theory. To make the result of Curite
temperature more reliable, a universal expression that considers
magnetic anisotropies and depends on the number of nearest
neighbors (Nnm= 3) from the fitting of classical Monte Carlo
simulations is taken52:

TC ¼ 3:64 Sj j2J
kB

tanh1=4
6
Nnn

log 1þ 0:033 Að2 Sj j � 1Þ þ B Sj jNnn½ �
J ð2 Sj j � 1Þð Þ

� �� �
(6)

where parameters A and B satisfy the relation A ¼
ΔEFM þ ΔEAFMð Þ= 2S2ð Þ and B ¼ ΔEFM � ΔEAFMð Þ= 3 Sj j2� �

with

ΔEFMðAFMÞ ¼ EðxÞFMðAFMÞ � EðzÞFMðAFMÞ , respectively. Nnm= 3 is the num-
ber of nearest neighbors. The calculated Curie temperature of
Cr2I6 monolayer is 42.8 K, which is in excellent agreement with the

experimental value of 45 K. Similarly, the estimated Curie
temperatures of Janus Cr2I3Y3 (Y= Br, Cl, or F) monolayers are
22.0, 28.8, and 7.5 K, respectively.

The charge redistribution analysis
The electrostatic potential of the related structures is defined by
the following equation:

VpotentialðrÞ ¼ VðrÞ þ
Z

nðr0Þ
r� r0j j dr

0 (7)

Where, V(r) is the ionic potential, and the second term is the
Hartree potential. The diagram of the electrostatic potential
relationship of 2D Janus Cr2I3Y3 is shown in Fig. 4. The plateau
represents the vacuum energy level, while the valley represents
the change of electrostatic potentials inside the Janus structure.
The imbalance of electrostatic potentials for Y and I layers in
the Janus structure indicates that the Y layer can accumulate
more electrons than the I layer. The accumulation of electrons
can be quantitatively given by the Bader charge analysis of the
CrI3 and Janus Cr2I3Y3 monolayer in Fig. 4 for the purpose of
clarifying the physical origin of polarization. I atom from different
layers gains an average charge of 0.35 e− from the Cr atom in
pure CrI3 monolayer, while the balance is broken by introducing
different Y atoms in Janus structure, indicating an internal charge
polarization. Through the analysis of the electrostatic potential
diagram, it’s clear that there is a potential difference between
the I layer and the Y layer induced by the non-uniformity of
charge. In our results, the potential differences ΔV of the upper
and lower surfaces of Janus Cr2I3Y3 (Y= F, Cl, or Br) monolayer
are 1.52 eV, 0.94 eV, 0.54 eV, respectively. The tendency of
electrostatic potential difference is quite in accordance with
the different electronegativity of halogen layers, that is, the
electronegativity of the I (XI= 2.66) atom and the Y (XF(3.98) >
XCl(3.16) > XBr(2.96)) atom.

Bitunable magnetism/polarity behavior
MAE is an analytical parameter based on magnetic anisotropy that
is used to evaluate the ability of magnet systems to resist
environmentally thermal fluctuation and the switching effect of
spintronic application to maintain or reverse the magnetic
ordering7,30. Previous studies show that SOC originated from
halogen atoms makes a dominant contribution to MAE in CrI3
systems49. To figure out the origin of MAE for Cr2I6 and Cr2I3Y3, we
first study the MAE with a change in the orientation of
magnetization M along the x and z axes. We follow the recipe
of second-order perturbation theory by Wang et al.53, and the
MAE can be expressed as

ΔEMAE ¼ EðMxÞ � EðMzÞ
¼ ξ2

X

oþ;uþ

hoþjL̂z juþij j2� hoþjL̂x juþij j2
Euþ�Eoþ

� ξ2
X

o�;uþ

ho�jL̂z juþij j2� ho�jL̂x juþij j2
Euþ�Eo�

(8)

where ξ represents the SOC constant, + and − indicate the spin-
up and spin-down states, respectively. Eu � Eo represents the
energy difference between the unoccupied states u and occupied
states o. The angular momentum operators are chosen as L̂z (L̂x )
along the out-of-plane (in-plane) axis. In this case, a negative
ΔEMAE indicates that the spin along the x-axis is an easy axis,
whereas the positive value supports the z-axis as the easy axis.
Based on the second-order perturbation theory, we can analyze
the contributions to MAE from the hybridization between different
orbitals of specific element, and the corresponding results of MAE
contributions for parent structure Cr2I6 and Janus structures
Cr2I3Y3 are shown in Fig. 5. The net contributions to MAE provided
by Cr-d orbitals are negligible with the values of −0.035, −0.020,
−0.118, and −0.089meV/unit cell for Cr2I6, Cr2I3Br3, Cr2I3Cl3, and
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Cr2I3F3, respectively. The sign and value of final MAE are mainly
determined by the contributions of halogen-p orbitals. For Cr2I6
and Cr2I3Br3, the net contribution of I-p and Br-p atoms to MAE is
positive, indicating that the easy-axis for Cr2I6 and Cr2I3Br3
monolayer is the z-axis. For Cr2I3Cl3, the negative contribution of
I-p as shown in Fig. 5h can counteract the positive contribution of
Cl-p as shown in Fig. 5i, which thoroughly leads to a net negative
MAE of −1.23meV/unit cell with x-axis as an easy axis. For Cr2I3F3,
the MAE is mainly dominated by I-p orbitals with hybridization
between px and py, and the contributions of Cr-d and F-p orbitals
are tiny, which leads to a net negative MAE of −10.45meV/unit
cell with x-axis as an easy axis. That is to say that the vibration of
MAE is dominated by halogen atoms instead of transition metal
Cr51, and the value of ΔEMAE declines from positive to negative
with different halogen atoms following the sequence of
Cr2I6 > Cr2I3Br3 > Cr2I3Cl3 > Cr2I3F3.
In Janus Cr2I3Y3 systems, Y layers can induce the inversion

symmetry, which leads to vertical EP. To uncover if there is any
relationship between MAE and EP, we put emphasis on MAE with
arbitrary spin orientations on xz- and yz-plane and the synergetic
evolutions of EP as shown in Fig. 654. For comparison, MAE with
spin orientations for different angles within yz- and zx-planes for
Cr2I6 monolayers is firstly investigated, as shown in Fig. 6a, b,
respectively. The reference plane where the 2D plane of the

material lies is taken as xy-plane while the other two planes are
taken as vertical yz- and zx-plane as illustrated in Supplementary
Fig. 1d. As for Cr2I6, the smallest MAE value occurs when the spin
orientation is along z direction as shown in Fig. 6a, b. Since the
inversion symmetry is preserved, there is no intrinsic EP in Cr2I6
monolayer with the vibration of dipole being 0mD. Contrarily, for
CrI3Cl3, the MAE value of z direction shown in Fig. 6c, e is
enhanced to be 1.2meV, and the smallest MAE value occurs with
spin orientations along x/y directions. For spin orientations with
different rotation angles in MAE, the corresponding dipole
moments regarding EP are also investigated. Taking Cr2I3Cl3 as
an example, the dipole moments along the z-axis with respect to
spin orientations in yz- and zx-planes are shown in Fig. 6d, f.
Noting that parameter DY¼Cl

0 (about 0.94 D) in ordinate represents
the minimum value of EP. As expected, there is the same period
variation between MAE and EP of 2D Janus Cr2I3Y3 related to the
spin orientations. Besides, the relation of MAE and EP with spin
orientations within vertical planes for Cr2I3Br3 and Cr2I3F3 are
shown in Supplementary Fig. 5 and Supplementary Fig. 4
respectively. We can conclude that the variations of the dipole
with spin orientations from z-axis to x/y-axis (DðMx=yÞ � DðMzÞ) are
0, −2.3, −3.5, and −10.8mD for Cr2I6, Cr2I3Br3, Cr2I3Cl3, and Cr2I3F3,
respectively, while the value of ΔEMAE from z-axis to x/y-axis
(EðMx=yÞ � EðMzÞ) are 1.79, 0.05, −1.23, and −10.45meV for Cr2I6,

Fig. 4 The electrostatic potential and the charge redistribution. a, d The electrostatic potential of (a) Cr2I6, (b) Cr2I3Br3, (c) CrI3Cl3 and (d)
Cr2I3F3 monolayer. The side views of corresponding structures are inserted in accordance with electrostatic potentials. The electrostatic
potential difference ΔV between the upper and lower halogen elements are indicated in red arrows between the dotted extension line and
black line of vacuum level, specific values are listed in red as well. Orange arrows and numbers represent the charge redistribution from Cr
atom to the surface atom.
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Cr2I3Br3, Cr2I3Cl3, and Cr2I3F3, respectively, Thus, we speculate that
the relative MAE within the spin orientation perpendicular to the
xy-plane (e.g. along z direction) can be triggered by the vertical EP,
which originates from vertical inversion symmetry breaking. These
facts also indicate that the magnitude of the electric dipole
moment of 2D Janus Cr2I3Y3 can be finely tuned by operating spin
orientations. Our results show the inherent relationship between
magnetism and polarity in the Janus Cr2I3Cl3 structures. Fine-
tuned MAE is one of the pivotal parameters for magnetic
information storage and modern information data recording and
processing. It is of great value to explore the quantitative

relationship between MAE and EP in Janus Cr2I3Y3 systems, which
can open a new way to achieve bitunable magnetism/polarity
behavior for the new generation of spintronic devices.
Another fact is the converse ME regulation from EP to magnetism,

and we demonstrate that the magnetic states can be tuned by
changing the strength of EP in Janus Cr2I3Y3 systems. The strength
of perpendicular electric dipole in 2D Janus Cr2I3Y3 is mainly derived
from the distance between positive and negative charge centers.
The electrostatic potentials in Fig. 4 show that the capability of
capturing electrons is imbalanced on different halogen layers.
Hence, the magnitude of the electric dipole moment in Cr2I3Y3 is

Fig. 5 Orbital-resolved MAE. Orbital-resolved MAE of Cr-d orbitals and halogen-p orbitals (I, Cl, Br, and F) in Cr2I6 and Janus monolayers.
Orbitals of Cr2I6 monolayer: a Cr-d orbitals, b up-layer I-p orbitals, c down-layer I-p orbitals; Orbitals of Cr2I3Br3 monolayer: d Cr-d orbitals,
e I-p orbitals, f Br-p orbitals; Orbitals of Cr2I3Cl3: g Cr-d orbitals, h I-p orbitals, i Cl-p orbitals; Orbitals of Cr2I3F3 monolayer: j Cr-d orbitals, k I-p
orbitals, l F-p orbitals.
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related to the spacing distance between I and Y atomic layers,
and the vertical variation of the spacing can therefore be
straightforwardly characterized by the parameter.εd, defined as
εd ¼ ðdz � dÞ=d ´ 100%, where dz represents the tunable perpen-
dicular distance between the layer of I and Y atoms while d
represents the special case of dz for fully optimized equilibrium
geometry of Cr2I3Y3. It is worth mentioning that the intralayer
spacing of transition metal compound monolayers can be
modulated experimentally under high pressure using an energy
dispersive synchrotron X-ray diffraction method55,56. Besides, 2D
materials with good mechanical properties can sustain higher

critical strains than three-dimensional counterparts57,58. In-plane
strain is one of the general approaches to regulate the structure and
therefore the electronic properties of a material. When in-plane
strain is applied to normal and auxetic 2D materials, an opposite
change is also produced in the longitudinal direction of the material,
namely, the material also undergoes a vertical strain58. We find that
the total energy of the Cr2I3Y3 system which shows a quadratic
polynomial with dz, and the lowest energy point locates at d.
Furthermore, we systematically investigate the EP dipole moment,
magnetic moment, band gaps, and ground states transitions related
to εd as shown in Fig. 7. Our study shows that the dipole moment

Fig. 6 The coupling between the EP dipole moment and MAE with spin rotation. MAE of Cr2I6 monolayer and Janus Cr2I3Cl3 with spin
orientations for different rotation angles within (a, c) yz-plane, and (b, e) zx-plane, respectively. The corresponding electric dipole moment
along the z direction of Janus Cr2I3Cl3 for spin orientations in (d) yz-plane, and (f) zx-plane. The horizontal coordinate-axis refers to rotating
angles of spin orientations with an interval of 15° starting from z-axis. Insets in (a, b, c, and e) are MAE corresponding to spin orientations in
polar coordinates, and insets in (d and f) are dipole moments along the z direction corresponding to spin orientations in polar coordinates.
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from EP is attributed to misaligned charge centers from different
halogen layers and has a direct linear relation with the distance
between I and Y layers as shown in Fig. 7a, d, g. In this case, we
intend to study how the change of EP can affect the magnetic and
electronic properties, and the most direct way to tune EP is to
change the distance between I and Y layers. Thus, to make the
physical mechanism easier to understand, a large range of vertical
strain is applied theoretically to make sure that EP can be linearly
tuned within a sizable range. Besides, an external electric field can
also tune the vertical EP of 2D materials in an effective way59, which
can be an alternative approach to study the interplay between EP
and MAE and need to be systematically investigated further.
Interestingly, a magnetic phase transition from FM to AFM order
occurs under proper vertical strain εd. Since the magnetic moment is
dominated by Cr-3d orbitals and the intralayer spacing between Cr
atoms remains the same, we deduce that the magnetic phase
transition is totally triggered by perpendicular EP. As a result, the
linear descent of the electric dipole moment is accompanied by a
decrease in the magnetic moment MCr as shown in Fig. 7b, e, h.
From the relations of εd-P and εd-MCr, we can deduce a monotonic
relation between magnetism and polarity, and reach the conclusion
that magnetism features including magnetic moment and magnetic
phase can be finely tuned by EP. In addition, the plot of band gap
Eg versus εd shown in Fig. 7c, f, i indicates that the semiconducting
feature of Janus Cr2I3Y3 can be maintained within a large range of εd.

It is worth mentioning that the direct evidence of the response
between magnetism and electric polarity (e.g. ME effect) is the ME
susceptibility. Our results show that the simultaneous breaking of
space inversion symmetry and time reversal symmetry in Janus
Cr2I3Y3 systems may allow them to exhibit the linear response, in
which an electric field can induce a magnetization and a
magnetization field can induce an EP. This phenomenon can be
quantitatively revealed by using Monte Carlo simulations in analysis
of the ME susceptibility expressed in terms of spin correlation
functions, which needs to be systematically investigated further60,61.
In summary, the structural, electric and magnetic properties of

Janus Cr2I3Y3 (Y= F, Cl, or Br) system with intrinsic magnetism and EP
are studied based on first principles calculation. Cr2I3Y3 are found to
be FM semiconductors with vertical EP due to asymmetric halogen
atomic layers. The bitunable behaviors between magnetism and EP
are systematically investigated. The vertical EP can be periodically
tuned by rotating orientation of magnetic moment within out-of-
planes of Cr2I3Y3 with FM ground states which indicate that there are
direct couplings between EP and MAE. We demonstrate that the
magnitude of the out-of-plane MAE is obviously distinguished from
the in-plane one. Interestingly, magnetic properties including phase
transition of magnetic ground states and magnitude of magnetic
moments can be tuned by manually manipulating vertical EP at the
same time, which can be achieved by introducing vertical strain εd
between two halogen atomic layers. We reveal the quantitative

Fig. 7 Vertical strain effects. The EP dipole moment with respect to vertical spacing variation εd for (a) Cr2I3F3, (d) Cr2I3Cl3, and (g) Cr2I3Br3.
The Magnetic moments per Cr atom with respect to vertical spacing variation εd for (b) Cr2I3F3, (e) Cr2I3Cl3, and (h) Cr2I3Br3. The band gaps
concerning vertical spacing variation εd for (c) Cr2I3F3, (f) Cr2I3Cl3, and (i) Cr2I3Br3. The transitions between different phases are labeled
differently, e.g., orange, blue, and yellow blocks indicate FM conductor, FM semiconductor, and AFM semiconductor phases, respectively.
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relationship between magnetism and EP in Janus Cr2I3Y3 systems,
which can open a new way to achieve bitunable magnetism/polarity
behavior for the new generation of spintronic devices. In the
demand of low-power spintronic memories and logic devices, it is
quite desirable to control the magnetic orientations or to turn on and
off magnetism by purely electrical approach. For this purpose, one
can use the Cr2I3Y3 Janus systems with intrinsic magnetism/polarity
behaviors to control the magnetic states by EP through the cross
coupling of the two intrinsic orders.

METHODS
Density functional theory calculations
Based on density functional theory (DFT), first principles calculations
are used for the research of 2D Janus Cr2I3Y3 monolayer. The
structure relaxations and the state-energy calculations are performed
by the projector augmented wave (PAW) method in the Vienna ab
initio simulation package (VASP)62,63. And the corresponding
exchange-correlation function is approximated by the Perdew
−Burke−Ernzerhof (PBE) parametrization within the generalized
gradient approximation (GGA)64. To describe the strongly correlated
correction of Cr-3d electrons, GGA+U (U= 3 eV) method65 is
employed after referencing the previous study on the electronic
properties of Cr-based CrX3 (X= I, Br, Cl)29,30 and Janus research in
CrTeI, CrSeBr36, and the magnetic properties in the parent structure
of Cr2I6 are able to fit well with experimental findings17. Besides, by
testing the electronic and magnetic properties for Cr2I3Y3 with U of
2.5, 3.0, and 3.5 eV for Cr-3d electrons, the main conclusions on
magnetism/polar behaviors will not be affected. Thus, the same U
parameter for Cr-3d electrons of the Janus systems is chosen for
better comparison. The spin-orbit coupling (SOC) effect is also
incorporated into the calculation (if it is not mentioned separately)
for the existence of heavy element iodine. The cutoff energy of the
plane-wave is set to be 500 eV to ensure the relative accuracy of
truncation, while the convergence criteria of the force and the
energy are set to be−0.01 eV Å−1 and 10−6 eV, respectively. k-points
mesh is set to be 13 × 13 × 1 in the unit cell of 2D Janus Cr2I3Y3
monolayer’s energy calculation. Namely, the 2D Brillouin zone
integration is done with a k-mesh density66 of 70/a, where a is the
lattice constant in the unit of Å. Calculations of MAE require higher
accuracy, and, especially, a denser k mesh to sample the reciprocal
space. For MAE calculations, a denser grid of 30 × 30 × 1 is used to
sample the Brillouin zone. The MAE is defined as the variation in the
total energy as the magnetization takes different orientations. Thus,
we calculate MAE in Janus Cr2I3Y3 monolayer which represents the
energy difference between different spin orientations in the same
structure which can be achieved by tuning the spin component in all
directions to distinguish the angle. Consequently, the MAE can be
expressed as ΔEMAE ¼ E Mið Þ � E Mj

� �
, where Mi and Mj indicate the

magnetization along specific axes i and j, respectively. A vacuum of
more than 20 Å is added to the normal axis to avoid interlayer
interactions according to the principle of VASP. By setting the center
of mass as the reference point, the Berry phase expressions with
dipole correction are also used to calculate the dipole of the 2D
Janus system.

Band structure and density of states calculations
We obtain the electronic band structure, the density of states
(DOS), and magnetic properties with a more accurate location of
the Fermi level by using a tetrahedron method with Blöchl
corrections in the self-consistency step.

Phonon spectra and Ab initio molecular dynamics simulations
To evaluate the thermal stability of the 2D Janus Cr2I3Y3 structure,
free energies as a function of time are obtained by ab initio molecular
dynamics (AIMD) simulations, which provide a way of calculating

material properties at finite temperatures67. And the phonon spectra
is calculated by using the DFPT method with phonopy package68.

DATA AVAILABILITY
The authors declare that the data supporting the findings of this study are available
within the paper and its supplementary information files.

CODE AVAILABILITY
The central codes used in this paper are VASP. Detailed information related to the
license and user guide are available at https://www.vasp.at.

Received: 16 January 2022; Accepted: 27 September 2022;

REFERENCES
1. Novoselov, K. S. et al. Electric field effect in atomically thin carbon films. Science

306, 666–669 (2004).
2. Burch, K. S., Mandrus, D. & Park, J. G. Magnetism in two-dimensional van der

Waals materials. Nature 563, 47–52 (2018).
3. Gong, C. & Zhang, X. Two-dimensional magnetic crystals and emergent hetero-

structure devices. Science 363, eaav4450 (2019).
4. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics

and optoelectronics of two-dimensional transition metal dichalcogenides. Nat.
Nanotechnol. 7, 699–712 (2012).

5. Li, X., Dai, Y., Ma, Y., Liu, Q. & Huang, B. Intriguing electronic properties of two-
dimensional MoS2/TM2CO2 (TM= Ti, Zr, or Hf) hetero-bilayers: type-II semi-
conductors with tunable band gaps. Nanotechnology 26, 135703 (2015).

6. Chen, J. & Dong, S. Manipulation of magnetic domain walls by ferroelectric
switching: dynamic magnetoelectricity at the nanoscale. Phys. Rev. Lett. 126,
117603 (2021).

7. Li, X. R. et al. Noncollinear frustrated antiferromagnetic Mn3P monolayer and its
tunability via a spin degree of freedom. J. Mater. Chem. C. 8, 11369–11375 (2020).

8. Ke, C. M. et al. Tuning the electronic, optical, and magnetic properties of
monolayer GaSe with a vertical electric field. Phys. Rev. Appl. 9, 044029 (2018).

9. Balandin, A. A. et al. Superior thermal conductivity of single-layer graphene. Nano
Lett. 8, 902–907 (2008).

10. Banszerus, L. et al. Ultrahigh-mobility graphene devices from chemical vapor
deposition on reusable copper. Sci. Adv. 1, e1500222 (2015).

11. Jang, H. et al. Graphene-based flexible and stretchable electronics. Adv. Mater. 28,
4184–4202 (2016).

12. Li, X., Dai, Y., Ma, Y., Han, S. & Huang, B. Graphene/g-C3N4 bilayer: considerable
band gap opening and effective band structure engineering. Phys. Chem. Chem.
Phys. 16, 4230–4235 (2014).

13. Liu, M.-Y., Gong, L., He, Y. & Cao, C. Intraband Lifshitz transition and Stoner
ferromagnetism in Janus PA2As (A = Si, Ge, Sn, and Pb) monolayers. Phys. Rev. B.
104, 035409 (2021).

14. Zhang, L. et al. Recent advances in emerging Janus two-dimensional materials: from
fundamental physics to device applications. J. Mater. Chem. A 8, 8813–8830 (2020).

15. Mermin, N. D. & Wagner, H. Absence of ferromagnetism or antiferromagnetism in
one- or 2-dimensional isotropic Heisenberg Models. Phys. Rev. Lett. 17, 1133–113
(1966).

16. Zhang, W. B., Qu, Q., Zhu, P. & Lam, C. H. Robust intrinsic ferromagnetism and half
semiconductivity in stable two-dimensional single-layer chromium trihalides. J.
Mater. Chem. C. 3, 12457–12468 (2015).

17. Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal down
to the monolayer limit. Nature 546, 270–273 (2017).

18. Gong, C. et al. Discovery of intrinsic ferromagnetism in two-dimensional van der
Waals crystals. Nature 546, 265–269 (2017).

19. Fiebig, M. Revival of the magnetoelectric effect. J. Phys. D. Appl. Phys. 38,
R123–R152 (2005).

20. Eerenstein, W., Mathur, N. D. & Scott, J. F. Multiferroic and magnetoelectric
materials. Nature 442, 759–765 (2006).

21. Velev, J. P. et al. Magnetic tunnel junctions with ferroelectric barriers: prediction
of four resistance States from first principles. Nano Lett. 9, 427–432 (2009).

22. Yao, Y. P. et al. Multi-state resistive switching memory with secure information
storage in Au/BiFe0.95Mn0.05O3/La5/8Ca3/8MnO3 heterostructure. Appl. Phys. Lett.
100, 193504 (2012).

23. Yang, Q., Xiong, W., Zhu, L., Gao, G. & Wu, M. Chemically functionalized phos-
phorene: two-dimensional multiferroics with vertical polarization and mobile
magnetism. J. Am. Chem. Soc. 139, 11506–11512 (2017).

Z. Sun et al.

10

npj 2D Materials and Applications (2022)    69 Published in partnership with FCT NOVA with the support of E-MRS

https://www.vasp.at


24. Zhang, J. J. et al. Type-II multiferroic Hf2VC2F2 MXene monolayer with high
transition temperature. J. Am. Chem. Soc. 140, 9768–9773 (2018).

25. Tang, X. et al. Tuning magnetism of metal porphyrazine molecules by a ferro-
electric In2Se3 monolayer. ACS Appl. Mater. Interfaces 12, 39561–39566 (2020).

26. Heron, J. T., Schlom, D. G. & Ramesh, R. Electric field control of magnetism using
BiFeO3-based heterostructures. Appl. Phys. Rev. 1, 021303 (2014).

27. Spaldin, N. A., Cheong, S. W. & Ramesh, R. Multiferroics: past, present, and future.
Phys. Today 63, 38–43 (2010).

28. Rondinelli, J. M., Eidelson, A. S. & Spaldin, N. A. Non-d0Mn-driven ferroelectricity
in antiferromagnetic BaMnO3. Phys. Rev. B 79, 205119 (2009).

29. Huang, C. et al. Prediction of intrinsic ferromagnetic ferroelectricity in a transition-
metal halide monolayer. Phys. Rev. Lett. 120, 147601 (2018).

30. Webster, L. & Yan, J. A. Strain-tunable magnetic anisotropy in monolayer CrCl3,
CrBr3, and CrI3. Phys. Rev. B 98, 144411 (2018).

31. Kezilebieke, S. et al. Electronic and magnetic characterization of epitaxial CrBr3
monolayers on a superconducting substrate. Adv. Mater. 33, e2006850 (2021).

32. Xu, M. et al. Electrical control of magnetic phase transition in a type-I multiferroic
double-metal trihalide monolayer. Phys. Rev. Lett. 124, 067602 (2020).

33. Tan, H. et al. Two-dimensional ferromagnetic-ferroelectric multiferroics in viola-
tion of the d0 rule. Phys. Rev. B 99, 195434 (2019).

34. Qi, S., Jiang, J., Wang, X. & Mi, W. Valley polarization, magnetic anisotropy and
Dzyaloshinskii-Moriya interaction of two-dimensional graphene/Janus 2H-VSeX
(X = S, Te) heterostructures. Carbon 174, 540–555 (2021).

35. Cheng, Y. C., Zhu, Z. Y., Tahir, M. & Schwingenschlogl, U. Spin-orbit-induced spin
splittings in polar transition metal dichalcogenide monolayers. Europhys. Lett.
102, 57001 (2013).

36. Xiao, W. Z., Xu, L., Xiao, G., Wang, L. L. & Dai, X. Y. Two-dimensional hexagonal
chromium chalco-halides with large vertical piezoelectricity, high-temperature
ferromagnetism, and high magnetic anisotropy. Phys. Chem. Chem. Phys. 22,
14503–14513 (2020).

37. Li, R., Cheng, Y. & Huang, W. Recent progress of Janus 2D transition metal
chalcogenides: from theory to experiments. Small 14, e1802091 (2018).

38. Guo, S. D., Guo, X. S., Cai, X. X., Mu, W. Q. & Ren, W. C. Intrinsic piezoelectric
ferromagnetism with large out-of-plane piezoelectric response in Janus mono-
layer CrBr1.5I1.5. J. Appl. Phys. 129, 214301 (2021).

39. Zhang, C., Nie, Y., Sanvito, S. & Du, A. First-principles prediction of a room-
temperature ferromagnetic Janus VSSe monolayer with piezoelectricity, ferroe-
lasticity, and large valley polarization. Nano Lett. 19, 1366–1370 (2019).

40. Zhang, F., Mi, W. & Wang, X. Spin‐dependent electronic structure and magnetic
anisotropy of 2D ferromagnetic Janus Cr2I3X3 (X = Br, Cl) monolayers. Adv.
Electron. Mater. 6, 1900778 (2019).

41. Zhang, J. et al. Janus monolayer transition-metal dichalcogenides. ACS Nano 11,
8192–8198 (2017).

42. Lu, A. Y. et al. Janus monolayers of transition metal dichalcogenides. Nat.
Nanotechnol. 12, 744–749 (2017).

43. Trivedi, D. B. et al. Room-temperature synthesis of 2D Janus crystals and their
heterostructures. Adv. Mater. 32, e2006320 (2020).

44. Li, H. et al. Anomalous behavior of 2D Janus excitonic layers under extreme
pressures. Adv. Mater. 32, e2002401 (2020).

45. Xing, W. Y. et al. Electric field effect in multilayer Cr2Ge2Te6: a ferromagnetic 2D
material. 2D Mater. 4, 1900778 (2017).

46. Goodenough, J. B. Theory of the role of covalence in the Perovskite-Type Man-
ganites [La, M(II)] Mn O3. Phys. Rev. 100, 564–573 (1955).

47. Kanamori, J. Superexchange interaction and symmetry properties of electron
orbitals. J. Phys. Chem. Solids 10, 87–98 (1959).

48. Anderson, P. W. Antiferromagnetism - theory of superexchange interaction. Phys.
Rev. 79, 350–356 (1950).

49. Lado, J. L. & Fernández-Rossier, J. On the origin of magnetic anisotropy in two
dimensional CrI3. 2D Mater. 4, 035002 (2017).

50. Chen, L. B. et al. Topological spin excitations in honeycomb ferromagnet CrI3.
Phys. Rev. X 8, 041028 (2018).

51. Tartaglia, T. A. et al. Accessing new magnetic regimes by tuning the ligand spin-
orbit coupling in van der Waals magnets. Sci. Adv. 6, eabb9379 (2020).

52. Torelli, D. & Olsen, T. Calculating critical temperatures for ferromagnetic order in
two-dimensional materials. 2D Mater. 6, 015028 (2019).

53. Wang, D., Wu, R. & Freeman, A. J. First-principles theory of surface magnetocrys-
talline anisotropy and the diatomic-pair model. Phys. Rev. B 47, 14932–14947 (1993).

54. Zhang, Z. Y., Gao, Q., Liu, C. C., Zhang, H. B. & Yao, Y. G. Magnetization-direction
tunable nodal-line and Weyl phases. Phys. Rev. B 98 (2018).

55. Aksoy, R. et al. X-ray diffraction study of molybdenum disulfide to 38.8GPa. J.
Phys. Chem. Solids 67, 1914–1917 (2006).

56. Dang, K. Q., Simpson, J. P. & Spearot, D. E. Phase transformation in monolayer
molybdenum disulphide (MoS2) under tension predicted by molecular dynamics
simulations. Scr. Mate 76, 41–44 (2014).

57. Akinwande, D. et al. A review on mechanics and mechanical properties of 2D
materials-Graphene and beyond. Extrem. Mech. Lett. 13, 42–77 (2017).

58. Ma, F. X. et al. Half-Auxeticity and anisotropic transport in Pd decorated two-
dimensional Boron sheets. Nano Lett. 21, 2356–2362 (2021).

59. Rivera, P. et al. Observation of long-lived interlayer excitons in monolayer MoSe2-
WSe2 heterostructures. Nat. Commun. 6, 6242 (2015).

60. Mostovoy, M., Scaramucci, A., Spaldin, N. A. & Delaney, K. T. Temperature-dependent
magnetoelectric effect from first principles. Phys. Rev. Lett. 105, 087202 (2010).

61. Thole, F. & Spaldin, N. A. Magnetoelectric multipoles in metals. Philos. T. R. Soc. A
376, 20170450 (2018).

62. Kresse, G. & Furthmuller, J. Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

63. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758–1775 (1999).

64. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

65. Rohrbach, A., Hafner, J. & Kresse, G. Electronic correlation effects in transition-
metal sulfides. J. Phys. Condens. Mat. 15, 979–996 (2003).

66. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations. Phys.
Rev. B 13, 5188–5192 (1976).

67. Togo, A., Oba, F. & Tanaka, I. First-principles calculations of the ferroelastic
transition between rutile-type and CaCl2-type SiO2 at high pressures. Phys. Rev. B
78, 134106 (2008).

68. Gonze, X. & Lee, C. Dynamical matrices, Born effective charges, dielectric per-
mittivity tensors, and interatomic force constants from density-functional per-
turbation theory. Phys. Rev. B 55, 10355–10368 (1997).

ACKNOWLEDGEMENTS
This work was supported by National Natural Science Foundation of China
(No. 12104321), Guangdong Basic and Applied Basic Research Foundation (No.
2019A1515110210); Shenzhen Science and Technology Program (Grant No.
RCBS20200714114818341); and the Natural Science Foundation of Shenzhen (Grant
No. JCYJ20190808152801642).

AUTHOR CONTRIBUTIONS
Z.S., X.L., J.L., Y.W., H.G. and J.W. participated in designing and performing the study,
as well as writing the manuscript.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41699-022-00343-3.

Correspondence and requests for materials should be addressed to Xinru Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Z. Sun et al.

11

Published in partnership with FCT NOVA with the support of E-MRS npj 2D Materials and Applications (2022)    69 

https://doi.org/10.1038/s41699-022-00343-3
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Intrinsic bitunable magnetism/polarity behavior in 2D Janus Cr2I3Y3 (Y&#x02009;=&#x02009;F, Cl, or Br) systems
	Introduction
	Results and discussion
	Geometrical structures and stability
	Magnetic and electronic properties
	The charge redistribution analysis
	Bitunable magnetism/polarity behavior

	Methods
	Density functional theory calculations
	Band structure and density of states calculations
	Phonon spectra and Ab initio molecular dynamics simulations

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




