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Geometric frustrated kagome systems can show complex and exotic magnetic properties. We theoreti-
cally predict ways in which these can be manipulated in two-dimensional (2D) multiferroic materials from
first-principles density functional theory calculations. We propose that Tiz;Xg (X = Br or I) compounds are
shown to form 2D intrinsic semiconductors with breathing kagome lattices containing coexisting ferroelec-
tric (FE) and ferromagnetic ordering. Inside the lattice, Ti atoms distort from high-symmetry locations to
produce trimers with shorter interatomic distances that form the basis of local cluster magnets. Lattice
breathing interchanges trimer patterns, switching the direction of out-of-plane FE polarization while simul-
taneously rearranging the interactions between the cluster magnets. FE switching of the monolayer Ti;Xs,
which is concomitant with the direction reversal of the vector of the Dzyaloshinskii-Moriya interaction, is
feasible to be manipulated by the application of out-of-plane electric fields. Through the interlayer inter-
action, the coupling of FE and magnetism is achieved in bilayer Tizls. The magnetic configurations are
transformed between interlayer ferromagnetism and antiferromagnetism by switching the FE polarization
directions of bilayer TiszIg. Our findings expand the arena for realizing 2D multiferroics and magnetoelectric

effect.
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I. INTRODUCTION

Quantum materials with two or more coexisting ferroic
orders, known as multiferroics, are promising candidates for
next-generation spintronic devices, owing to their rich and
functional properties [1-5]. The most attractive types of mul-
tiferroics for information-technology applications are those
made by combining ferroelectricity (FE) and ferromagnetism
(FM) either in single-phase structures or in heterostructures.
Indeed, controlling FM using an external electric field, or
controlling FE polarization using an external magnetic field,
may lead to applications of FM/FE multiferroics for memory
and logic devices. However, the mutually exclusive origin of
FM and FE makes multiferroics in single phase challenging.
The perovskite oxides BiFeO; and TbMnO; form three-
dimensional (3D) multiferroics that have been extensively
studied [6-11]. Some quasi-one-dimensional (1D) systems
with strong magnetoelectric coupling have also been studied
[12,13]. Due to more restrictions in ultrathin films, such as de-
polarization field, intrinsic two-dimensional (2D) multiferroic
materials were rarely discovered. Recently, breakthroughs
have been made in establishing both 2D FM and FE. For
instance, 2D FM was experimentally observed in the Crl; and
the Cr,Ge,Teg [14,15]. Moreover, 2D FE was also discov-
ered in atomic thick structures such as SnTe[16], CulnP,S¢
[16,17], and In,Se; [18,19]. These exciting progresses indi-

* .
renwei @shu.edu.cn

2469-9950/2021/104(6)/L060405(7)

L060405-1

cate the possibility of realizing experimentally intrinsic 2D
multiferroics.

The compound NaSr;V303;(GesO;3)Cl is a 3D material
with interesting electronic and magnetic properties [20]. Both
electric polarity and magnetism in this complicated solid
can be attributed to isolated internal V3O,3 units formed by
three edge-sharing distorted VOg octahedra. The same po-
lar structural units have also been observed in AM3Xg (A =
interstitial cations, M = transition metals, and X = anions)
compounds. Of particular significance is that, in the spin-%
LiZn,Mo30g system, analogous trimer cluster Mo3;Oy3 units
[see Fig. 1(a)] are connected with each other to form 2D
Mos0Og layers [21-25]. The trimeric cluster units are con-
nected, forming a “breathing” kagome lattice wherein the up
(A) and down (V) triangles are of different size, as shown in
Fig. 1(b). The size differential leads to local electric dipole
moments that are FE ordered. Also, the unpaired d electrons
on each Mo ion interact strongly within the smaller triangular
clusters, leading to net local magnetic moments associated
with each cluster. The process of “breathing” refers to vi-
brations or chemical reactions inside the 2D material that
interchange the smaller and larger clusters. This process will
clearly modulate both FE and FM properties of the 2D ma-
terial. Breathing kagome lattices of this type have also been
observed in van der Waals (vdW) layered Nbs;Xg (X = Cl, Br,
or I) material and in a low-temperature phase of the AM3Xg
compound Na,Ti;Clg [26-32].

These studies inspire us to explore 2D multiferroics by
searching and manipulating the pattern of the breathing

©2021 American Physical Society
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FIG. 1. (a) Perspective view of a Ti;Cl,3 (or Mo3Oy3, etc.) trimer cluster. (b) The top view of the breathing kagome network for monolayer
a- and o'-Ti3Clg. The unit cell is indicated with dashed lines, the Cl atoms on the top are in light green, and the bottom Cl atoms are in deep
green. (c) Perspective view of the monolayer TizClg. (d) Phonon dispersion spectrum for the o and o’ phases of monolayer Ti;Clg.

kagome lattice. Through first-principles density functional
theory calculations, we propose that monolayer titanium
halide TizXg (X = Br or I) presents spin-1 breathing kagome
magnetic clusters in a 2D multiferroic semiconductor with
coexisting FM and FE orders. FE is predicted to stem from
structural distortions caused by Ti-atom trimerization that
also influence magnetism; this makes it possible to control
magnetism by switching the FE polarization. The FE of
monolayer TizXg presents out-of-plane polarization that could
be reversed by a vertical electric field causing a “breathing”
configurational transformation in the kagome lattice, as
shown in Fig. 2. Our calculated magnetic moment is 2 g per
trimer cluster, and the ground state is predicted to be FM for
Ti3Brg and TisIg with an in-plane easy axis. Two unpaired d
electrons are predicted to be localized on the small trimers,
so the magnetic sites are displaced when the direction of FE
polarization is switched by an external electric field. These
electric and magnetic effects could be extremely useful for
stacking and controlling vdW structures, as they manipulate
interlayer interactions. Our results further show that, by
switching the FE polarization directions of bilayer TisIg, the
magnetic coupling between two layers can be transformed
with interlayer FM and AFM orders.

II. COMPUTATIONAL METHODS

Our calculations were carried out by using the Vienna ab
initio Simulation Package code (VASP) [33,34]. The gener-
alized gradient approximation (GGA) [35] was used for the

exchange-correlation functional of Perdew-Burke-Ernzerhof
(PBE) [36], and the HSEO6 hybrid functional [37,38] was
also used to check the band gaps. The projector augmented
wave method [39] was applied to describe the electron-ion
interaction. The kinetic-energy cutoff of the plane-wave ba-
sis was set to 600 eV, and a vacuum space of 20 A was
applied. The Monkhorst-Pack k mesh with 9 x 9 x 1 was
used for geometry relaxation, while 12 x 12 x 1 was used
for single-point energy calculations at these optimized geome-
tries. The vdW correction was considered in relaxation by
using the Tkatchenko-Scheffler method with iterative Hirsh-
feld partitioning [40—42]. Spin-orbit coupling was considered
in Dzyaloshinskii-Moriya interaction (DMI) calculations, and
the DMI strength was obtained by using a chirality-dependent
total energy difference approach [43—45]. Phonon calculations
were performed with a4 x 4 x 1 supercell and analyzed using
the PHONOPY package [46].

III. RESULTS AND DISCUSSION

A. Structures

Monolayer titanium halides TizXg (X = Cl, Br, or I) con-
sist of Ti3 X3 clusters connected at corners, as shown in Fig. 1
for Ti3Clg. Three edge-sharing distorted TiClg octahedra form
Ti-trimer clusters in which the Ti-Ti distances are slightly
shorter than those connecting to the clusters. In this way, the
structure forms a breathing kagome Ti-atom network com-
posed of smaller downward pointing equilateral triangles V
and bigger upward pointing equilateral triangles A. The effect
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FIG. 2. (a) Side and top views of ferroelectric (FE; o and o’ phases) and paraelectric (PE; 8 phase) structures. Ti atoms are in blue, and
Cl atoms are in green. The red dashed circles indicate the original ideal positions of the Ti atoms in the PE structure. The red and black
arrows (dots) on CI atoms indicate their upward and downward displacements with respect to Ti atoms. We also show the side-view electron
localization function (ELF) of the FE and PE structures (isosurface value of 0.7967 e/Bohr?). The asymmetric electron distribution along the
vertical direction indicates the electronic contribution to FE whose polar directions of the ionic and electronic parts are shown. (b) Top view
of the «-Ti;Clg and the tetrahedron structures formed by Cl atoms at the top/bottom apex sites and Ti atoms as triangular bases, for phase o
(FE) and phase B (PE). (c) The climbing image nudged elastic band (NEB) result of Ti;Clg for transition path from one FE state to the other
bistable state. Two FE states are illustrated by the top views of the breathing kagome networks with different breathing ratios A. The small
triangles represent Ti-trimer magnetic sites.

is quantified by the breathing ratio, defined as A = dV/dA, The calculated lattice constants, the side lengths of clus-
where dV(dA) is the side length of down (up) triangles ter triangles, and the breathing ratio parameters are listed in
[24]. The symmetrically equivalent phases are produced, one  Table I for the phase «. To check the structural stability of
named « in which A < 1, and the other named «’ for which these three Ti3Xg monolayers, we performed phonon calcula-
A =1/A. tions, as seen in Figs. 1(d) and S1 (see Supplemental Material

L060405-3



LL LIU, ZHAO, HU, AND REN

PHYSICAL REVIEW B 104, L060405 (2021)

TABLE I. The lattice constants, the lengths of cluster triangle sides, and the breathing ratios.

Compounds Lattice constants (A) dv(A) dAA) Breathing ratios A
«-TizClg a=b=06.792 2.996 3.797 0.789
«-Ti;Brg a=b=17.184 3.127 4.056 0.771
a-Tislg a=0b=".788 3.359 4.429 0.758

(SM) [47]). The phonon dispersion spectra show no imagi-
nary frequency over the whole Brillouin zone, demonstrating
that the 2D structures are predicted to form stable phases.
For A =1, the structure takes a high-symmetry form with
all equal Ti-Ti distances that the calculations identify as a
transition state for the breathing reaction with one imaginary
phonon frequency. This unstable paraelectric (PE) transition-
state structure is named phase f§; in related materials, it is
possible that this structure presents a stable phase, and indeed,
this has been reported for V;Clg [48].

B. FE

The structures of the FE phases (¢ and o') and PE
phase (B) of the TizXg compounds are shown in Fig. 2.
Their internal Ti3Cly3 trimeric cluster units are electrically
polarized, like the moiety V303 in the polar compound
NaSr,V3;03(Ges0O13)CI [20], with its dipole moment in the
a and o' phases originating from the distortion away from
the symmetric TiClg octahedra found in the PE phase. For
example, in ¢-TizClg, as illustrated in Fig. 2(a), the Ti atoms
move toward the Cl atoms of the top layer, resulting in the
distortion of octahedra and the breaking of the inversion sym-
metry. Thus, in contrast to the PE phase, there appear net
dipole moments in the vertical direction of FE phases.

To understand the origin of structural distortion from the
PE phase to an FE phase, we compared the different bond
lengths and angles [Fig. 2(b)] between the PE and FE struc-
tures of Ti3Clg. For the upward CITij tetrahedron of «, the
values of Ti-Ti distances, Ti-Cl-Ti angles, and Ti-Cl bond
lengths get smaller, like closing an umbrella. Alternatively,
for the downward CITi; tetrahedron, the changes are oppo-
site, like opening an umbrella. To explain such behavior, the
electron localization function (ELF) of the FE and PE phases
was calculated and shown in Fig. 2(a), where we focus on
changes to the electron density in the nonbonding region
of the chloride ions away from the Ti-Cl bonds. Electrons
deplete on the top side of Clg, making the angles of three
Ti-Cl bonds smaller, i.e., 75° in Fig. 2(b); on the other hand,
electrons accumulate under the bottom side of Cly with the
bigger angle between the three Ti-Cl bonds (95°). Hence, the
electric polarization develops in the direction perpendicular to
the layer.

The values of polarization are evaluated using the Berry
phase method [49,50], and they are 0.016, 0.018, and 0.019
eA for Ti3Clg, TisBrg, and Tisls, respectively, as listed in
Table S1 in the SM [47]. By using the climbing image nudged
elastic band (NEB) method [51], we studied the transition
path between the two FE states, as shown in Fig. 2(c). The
energy barriers of FE direction switching are calculated to be,

respectively, 0.40, 0.44, and 0.32 eV per unit cell for TizClg,
Ti3Brg, and Tl';lg

C. Magnetism

In transition-metal compounds, magnetism usually origi-
nates from partially occupied d orbitals, which goes against
a traditional requirement of FE for empty d orbitals in per-
ovskites. In TizXg monolayers, the trimerization of Ti atoms
induces FE, and the partially occupied d orbitals of Ti in
Ti3 X3 trimer clusters introduce the coexistence of magnetism.
The interactions between the Ti atoms in each trimer are so
strong that it is not beneficial to assign magnetic moments
to each individual atom, and in the following discussion,
each Ti-trimer will be considered as one magnetic site. To
determine the magnetic ground state, we calculated exchange
parameters Ji, J», and J3 using FM and three antiferromag-
netic (AFM) configurations, shown in Fig. S2(a) in the SM
[47]. In Table II, all J values of Ti3Brg and TisIg are positive
values, which imply a FM ground state, while TizClg shows
an AFM ground state with negative J values. The estimated
Tc results of TizBrg and Tizlg by Monte Carlo simulations
are 21 and 43 K, respectively, as shown in Fig. S3 in the
SM [47]. The magnetic moments of the monolayer TizXg
are about 2 upg per trimer. The calculations of the magnetic
anisotropy energy show that this system has an in-plane easy
axis. Furthermore, these three monolayers are all found to be
semiconductors (band structures of FM state are shown in
Fig. S4 in the SM [47]), and the GGA-PBE (HSE06) band
gaps are 0.37, 0.35, and 0.23 eV (1.25, 1.83, and 0.60 eV)
for Ti;Clg, TizBrg, and Tislg, respectively. Additionally, we
calculated the magnetic interaction of the centrosymmetric PE
phase; the results suggest that the magnetic ground state is
AFM configuration, and the system no longer exhibits trimer
local magnetism, as shown in Fig. S2(b) and Table S2 in the
SM [47].

For the FE phases, the space-inversion symmetry is broken;
thus, the DMI is nonzero. According to Moriya’s asymmetry
rules [52], the DMI vector D is perpendicular to the Ti-I-I-Ti

TABLE II. Magnetic parameters for Ti;Clg, TizBrg, and Tislg;
positive and negative J values stand for FM and AFM couplings.

Compounds J; (meV) J, (meV) J; (meV) |D|(meV) |D.| (meV)

Ti;Clg —-0.094 —-0.014 —-0.009  0.057 0.029
TisBrg 0.203 0.018 0.008 0.091 0.046
Tislg 0.463 0.016 0.008 0.151 0.076
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FIG. 3. (a) Stacking energy for ferroelectric (FE), tail-to-tail antiferroelectric (AFE,), and head-to-head antiferroelectric (AFEyy) Tislg
bilayers with the top layer sliding along the [110] direction. (b) The energy difference between the interlayer ferromagnetic (FM) and
antiferromagnetic (AFM) for n/6 fractional shifting bilayer stackings. (c)—(e) Charge density difference (isosurface value of 5 x 107 e/Bohr?)
for %-FE, AFE,, and AFE,, stackings, indicating charge accumulation. (f)—(h) Spin density with isosurface value of 3 x 10~ e/Bohr> for
interlayer magnetic ground state; the yellow and blue represent spin-up and spin-down, respectively. The shortest I-I distances are marked by
red dotted lines, and the second shortest I-I distances are marked by green dotted lines.

plane in the big triangle (in the middle of three Ti-trimers; see
Fig. S5 in the SM [47]). The in-plane components of D cancel
each other out, leaving only the out-of-plane component D,
and the directions of D, are opposite for the two FE structures.
The values of D and D, are listed in Table II. One could see
that the DMI strength of monolayer Tizlg is comparable with
the second-nearest D, in monolayer Crl; and the nearest D,
in Janus monolayer Cr(I, Cl); [53]. Therefore, the direction
switching of FE polarization could change the overall direc-
tion of D (or D,).

D. Bilayers

Since the magnetic moments are localized on the small
triangles (trimers) in the breathing kagome network, the po-
sitions of magnetic sites may change with the breathing.
As a result, by switching the polarization direction, we can
make an in-plane displacement of the position of magnetic
sites. This could introduce functionality into 2D vdW sys-
tems via controlling stacking orders or patterns of various
layered structures. In bilayer Crls, the magnetic ground state
can be tuned between interlayer AFM and FM by changing
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the stacking order [54]. Here, the 2D Ti3Xg can serve as an
excellent functional layer combining FE and FM, such that
applying an external field can not only achieve the reversal of
FE polarization but also magnetic control, with the nonvolatile
property preserved after removal of the external field.

We choose bilayer Tislg (Fig. S6 in the SM [47]) for the
case study of interlayer magnetism from the strong I atom p
orbital wave function extension. Besides the FE interlayer AA
stacking, we consider the tail-to-tail antiferroelectric (AFEy)
and head-to-head antiferroelectric (AFEy,) bilayer stackings
with opposite FE directions. For these three stackings, we
shift the top layer with respect to the bottom layer along the
[110] direction to study the stacking energy, as shown in Fig.
S6 in the SM [47]. Fig. 3(a) shows the stacking energy after
stacking-constrained relaxation (the lowest stacking energy
E% g, i set to 0). The results show that the stackings with the
n/6 fractional shifts are at local minima (except for é-AFEn

and %-AFEn), which indicates that these stackings are exper-
imentally possible as for bilayer Crls;. Next, we performed
fully structural optimization of n/6 fractional shift structures
with interlayer FM and AFM configurations, which still main-
tain the original stackings (except for %-AFEn and %-AFEH),
further proving the feasibility of these stackings. The inter-
layer magnetic exchange energy of these stackings, defined as
the energy difference between the interlayer FM and AFM,
is shown in Fig. 3(b). The results demonstrate that interlayer
magnetic configurations can be transformed between FM and
AFM by either interlayer sliding or FE polarization reversal
of one or both layers.

We then carefully studied the magnetic coupling between
two layers [55,56], which is mainly contributed by exchange
interaction of I atoms between interlayer Ti-trimers. Firstly,
we analyzed the structure and spin density of the monolayer
Tislg, as shown in the Fig. S7 in the SM [47]. Then for %
stacking, there is an interlayer FM — AFM — FM transi-
tion when an FE — AFE; — AFE;;, switching occurs. We
demonstrate charge density difference and spin density to
investigate the interlayer magnetic coupling transition mecha-
nism. For FE, in Fig. 3(c), we focus on the exchange between
one trimer at the bottom and the nearest-neighbor in the top
layer (shown in Fig. S6 in the SM [47]), the charge accu-
mulation mainly occurs at I>-1> (4.11 A, the shortest I-T)
and I2-12 (4.47 A, the second shortest I-I). In the case of
interlayer AFM, the direct exchange of Ig-p to minor Ig-pZ
dominates, while the direct exchange of I%-px/y to If-px/y
dominates in the interlayer-FM case. Although the exchange
strength of I2-I? is greater than that of I2-I2, the total of 12
I2-12 channels is slightly stronger than the total of 3 I3-I2 chan-
nels, making the interlayer FM energy 0.18 meV/cell lower.

When FE is switched to AFEy, the position and structures
of top layer interlayer-I atom variations lead to the changes
in the magnetic exchange as well. The charge accumulation
mainly occurs at I>-I2 (4.24 A, the shortest I-I), where the
direct exchange between I2-p and Iﬁ—px/y causes the inter-
layer AFM. The second shortest I2-12 reaches 4.64 A, making
the exchange interaction between I-p,,, and I3-p,/, much
weaker, resulting an interlayer FM. Therefore, the interlayer
AFM is 1.88 meV/cell lower than the interlayer FM. As for
AFEy,;, stacking, interlayer I-I interactions are another story.
The charges are mainly accumulated at I>-I> (4.29 A, the
shortest I-T) and I3-12 (4.51 A, the second shortest I-T). The
direct exchange from I2-p,), to I>-p,/, makes the nearest
bottom Ti-trimer and top Ti-trimer FM ordered, also the direct
exchange from Ig- Dx/y tO I2-p, /y makes the second nearest bot-
tom Ti-trimer and top Ti-trimer FM ordered as well. Hence,
the interlayer FM energy is lower by 2.86 meV/cell. For % and
0 stacking, the interlayer magnetic couplings are described in
detail in Figs. S8 and S9 in the SM [47]. Based on the above
studies, the interlayer magnetism can be modulated by sliding
the bilayer or switching the direction of FE.

IV. CONCLUSIONS

In conclusion, we predicted a 2D intrinsic FE/FM semicon-
ductor TizXg (X = Br or I) whose mechanism of breathing
kagome lattice patterns correspond to two opposite out-of-
plane FE polarizations. The cluster magnets annihilate and
generate simultaneously at neighboring sites as the kagome
lattice transforms between two polar configurations, and such
a displacement of the magnetic sites can be realized by
switching the direction of FE polarization. In bilayer Tislg,
we found that the interlayer magnetic coupling can be tuned
between FM and AFM by changing the polarization direc-
tions. This exotic and functional property provides potential
magnetoelectric applications for vdW layered structures to be
manipulated by switching of FE polarization.
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