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Fig. 1. (a), (b) Relaxed atomic configurations of bulk CulnP,S; in + LP and + HP states, respectively, corresponding to the first

and second local energy minimum in energy-polarization curve; (c), (d) energy of bulk CulnP,S; as a function of its polarization, in
which the lattice parameter c is equilibrium lattice constant 13.09 A (c) and 13.62, 13.35, 12.83 and 12.57 A (d), respectively!'d.
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Fig. 2. (a), (b) Polarization as a function of stress for + HP and + LP state of CulnP,Sg, respectively. (¢) Quantified piezoelectric

constant map of CulnP,Sg. (d) histogram of piezoelectric constant extracted from (c), where the four distinct maxima are fitted by

Gaussian function. The dashed lines denote the calculated piezoelectric constant of CulnP,Sg/'%.
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Fig. 3. (a) Polarization as a function of pulse duration time for one of the experimentally observed switching paths of CulnP,Sg;

(b) Cu relative displacement of as a function of pulse duration time for the switching paths in (a); (c) schematics of the switching

path in (a); (d) evolution trajectory of Cu atoms in two individual layers for CulnP,Sg with excess Cu under external electric field!!7).
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Fig. 4. Several typical known two-dimensional ferroelectric materials!'®19223436=38] - “exp” and “th” denote that the corresponding

materials are experimentally fabricated and theoretically predicted, respectively. Arrows represent the directions of ferroelectric

polarizations.
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Fig. 5. (a) Schematic for the centrosymmetry breaking in M,X,Y; monolayer through X-dimer displacement; (b)—(d) primary high-

throughput screening results for M,X,Y; monolayers. For the marked metal atom M, red dot represents that the M,X,Y monolay-

ers show ferroelectric structure after primary screening, red circle represents that one or two of the MyX,Y monolayers show ferro-

electric structure after primary screening, blue circle represents that the M,X,Y monolayers show distorted polar structure after

primary screening!!l.
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Fig. 6. (a)—(c) Side views of the atomic configurations of Hf,Ge,Teg monolayer in centrosymmetric-I, ferroelectric and centrosym-

metric-II phases, respectively; (d)—(f) phonon dispersions of Hf,GesTes monolayer in centrosymmetric-I, ferroelectric and centrosym-
metric-II phases, respectively; (g)—(i) schematic of vibration modes at the marked points in panel (d) and (e), and the formation of

the ferroelectric and centrosymmetric-I1 Hf,Ge,Teg monolayers, where the red arrows represent the vibration direction of Ge atoms!*l.
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Fig. 7. (a), (c¢) Ferroelectric switching barriers of the two possible switching paths of ferroelectric monolayers Hf,Ge,Y¢ (Y
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Te). (b), (d) Schematics of the two possible switching paths. (e) Ferroelectric switching barriers of Hf,Ge,Y¢ monolayers from a uni-

Ll

in which each barrier corresponds to polarization

switching in one unit cell. The red and black arrows represent the polarization direction in each unit cell. (f) Schematic of the high-
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Fig. 8. (a)—(c) Relaxed atomic configurations of graphene/QL-In,Se;/Ru and graphene/QL-M,03;/Ru heterostructure. The polariza-

tion of QL-AlO5 in (b) and (c) points to and away from graphene, respectively. (d)—(f) Plane-averaged electrostatic potential (ESP)

of (a)—(c), respectively®.
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SPECIAL TOPIC—Novel properties of low-dimensional materials
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Abstract

Ferroelectric (FE) materials possess electrically switchable spontaneous polarizations, showing broad
applications in various functional devices. For the miniaturization of electronic devices, two-dimensional (2D)
van der Waals (vdW) ferroelectric materials and the corresponding bulk counterparts have aroused more
interest of researchers. Recently, several kinds of 2D vdW ferroelectrics have been fabricated in experiment.
These 2D vdW FEs, as well as their bulk counterparts, exhibit novel properties as demonstrated in experiment
or predicted in theory. This paper is to review the recent progress of novel properties of several vdW
ferroelectrics. In Section II, we introduce the unusual ferroelectric property—a uniaxial quadruple potential well
for Cu displacements—enabled by the van der Waals gap in copper indium thiophosphate (CulnP,Sg). The
electric field drives the Cu atoms to unidirectionally cross the vdW gaps, which is distinctively different from
dipole reorientation, resulting in an unusual phenomenon that the polarization of CulnP,S4 aligns against the
direction of the applied electric field. The potential energy landscape for Cu displacements is strongly influenced
by strain, accounting for the origin of the negative piezoelectric coefficient and making CulnP,S; a rare example
of a uniaxial multi-well ferroelectric. In Section III, we introduce the distinct geometric evolution mechanism of
the newly reported M,Ge, Y (M = metal, X = Si, Ge, Sn, Y = S, Sn, Te) monolayers and a high throughput
screening of 2D ferroelectric candidates based on this mechanism. The ferroelectricity of M,Ge,Y originates
from the vertical displacement of Ge-dimer in the same direction driven by a soft phonon mode of the
centrosymmetric configuration. Another centrosymmetric configuration is also dynamically stable but higher in
energy than the ferroelectric phase. The metastable centrosymmetric phase of My;Ge, Yy monolayers allows a
new two-step ferroelectric switching path and may induce novel domain behaviors. In Section IV, a new concept
about constructing 2D ferroelectric QL-M;03/graphene heterostructure to realize monolayer-based FE tunnel
junctions or potentially graphene p-n junctions is reviewed. These findings provide new perspectives of the
integration of graphene with monolayer FEs, as well as related functional devices. Finally, the challenge and
prospect of vdW ferroelectrics are discussed, providing some perspective for the field of ferroelectrics.

Keywords: van der Waals layered materials, ferroelectrics, first-principles calculations
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