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Multiferroic monolayers VOX (X = Cl, Br, I): Tunable
ferromagnetism via charge doping and ferroelastic switching
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Ying-De Li(Z=J:f#), Kai Han(#4%), and Xiao-Le Qiu(Ilj# &4)*
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The fascinating properties arising from the interaction between different ferroic states of two-dimensional (2D) ma-
terials have inspired tremendous research interest in the past few years. Under the first-principles calculations, we predict
the coexistence of antiferromagnetic and ferroelastic states in VOX (X = Cl, Br, I) monolayers. The results illustrate that
the VOX monolayers exhibit indirect bandgap characteristics, i.e., their gaps decrease with the halide elements changing
from Cl to I. The ground states of all these VOX monolayers are antiferromagnetic (AFM) with the magnetic moments con-
tributed by the V 3d electrons. Furthermore, the magnetic ground state changing from AFM to ferromagnetism (FM) can be
realized by doping carriers. In addition, the moderate ferroelastic transition barrier and reversible switching signal ensure
their high performances of nonvolatile memory devices. Our findings not only offer an ideal platform for investigating the

multiferroic properties, but also provide candidate materials for potential applications in spintronics.

Keywords: antiferromagnetic, ferroelastic, carrier doping, multiferroic states

PACS: 77.55.Nv, 66.30.J—

1. Introduction

Recently, two-dimensional (2D) multiferroic materials
have attracted significant attention due to the rapid develop-

s.[1-31 Typically, more than two ferroic sce-

ment of nanodevice
narios of FM/AFM, ferroelectricity (FE), and ferroelasticity
(FA), are included in multiferroic materials. Such ferroic char-
acteristics can be obtained by polarization-switching, which
corresponds to the different orientate directions of magnetic
moments, electric dipole moments, and structural distortion,
respectively.[®”) Owing to the coupling effect of the ferroic
properties, great opportunities have been brought for applica-
tions in spintronics, data storage, and magnetic sensors. [8-13]
The 2D ferromagnetic materials have aroused enor-
mous research interest since the long-range magnetic order
in Crl3 monolayer and Cr,Ge,Teg bilayer have been ob-
served experimentally.l'*13] It is evidenced that 2D ferro-
magnetic materials possess potential applications in spintron-
ics and miniaturized devices due to the fully polarized cur-
rent and exotic properties arising from quantum confinement
effects. 10221 As for antiferromagnetic materials, there is nei-
ther net magnetic moment nor parasitic stray field, thereby
making them robust against perturbation of magnetic fields.
The inherent ultrahigh resonance frequency and the unique
spin-transport properties of AFM make it different from FM,
which leads to promising applications in antiferromagnetic

5.[7:23-231 To make better use of magnetic proper-

spintronic
ties, effective approaches have been adopted to achieve the

transition from FM to AFM, such as external strain, induc-
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ing a heterointerface, and carriers doping.[!8-20-26-28] There-
fore, tunable 2D magnetic-based multiferroic materials have
been investigated extensively. However, FM/AFM-FE multi-
ferroics are rarely reported by virtue of the well-known “d°

rule”.[29:30

I Conversely, the FA shows better compatibility
with magnetism because that does not require either break-
ing central-symmetry or partially filled d orbitals.31-3?! It thus
holds potential prospects for exploring the FA-based multi-
ferroics at a low dimensional level.[33341 Nevertheless, the
scarce researches of the 2D magnetic materials restricted the
development of AFM/FM-FA systems.[?>=371 Accordingly, by
integrating magnetism with ferroelastic characteristics in one
material would be ideal for investigating the magnetism-based
multiferroics.

In the present work, the coexistence of the AFM and
FA in the VOX monolayers is predicted by using the first-
principles calculations. The results demonstrate that the VOX
monolayers are indirect bandgap semiconductors. The ground
states of all these VOX monolayers are AFM with the mag-
netic moments contributed by the V 3d electrons. By doping
carriers, the magnetic ground state changing from AFM to FM
can be achieved. Furthermore, the moderate ferroelastic tran-
sition barrier and reversible switching signal ensure their high
performance of nonvolatile logic and memory devices. These
results unveil a desired platform of the VOX single layers, rais-
ing the prospects of developing 2D AFM-FA-based multifer-

roics.
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2. Computational methods

The first-principles calculations were carried out by us-
ing the density functional theory (DFT) as implemented in
the Vienna ab initio simulation package (VASP).!333° The
exchange—correlation interaction was described in the gener-
alized gradient approximation (GGA) within the framework
of Perdew, Burke, and Ernzerhof (PBE) functional.#%41] The
electron—ion interaction described by the projector augmented
wave (PAW) method was adopted.*”] Considering the pos-
sible effect of strongly correlated 3d electrons, we also per-
formed the spin-polar GGA+U calculations throughout the
study, and the on-site Coulomb term U for V was chosen to be

4341 The cut-off energy

1.3 eV according to previous work.!
was set to 500 eV in the calculations. The convergence crite-
ria for residual force and energy calculation on each atom were
set to 0.01 eV/A and 1073 eV, respectively. A vacuum space
of 20 A was employed to eliminate the interactions between
the adjacent periodical structures. The first Brillouin zone was
sampled with the Monkhorst—Pack mesh of 11 x 11 x 1 and
6 x 6 x 1 for the unitcell calculation and supercell calculation,
respectively. The ferroelastic transition barrier calculations
were carried out by using the climbing-image nudged elastic
band (CINEB) method[*! with the force convergence crite-
rion of 0.05 eV/A. Phonon spectrum calculation was obtained
based on the density functional perturbation theory (DFPT) as
implemented in the PHONOPY code. %1 A 4 x 4 x 1 supercell
and a 3 x 3 x 1 Monkhorst-Pack k-point mesh were used for
the phonon frequencies calculation.

3. Results and discussion

The fully optimized crystal structures of VOX (X = CI,
Br, I) are displayed in Fig. 1. It is a six-layer stacked struc-
ture with the stacked sequence of X—V-O-O-V-X along the
c direction (see Figs. 1(a) and 1(b)), the corresponding space
group is Pmmn. Moreover, each V atom is coordinated by four
O atoms and two X atoms, which leadsthe octahedral configu-
ration to be distorted strongly. The calculated lattice parame-
ters a and b, the nearest V-V distance d, V-O-V bond angle 6,
and magnetic moments p are listed in Table 1, which accord
with previous theoretical and experimental results.!!7-4347] Tt
can be found that the lattice constants increase with the halo-
gen element increasing from Table 1. It is attributed to the
fact that the atomic radius turns larger from CI atom to I atom.
The magnetism is contributed by 3d orbits of V atoms, and the
net magnetic moment is about 2 up in these VOX monolay-
ers, which is larger than those in their bulk counterparts. ]
To evaluate the bond characteristics of monolayer VOX, the
electron localization function (ELF) is exhibited in Fig. 1(d).
The strong electronic localization around halide and O atoms
indicates that both V-0 and V-X are ionic bonds.

Table 1. Calculated values of lattice parameters a and b, the nearest V-V
distance d, V-O-V bond angle 6, magnetic moments i, and bandgap E; by
using GGA+U method at PBE level.

ad) b@A) dA) 6C) wusN)  Eg@EV)
VOCI 3.80 3.32 3.15 99.16 1.839 0.88
VOBr 3.82 3.44 3.15 98.66 1.854 0.79
VOI 3.87 3.61 3.15 96.87 1.877 0.42

Table 2. Calculated values of energy of ferromagnetic and four typical
antiforromagnetic configurations of VOX (in unit eV).

VOCI VOBr VOI
M -162.4 -156.55 —149.55
AFM1 -162.58 -156.66 -149.6
AFM2 -162.27 -156.46 —149.48
AFM3 -162.46 -156.61 —149.58
AFM4 -162.46 -156.56 —-149.5

o .
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b ®$ ‘
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(X=cl, Br, Dl o

Fig. 1. (a) and (b) Side and (c) top view of the VOX (X = Cl, Br, I) monolay-
ers. Red, orange, and blue balls represent O, V, and halogen atoms, respec-
tively. In panel (c), d and 6 represent the nearest V-V distance and V-O-V
bond angle, respectively. (d) Electronic localization function (ELF) for VOX
monolayers.

Fig. 2. Four typical antiferromagnetic configurations of VOX monolay-
ers, with blue and red balls representing different spin directions.
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To find out the most stable configuration among these ma-
terials, we calculate the energy values of ferromagnetic and
four typical antiferromagnetic structures of VOX monolayers,
which are shown in Table 2 and Fig. 2. It can be obtained that
for all these three monolayers, the striped antiferromagnetic
state (AFM1) is the magnetic ground state structure, which
is in line with the previous research result.!'”l It should be
emphasized that despite the different stoichiometric ratios of
VOX and VOX, (X = Cl, Br, I), both of them are stable AFM
structures with the same AFM order.!**-3% Consequently, the
AFM1 state of each material was selected in the following cal-
culations. According to the ionic valence states, each O atom
should gain two electrons and each X atom should gain one
electron from the V atom. This trend of charge transfer from
V to O and X atoms can be observed in the charge density
difference as shown in Fig. 3. From this figure we can see

that the electrons around V atoms are depleted, while accumu-
lating near O and X atoms. Therefore, the electrons transfer
from V to O and X atoms, leading to the strong ionic bonding,
which is consistent with the result of the electron localization
function as depicted in Fig. 1(d).

(a) =

(=)

<.

C

Fig. 3. (a) Top and (b) side view of charge density difference of the
monolayer VOCL. The isosurface value is set to 0.01 e/A3, with yel-
low and cyan regions representing electron accumulation and depletion,
respectively.
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Fig. 4. Phonon spectrum of (a) VOCI, (b) VOB, and (c) VOI monolayers. Calculated spin-polarized band structures of (d) VOCI, (e) VOBr,

and (f) VOI monolayers at the PBE level, with Fermi level set to O eV.

The stability of monolayer VOX is investigated by per-
forming the phonon spectrum calculations, and the results are
shown in Figs. 4(a)—4(c). No imaginary frequencies are found
in the Brillouin zone, which implies that these monolayers are

dynamically stable. The band structures of VOX monolayers
based on the PBE level are plotted in Figs. 4(d)-4(f). The
corresponding values of bandgaps are listed in Table 1, from
which we can find that the bandgaps decrease as the halide

067701-3
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element changes from Cl to I. All of these monolayers are
semiconductors with indirect bandgap characteristics. Taking
monolayer VOCI for example, we further examine the relevant
density of states to obtain an in-depth insight into the elec-
tronic properties of VOX monolayers (see Fig. 5). The results
indicate that the CBM of monolayer VOCI is contributed by
V-3d,, orbits, while the VBM is predominantly from V-3d,,
orbits. The delocalized distribution of projected orbits ensures
its strong ionic characteristics, which in accordance with the
above discussion.

30
gDOS
2 20r Cl
g
[y}
< 10f
3
N 0
Z
% —10}
A ol —V_dpy—V_d.s —V_d,.
—V_dy-—V_dpe_y
—30 L L L !
—-0.8 —-04 0 0.4 0.8 1.2

Energy (eV)

Fig. 5. Total (gray) and atom-projected density of states of monolayer
VOCI, with Fermi level set to 0 eV.
Carrier doping is usually considered to be an effec-
tive method to improve the magnetic performance of 2D

(2651521 A5 shown in Fig. 6(a), we investigated the

materials.
effect of the magnetic characteristics by doping electrons and
holes in VOX monolayers. For the electron doping (the neg-
ative value of the carrier), it can be found that the exchange
energy AE increases gradually with the electron concentration
increasing for VOCI and VOBr, while VOI exhibits an oppo-
site trend. For the hole doping (the positive value of the car-
rier), the exchange energy AE increases gradually as the dop-
ing hole concentration is increased for all these three monolay-
ers. Furthermore, it suggests that increasing the doping carrier
concentration can lead the magnetic ground state to convert
from AFM into FM for VOCI and VOBr monolayers. As for
VOlI, it can be found that doping electrons (holes) can enhance
its AFM (FM) coupling. Since the competition between the
direct-exchange and super-exchange interaction is sensitive to
atomic separation and bond angles, it is of great importance to
confirm in depth the mechanism of ferromagnetic and antifer-
romagnetic coupling based on bond angles and bond lengths.
Here, taking VOCI for example, we consider V-O-V bond an-
gle 6 and V-V bond length d as a function of doped carrier per
atom to exhibit a comprehensive understanding of their mag-
netic properties (see Fig. 6(b)). We can see that with the in-
crease of doping carrier concentration, the direct exchange in-
teraction between the nearest neighboring V-V bond length is
gradually elongated, which weakens its AFM of VOCI mono-
layer. On the contrary, the V-O-V bond angle 6 decreases
slightly around 90° with carrier concentration increasing, also
implying that the super-exchange interaction is FM under high

concentration doping according to Goodenough—Kanamori—
Anderson (GKA) rules.!53->%) Therefore, the magnetic ground
state changing from AFM to FM can be achieved with the car-
rier concentration increasing, which leads to a great potential
application in spintronic devices.
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Fig. 6. (a) Curves of exchange energy AE versus doped carriers per
atom for VOX. (b) Curves of V-O-V bond angle 6 and V-V bond
length d versus doped carriers per atom for VOCI.

Comparing with VOX, monolayers, the higher crystal
symmetry and smaller lattice mismatch make VOX struc-
ture possess potential applications in the area of ferroelastic
switching. To this end, the corresponding ferroelastic switch-
ing is studied through adopting the climbing image nudged
elastic band (CINEB) method, which allows only relaxing
atomic distance for each image when keeping the lattice pa-
rameters fixed. The initial state (IS) is equivalent to the final
state (FS) structure by rotating 90°, the fully optimized lat-
tice constants are shown in Table 1, from which we can find
that a > b of the monolayers. Reversible ferroelastic switch-
ing between IS and FS can be achieved by applying uniaxial
tensile strain along the b axis. And the so-called paraelastic
state is a metastable transition state (TS) between the IS and
FS, which is simply a square lattice as shown in Fig. 7(a). The
corresponding lattice constants of the TS are a = b = 3.56 A,
3.63 A, and 3.74 A for VOCI, VOBr, and VOI monolay-
ers, respectively. To probe the metastable property of the TS
for these monolayers, the phonon dispersion calculations are
adopted in Fig. 8, which shows that all the phonon dispersions
exhibit imaginary frequencies in the Brillouin zone, suggest-
ing their instability of the intermediate states.
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Fig. 7. (a) Left and right columns represent top and side view of initial state (IS), transition state (TS), and final state (FS), respectively. Curves for
ferroelastic switching process versus step number of (b) VOCI, (¢) VOBT, and (d) VOI monolayers. The transition states are obtained by the CINEB method.
(e) Calculated V-O—V bond angle and exchange energy AE per unit cell of the paraelastic state.

20 25 20
@ g -
s I L—]
15F & & 20'0 L\’_‘L/'/ 15 k
NS NV =A== N g
:_:3 10 S 15t \f AN -
[ \E.'/ Z\ = 10
< ~ 7~ &
> o g o S :
NV RN ===
2o 7 7] £ spa £
LN T Egses
e U uUs : J
r X M r 'Y M *E’p X M } Y M I X M

Fig. 8. Calculated phonon spectra of (a) VOCI, (b) VOB, and (c) VOI monolayers for their paraelastic states.

According to the transformation matrix J obtained by
lattice parameters, the transformation barriers calculated
based on the Green-Lagrange tensor!*®! are 0.21 eV/atom,
0.16 eV/atom, and 0.17 eV/atom for VOCI, VOBr, and VOI
monolayers, respectively (see Figs. 7(b)-7(d)). The obtained
results are larger than those of phosphorene analogues,!!’]
InOX (X = Cl, Br) single-layers 571 and t-YN, 8! but smaller
than that of BP5s°°! and comparable to those of the candidate
ferroelastic 2D materials of CrSX,[°0] MnNX (X =F, Cl, Br,
I),[Gl] FeOOH,!”! and GaTeCL.[° Since the energy barriers
of the ferroelastic switching for the above-mentioned systems
are in a range of 0.8 meV/atom—320 meV/atom. We thus think
that the relatively moderate energy barriers of VOX systems
can ensure not only their ferroelastic stability, but also their
feasibility in realizing the ferroelastic switching experimen-
tally. Namely, the moderate energy barriers of VOX monolay-
ers demonstrate that the ferroelastic switching can be realized
in these materials and resist against the perturbations of exter-
nal energy. Beside the energy barriers, the reversible switching

signal [ = (b/a— 1) x 100%] is another crucial criterion for
evaluating ferroelastic performance. According to the lattice
constant listed in Table 1, the corresponding switching signals
calculated for VOCI, VOBr, and VOI monolayers are 14.5%,
11%, and 7.2%, respectively. Such results unveil that the SL
VOX will exhibit a powerful switching signal due to the fact
that the typical ferroelastic materials usually have a reversible
strain ranging from 0.5% to 3%.!931 For practical applications,
the longer and shorter lattices will be reversed frequently in
the FA-based nanodevices. Consequently, the relatively small
reversible strain of VOX monolayers will lead the ferroelastic
switching to be more realizable in experiments than phospho-
rene (37.9%)13! and BPs (41.4%).°°1 Furthermore, we also
find that the FM of the paraelastic state is gradually enhanced
with the nearest V-O-V angle decreasing, which is consistent
with the GKA rule (see Fig. 7(e)). Considering that the ground
states of VOCI and VOBr monolayers are AFM, it thus sug-
gests that the FM can be self-regulated by their FA.

067701-5



Chin. Phys. B 32, 067701 (2023)

4. Conclusions

In summary, our first-principles computations show that
VOX monolayers are stable multiferroic materials with an-
tiferromagneticity coupling FA. The corresponding magnetic
moments are contributed by V 3d electrons. By doping car-
riers, the magnetic ground state changing from AFM to FM
can be realized. Furthermore, the moderate ferroelastic tran-
sition barrier and reversible switching signal ensure their high
performance of nonvolatile logic and memory devices. In ad-
dition, the paraelastic states of VOCI monolayer and VOBr
monolayer show the ferromagnetic ground state, suggesting
that the FM can be self-regulated by their ferroelastic perfor-
mance. The multiferroic states of the VOX monolayers not
only offer a promising platform for studying the multiferroic
effects, but also bring the potential application in spintronics.
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