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Inrecent years, the unique mechanism of sliding ferroelectricity with ultralow switching barriers has been
experimentally verified in a series of 2-dimensional (2D) materials. However, its practical applications are
hindered by the low polarizations, the challenges in synthesis of ferroelectric phases limited in specific
stacking configurations, and the low density for data storage since the switching process involves large-
area simultaneous sliding of a whole layer. Herein, through first-principles calculations, we propose a
type of semi-sliding ferroelectricity in the single metal porphyrin molecule intercalated in 2D bilayers.
An enhanced vertical polarization can be formed independent on stacking configurations and switched
via sliding of the molecule accompanied by the vertical displacements of its metal ion anchored from
the upper layer to the lower layer. Such semi-sliding ferroelectricity enables each molecule to store 1 bit
data independently, and the density for data storage can be greatly enhanced. When the bilayer exhibits
intralayer ferromagnetism and interlayer antiferromagnetic coupling, a considerable difference in Curie
temperature between 2 layers and a switchable net magnetization can be formed due to the vertical
polarization. At a certain range of temperature, the exchange of paramagnetic—ferromagnetic phases
between 2 layers is accompanied by ferroelectric switching, leading to a hitherto unreported type of
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multiferroic coupling that is long-sought for efficient “magnetic reading + electric writing”.

Introduction

Ferroelectric materials, with electrically switchable polariza-
tions induced by symmetry breaking in crystal lattice, have
been widely used in sensors, actuators, memories, etc. [1]. In
particular, the unique sliding ferroelectricity exists in many
2-dimensional (2D) van der Waals bilayers [2] where the
inequivalency between upper and lower layers leads to a net
interlayer charge transfer. The induced vertical polarization can
be electrically switchable simply via interlayer sliding, and the
sliding barrier is much lower compared with traditional fer-
roelectrics, which may greatly reduce the required energy for
switching [3]. Within several years, such ferroelectricity have
been experimentally verified in bilayer/multilayer boron nitride
(BN) [4-6], InSe [7], transition-metal dichalcogenides like
WTe, [8-10], MoS, [11-16], and ReS, [17], and even amphi-
dynamic crystal [18]. However, as summarized in the previous
review [19], the density for data storage is limited since the
switching process involves large-area simultaneous sliding of a
whole layer with high in-plane rigidity. Meanwhile, the polariza-
tions are generally weak (<2 pC/m) due to weak interlayer
charge transfer. Moreover, such ferroelectricity emerges only in
certain stacking configurations, i.e., parallel stacking for BN or
MoS, bilayers, and the controlling of their formations in large-
scale synthesis is much more challenging compared with anti-
parallel stacking, also noting that a Moire superlattice with
almost compensated polarization upon a nonzero twist angle
is generally formed by the tear-and-stack method [4].
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To resolve the above issues, in this paper, through first-
principles calculations, we predict the existence of semi-sliding
ferroelectricity in van der Waals bilayers intercalated by metal
porphyrin molecules widely studied previously [20,21]. We
note that similar metal porphyrin-MoS§, systems have been
experimentally explored, and aside from intercalation of bilayer
[22,23], the stacking of one layer on another porphyrin-decorated
monolayer can also be a feasible approach. Both sliding and
vertical displacements of metal ions are involved during switch-
ing, giving rise to a moderate barrier, high polarization, and
ultrahigh data storage density up to 10° Tbit/inch” as each mol-
ecule may store 1 bit data independently. Meanwhile, such
ferroelectricity may exist in bilayers of various stacking con-
figurations (parallel, antiparallel, or even with a twist angle).
In some magnetic bilayer intercalated by metal porphyrin, such
ferroelectric switching can give rise to switching of a net mag-
netization, rendering the long-sought efficient magnetic read-
ing + electric writing, which is elusive in current multiferroics
due to the mutual exclusive origins of magnetism and ferro-
electricity [24,25]. We even propose a new type of multifer-
roicity where the exchange of paraelectric-ferroelectric phases
between 2 layers can be achieved by ferroelectric switching,
and the switchable magnetic moment can be greatly enhanced.

Results and Discussion

First we choose titanium porphyrin (TiP) [26,27] as a paradig-
matic case, and when a TiP molecule is intercalated between
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the AB-stacked bilayer MoS,, the Tiion will be inclined to bind
with one sulfur anion of one of the MoS, layers, as shown in
Fig. 1A, which breaks the symmetry and gives rise to a vertical
polarization of 0.27 eA per unit cell (around 3.07 pC/m). This
value is much enhanced compared with sliding ferroelectricity
in pure bilayer BN (~2.08 pC/m) and bilayer MoS, (~0.97 pC/m)
[2]. We have checked many configurations, and in our simula-
tions, they are all automatically optimized to the structure in
Fig. 1A, which should be the ground state. If the TiP molecules
are substituted by MgP or ZnP molecules with metal ions of
smaller radius, similar ferroelectricity may still emerge while
the polarizations will be greatly reduced (e.g., 0.57 and 0.24 pC/m,
respectively, for MgP and ZnP).

To reverse such polarization, the Ti ion need to bind to one
nearest S atom of the other layer, which is not directly below it.
Herein, the vertical displacement of Ti ion (1.38 A) as well as
the in-plane sliding of the whole molecule (1.81 A) along either
of the marked pink arrows is involved during switching, which
is denoted as semi-sliding ferroelectricity. The energy barrier
for the ferroelectric switching is estimated to be around 13 meV/
atom for each TiP molecule as illustrated in Fig. 1 calculated
using the nudged elastic band (NEB) method [28], comparable
to the typical barriers of sliding ferroelectricity. Its thermal sta-
bility is confirmed by ab initio molecular dynamics (AIMD)
simulation (see Fig. S1), where the ferroelectricity revealed by
the asymmetric binding of the molecule between 2 layers is
robust at 500 K. Thus, each molecule should be able to store 1
bit data independently at ambient conditions, and the upper
limit of areal storage density can be enhanced from the Frevious
superparamagnetic limit of ~40 GB/in” to ~10° GB/in".

As revealed by the band structure in Fig. 2, the system is a
ferroelectric semiconductor [29] with an indirect energy gap
0f0.22 eV. In previous studies, the band splitting of AB-stacked
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bilayer MoS, with sliding ferroelectricity is mostly attributed
to the interlayer hybridization, which is much larger compared
with the splitting induced by the weak vertical polarization
[30]. However, herein the enhanced vertical polarization play
a much important role compared with the interlayer hybridiza-
tion that is weakened by molecule intercalation. As shown in
Fig. 2, both the valence band maximum (VBM) and the con-
duction band minimum (CBM) are mainly distributed in the
molecule and its binding MoS, layer (such feature is maintained
in our simulation using hybrid functional, as shown in Fig. S2).
Upon ferroelectric switching, such distribution will be altered
with the binding MoS§, layer. If 2 electrodes are attached to the
same layer, the ferroelectric switching is likely to be detected
by the difference in measured conductance.

The formation of semi-sliding ferroelectricity seems to be
independent on the stacking configuration of bilayers, which
is distinct from sliding ferroelectricity. For example, only par-
allel-stacking BN and MoS, bilayer are ferroelectric, while they
are non-polar in antiparallel stacking configuration. Currently,
either the controllable synthesis of the ferroelectric configura-
tions or their formation using the “tear-and-stack” method
without twist angle remains elusive. However, even when the
MoS, bilayer is antiparallel stacked, or with a twist angle, as
displayed in Fig. 3, vertical polarizations can still be formed as
each Tiion of TiP will bind with one sulfur anion of one of
the MoS, layers, which can be reversed via vertical displace-
ment of the Ti ion combined with the in-plane sliding of the
whole molecule.

The coupling between ferroelectricity and magnetism is also
expected if molecules like TiP are intercalated between magnetic
bilayers, e.g., VSe, bilayer that exhibits intralayer ferromagnetism
and interlayer antiferromagnetic coupling according to a previ-
ous study [31]. As shown in Fig. 4A, the Ti ion will be inclined

Fig.1.(A) The intercalation of TiP molecules in AB-stacked bilayer MoS,, and (B) its ferroelectric switching pathway, where the blue arrows indicate the
directions of polarization, and pink arrows denote the in-plane sliding directions.
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to bind with one Se anion of one of the VSe, layers, which
gives rise to a reduced vertical polarization around 0.21 pC/m.
Similarly, upon sliding of TiP molecules and vertical displace-
ments of the Ti ions, they alternately bind with the surface Se
ions of the upper and lower VSe, layers, while the switching
barrier is estimated to be over 20 meV/atom for each molecule
according to the NEB calculation of pathway. AIMD simulations
in Fig. S1 indicate that the ferroelectricity can be robust at 300 K.
The system is a spin-polarized metal as revealed by its band
structure, and the reduced polarization may be attributed to the
enhanced charge screening.

Despite the interlayer antiferromagnetic coupling, the sys-
tem may still exhibit a net magnetization due to the intercala-
tion of TiP molecules. In the ground state, each Ti ion carries
a magnetic moment around 0.2 pg, which is ferromagnetic
coupled to the binding VSe, layer, resulting in a net magnetic
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Fig. 2. The band structure bilayer MoS, with intercalation of TiP molecules, and the
change of VBM and CBM distribution upon ferroelectric switching.
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moment around 0.30 pj. This net magnetic moment can be
reversed via polarization switching upon sliding of the TiP
molecule, and such coupling between ferroelectricity and mag-
netism is long-sought for realizing efficient “magnetic reading +
electric writing”. Similarly, such semi-sliding multiferroicity
still emerges when the bilayer is antiparallel stacking, as well
as with a similar switching pathway, barrier, and band struc-
ture compared with parallel stacking configuration, as shown
in Fig. 4B.

It is noteworthy that the switchable net magnetic moment
around 0.30 py, is estimated for the ground state at 0 K. This
value can be even greatly enhanced at a certain range of elevated
temperature according to our Monte Carlo simulations based
on the Heisenberg model:

H=_% 21557 - ZD(Siz)Z

(i) (i)

where Jis defined as the nearest neighboring exchange coupling
parameter, D (estimated to be 2.16 meV) is the single-site mag-
netic anisotropy energy, and |S| = 1/2. The calculated ] values
for the VSe, layer binding with TiP molecules and pristine VSe,
monolayer are 160.63 meV and 109.38 meV, respectively, where
the ferromagnetic coupling seems to be greatly enhanced upon
the binding of TiP molecules, giving rise to a much elevated
Curie temperature close to room temperature, as displayed in
Fig. 5. At a temperature of 240 K marked by the green arrows,
the lower layer is close to the paraelectric phase while the upper
layer is still ferromagnetic with a magnetization much larger
than the TiP molecules. Upon ferroelectric switching, the upper
layer becomes paramagnetic while the lower layer becomes fer-
romagnetic, and the enhanced net magnetization of the system
is reversed. The switchable magnetization is maximized at finite
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Fig. 3. The intercalation of TiP molecules in (A) antiparallel stacking and (B) twisted bilayer MoS,, both leading to asymmetric binding and vertical polarizations.
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Fig.4.The bi-stable polar states, switching pathway, and band structure of TiP molecules intercalated in (A) parallel and (B) antiparallel stacking bilayer VSe,, where the red
arrows on vanadium and titanium atoms denote spin directions, and the blue arrows represent the electrical polarization directions.
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Fig. 5. Dependence of the magnetization on temperature for pristine VSe, monolayer and the VSe, layer binding with TiP molecules. For bilayer VSe, intercalated by TiP
molecules, at the temperature marked by the green arrow, the exchange of paramagnetic—ferromagnetic phases between 2 layers can be achieved by ferroelectric switching.

temperature (8.2 pp/unit cell around 240 K) instead of 0 K,
which goes beyond the previous phenomenological model on
magnetic ordering.

Conclusion

In summary, we propose semi-sliding ferroelectricity in the
single metal porphyrin molecule intercalated in 2D bilayers
independent on stacking configurations, and the unique switch-
ing mode leads to a moderate barrier, high polarization, and
ultrahigh data storage density, potentially resolving the major
issues of sliding ferroelectricity for practical applications. When
the bilayer exhibits intralayer ferromagnetism and interlayer
antiferromagnetic coupling, a considerable difference in Curie
temperature between 2 layers and a switchable net magnetiza-
tion can be formed due to the vertical polarization. A new type
of multiferroicity may emerge as ferroelectric switching leads
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to exchange of paramagnetic—ferromagnetic phases between 2
layers, and the switchable magnetic moment can be greatly
enhanced. Our prediction does not only exploit new types of
ferroelectricity and multiferroic couplings, but also propose a
way of resolving current issues for practical applications, which
may stimulate further experimental efforts.

Methods

Our density functional theory calculations were performed
using the Vienna Ab initio Simulation Package (VASP 5.4.4)
code [32,33].The exchange-correlation effect was described
within the generalized gradient approximation in the Perdew-
Burke-Ernzerhof [34] functional, and the projector augmented
wave [35] method was adopted. For VSe,-based systems, we
employed effective Coulomb interaction (U.q) values of 1.2 eV for
V-d and 2 eV for Ti-d orbitals to consider on-site Coulomb
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interaction, following a previous study [31]. The kinetic energy
cutoff was set to be 400 eV. In the intercalated bilayer system, to
eliminate the interaction between proximate molecules, a vacuum
space of 17 A and a 4 X 4 supercell are adopted so the distance
between adjacent molecules exceeds 3.5 A and their interaction
is negligible. The Brillouin zone was sampled usinga 3 X 3 X 1
k-point grid in the Monkhorst-Pack scheme [36]. For the geom-
etry optimization, the PBE-D2 functional of Grimme [37] was
applied to take into consideration van der Waals interactions. The
convergence threshold for self-consistent-field iteration was set to
be 107 eV, and the atomic positions were fully optimized until the
forces on all atoms are less than 0.01 eV A™". Ferroelectric polariza-
tions were computed by the dipole moment correction method,
which can give approximately the same value as the experimental
measurement in the metallic WTe, bilayer [38]. The ferroelectric
switching pathways were calculated by using the climbing image
NEB method [28]. In our Monte Carlo simulations, a 2D 20 X 20
supercell with 2 x 10° iterations was adopted, allowing spins at all
magnetic sites to flip randomly.

Acknowledgments

Funding: This work was supported by the National Natural
Science Foundation of China under contract nos. 1210040567
and 22073034, and the Fundamental Research Funds of
Zhejiang Sci-Tech University under contract no. 20062320-Y.
Author contributions: T.Z. and H.Z. performed calculations
and analyzed the data. M.W. developed the idea and supervised
the project. T.Z. and M.W. wrote the manuscript. All authors
discussed the results and commented on the manuscript.
Competing interests: The authors declare that they have no
competing interests.

Data Availability

The conclusions of the study are available in the paper and the
Supplementary Materials, and there are no restrictions on data
availability.

Supplementary Materials
Figs. S1 and S2

References

1. Wu M. 100 years of ferroelectricity. Nat Rev Phys. 2021;3:
726-726.

2. LiL, Wu M. Binary compound bilayer and multilayer with
vertical polarizations: Two-dimensional ferroelectrics,
multiferroics, and nanogenerators. ACS Nano.
2017;11(6):6382-6388.

3. Ting-Ting Z, Meng-Hao W. Research progress of two-
dimensional interlayer-sliding ferroelectricity. Acta Phys Sin.
2020;69(21):217707-217701.

4. Yasuda K, Wang X, Watanabe K, Taniguchi T, Jarillo-Herrero P.
Stacking-engineered ferroelectricity in bilayer boron nitride.
Science. 2021;372(6549):1458-1462.

5. Vizner Stern M, Waschitz Y, Cao W, Nevo I, Watanabe K,
Taniguchi T, Sela E, Urbakh M, Hod O, Ben Shalom M.
Interfacial ferroelectricity by van der Waals sliding. Science.
2021;372:1462.

Zhong et al. 2024 | https://doi.org/10.34133/research.0428

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lv M, Wang ], Tian M, Wan N, Tong W, Duan C, Xue J.
Multiresistance states in ferro- and antiferroelectric trilayer
boron nitride. Nat Commun. 2024;15(1):295.

Sui E Jin M, Zhang Y, Qi R, Wu YN, Huang R, Yue F, Chu J.
Sliding ferroelectricity in van der Waals layered y-InSe
semiconductor. Nat Commun. 2023;14:36.

Fei Z, Zhao W, Palomaki TA, Sun B, Miller MK, Zhao Z,

Yan J, Xu X, Cobden DH. Ferroelectric switching of a two-
dimensional metal. Nature. 2018;560:336-339.

Sharma P, Xiang FX, Shao DE Zhang D, Tsymbal EY,
Hamilton AR, Seidel J. A room-temperature ferroelectric
semimetal. Sci Adv. 2019;5:eaax5080.

Xiao J, Wang Y, Wang H, Pemmaraju CD, Wang S, Muscher P,
Sie EJ, Nyby CM, Devereaux TP, Qian X, et al. Berry curvature
memory through electrically driven stacking transitions. Nat
Phys. 2020;16:1028-1034.

Wang X, Yasuda K, Zhang Y, Liu S, Watanabe K, Taniguchi T,
Hone J, Fu L, Jarillo-Herrero P. Interfacial ferroelectricity

in rhombohedral-stacked bilayer transition metal
dichalcogenides. Nat Nanotechnol. 2022;17(4):

367-371.

Weston A, Castanon EG, Enaldiev V, Ferreira F, Bhattacharjee S,
Xu S, Corte-Leén H, Wu Z, Clark N, Summerfield A, et al.
Interfacial ferroelectricity in marginally twisted 2D
semiconductors. Nat Nanotechnol. 2022;17:390-395.

Rogée L, Wang L, Zhang Y, Cai S, Wang P, Chhowalla M,

Ji W, Lau SP. Ferroelectricity in untwisted heterobilayers of
transition metal dichalcogenides. Science. 2022;376(6596):
973-978.

Yang D, Liang ], Wu J, Xiao Y, Dadap JI, Watanabe K,
Taniguchi T, Ye Z. Non-volatile electrical polarization
switching via domain wall release in 3R-MoS, bilayer. Nat
Commun. 2024;15:1389.

Deb S, Cao W, Raab N, Watanabe K, Taniguchi T, Goldstein M,
Kronik L, Urbakh M, Hod O, Ben Shalom M. Cumulative
polarization in conductive interfacial ferroelectrics. Nature.
2022;612:465-469.

Meng P, Wu Y, Bian R, Pan E, Dong B, Zhao X, Chen J, Wu L,
Sun Y, Fu Q, et al. Sliding induced multiple polarization
states in two-dimensional ferroelectrics. Nat Commun.
2022;13(1):7696.

Wan Y, Hu T, Mao X, Fu ], Yuan K, Song Y, Gan X, Xu X,

Xue M, Cheng X, et al. Room-temperature ferroelectricity

in 1T'-ReS, multilayers. Phys Rev Lett. 2022;128:Article
067601.

Miao L-P, Ding N, Wang N, Shi C, Ye HY, Li L, Yao YE,

Dong S, Zhang Y. Direct observation of geometric and sliding
ferroelectricity in an amphidynamic crystal. Nat Mater.
2022;21(10):1158-1164.

Wu M, Li]J. Sliding ferroelectricity in 2D van der Waals
materials: Related physics and future opportunities. Proc Natl
Acad Sci USA. 2021;118:Article e2115703118.

Qi Z-L, Cheng Y-H, Xu Z, Chen M-L. Recent advances in
porphyrin-based materials for metal ions detection. Int J Mol
Sci. 2020;21(16):5839.

Tsivadze AY. Metal crown-porphyrin complexes: Preparation,
optical properties, and applications (review). Russ ] Inorg
Chem. 2020;65:1662-1686.

Huang Y, Zhuge F, Hou J, Lv L, Luo P, Zhou N, Gan L, Zhai T.
Van der Waals coupled organic molecules with monolayer
MoS, for fast response photodetectors with gate-tunable
responsivity. ACS Nano. 2018;12(4):4062-4073.


https://doi.org/10.34133/research.0428

Research

23.

24.

25.

26.

27.

28.

29.

Kwon IS, Kwak IH, Abbas HG, Seo HW, Seo J, Park K, Park J,
Kang HS. Two dimensional MoS(2) meets porphyrins via
intercalation to enhance the electrocatalytic activity toward
hydrogen evolution. Nanoscale. 2019;11:3780-3785.

Zhong T, Li X, Wu M, Liu J-M. Room-temperature
multiferroicity and diversified magnetoelectric couplings in 2D
materials. Natl Sci Rev. 2019;7(2):373-380.

Lu C, Wu M, Lin L, Liu J-M. Single-phase multiferroics:

New materials, phenomena, and physics. Natl Sci Rev.
2019;6(4):653-668.

Duncan DA, Deimel PS, Wiengarten A, Paszkiewicz M,
Casado Aguilar P, Acres RG, Klappenberger F, Auwirter W,
Seitsonen AP, Barth JV, et al. Bottom-up fabrication of a
metal-supported oxo-metal porphyrin. ] Phys Chem C.
2019;123(51):31011-31025.

Yang Q, Zhong T, Tu Z, Zhu L, Wu M, Zeng XC. Design

of single-molecule multiferroics for efficient ultrahigh-
density nonvolatile memories. Adv Sci. 2019;6(1):1801572.
Henkelman GU, Blas P, Jonsson H. A climbing image
nudged elastic band method for finding saddle points and
minimum energy paths. ] Chem Phys. 2000;113(22):
9901-9904.

Yang Q, Wu M, Zeng XC. Constructing stable and potentially
high-performance hybrid organic-inorganic perovskites with
“unstable” cations. Research. 2020;2020:1986576.

Zhong et al. 2024 | https://doi.org/10.34133/research.0428

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhong T, Ren Y, Zhang Z, Gao J, Wu M. Sliding ferroelectricity
in two-dimensional MoA2N4 (a = Si or Ge) bilayers:

High polarizations and Moiré potentials. ] Mater Chem A.
2021;9:19659-19663.

Zhang C, Guo P, Zhou J. Tailoring bulk photovoltaic effects

in magnetic sliding ferroelectric materials. Nano Lett.
2022;22(23):9297-9305.

Kresse G, Furthmiiller J. Efficiency of ab-initio total energy
calculations for metals and semiconductors using a plane-wave
basis set. Comput Mater Sci. 1996;6(1):15-50.

Kresse G, Furthmiller J. Efficient iterative schemes for ab initio
total-energy calculations using a plane-wave basis set. Phys Rev
B Condens Matter. 1996;54:11169-11186.

Perdew JP, Burke K, Ernzerhof M. Generalized gradient
approximation made simple. Phys Rev Lett. 1996;77:3865-3868.
Blochl PE. Projector augmented-wave method. Phys Rev B.
1994;50:17953-17979.

Monkhorst HJ, Pack JD. Special points for Brillouin-zone
integrations. Phys Rev B. 1976;13:5188-5192.

Grimme S. Semiempirical GGA-type density functional
constructed with a long-range dispersion correction. ] Comput
Chem. 2006;27(15):1787-1799.

Yang Q, Wu M, Li J. Origin of two-dimensional vertical
ferroelectricity in W'Te, bilayer and multilayer. ] Phys Chem
Lett. 2018;9(24):7160-7164.


https://doi.org/10.34133/research.0428

	Single Molecular Semi-Sliding Ferroelectricity/Multiferroicity
	Introduction
	Results and Discussion
	Conclusion
	Methods
	Acknowledgments
	Data Availability
	Supplementary Materials
	References


