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Abstract

One-dimensional (1D) anti-ferroelectrics (AFEs) with multiple stable polar states hold great
promise for high-density nonvolatile multistate data storage, the practical application of most AFEs
in the information field is hindered by their compatibility issues with silicon-based technology.
Furthermore, reported 1D AFEs are still rare, mainly because their polarization is suppressed under
nanoscale size. In this study, using density functional theory (DFT), we demonstrate that a family
of 1D nanothreads can be obtained by tailoring III-V triatomic layers with good compatibility with
silicon-based technology. Through a systematic investigation of these 1D III-V nanothreads, we
have identified AlSb as a promising AFE material due to its compatible edge energy and high
polarization. The thermodynamic stability and polarization switchability of AFE AlSb have been
confirmed through phonon spectrum calculations, ab initio molecular dynamics simulations, and
ci-NEB methods. These novel materials hold significant promise for memory applications, marking
a breakthrough in the field of high-density nonvolatile multistate data storage.

1 Introduction

With the emergence of artificial intelligence and big data, the demand for low-power, efficient, and
high-density storage of massive data continues to grow. Low-dimensional ferroelectrics (FEs), which
possess electrically switchable polarization at atomic level, are considered as promising contenders for
fast, efficient, and non-volatile high-density data storage. Recently, a large number of two-dimensional
(2D) van der Waals (vdw) FE materials with out-of-plane polarization have been discovered, such as
CuInP2S6[1], α-In2Se3[2–7], MoTe2[8] and WTe2[9]. Storage devices, such as MOS-FET, based on
these materials, have also been developed and are now readily available [10, 11]. The prospect of high-
density storage solutions based on low-dimensional FE materials has moved a step closer to large-scale
practical applications.

Anti-ferroelectrics (AFEs), which is highly correlated with FEs, exhibit electrically switchable
antiparallel polarization states without electric field. Specifically, parts of AFEs also exhibit stable
parallel polarization ferroelectric states, known as multistability [12–15]. This multistability allows for
the expansion of storage bits (expanding 0, 1 to multisates). In theory, an multistate AFE device can
store more information compared to FE, attracting significant attention in big data storage field[16, 17].
However, AFE materials are relatively rare, with only a limited number of materials, known to possess
AFE properties. Among these materials, only a few exhibit stable multistates. The presence of
depolarization fields has a significant impact on reducing the out-of-plane polarization as the size of
FE materials decreases. This phenomenon makes the existence of two-dimensional AFEs even more
uncommon. Recently, Changming Ke et al. demonstrate with first-principles calculations that III-V
triatomic layer, which have depolarization induced 2D tristable anti-ferroelectricity [18]. And these 2D
AFEs can be leveraged to create a 2D homojunction field-effect transistor, and easily integrated into
the main stream semiconductor industry, opening up new avenues of high-density AFE data storage.

Are there any strategies available to further increase the storage density of 2D AFE nonvolatile
devices? A promising and straightforward approach is to employ 1D AFEs, which possess nano-
sized dimensions in two directions, enabling the development of smaller devices with enhanced data
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storage capabilities. Tailoring 2D materials into one-dimensional (1D) structures, such as nanoribbons
and nanothreads (NT), has been a prevailing approach for the manufacture of more miniaturized
devices in 2D material field. For example, graphene nanoribbons can be rapidly obtained by cutting
carbon nanotubes along axis-direction via dynamic magnetic flux template[19].Also, nonmetal SiOx

nanoparticles can tailor few-layer graphenes into graphene nanoribbons[20].The h-BN monolayer can
be tailored into BN nanoribbons by selectively removing hydrogen along two adjacent grain boundaries
in parallel[21]. Typically, the unique characteristics of 1D ferroelectric nanostructures arise from their
expanded surface area. Furthermore, as their size and dimensionality decrease, it becomes easier to
create single-domain structures, significantly boosting ferroelectric properties[22]. Recently, 1D FEs
with radial polarization holds the potential to enable highly compact FE-based electronic devices,
wherein a few unit cells, rather than a domain of unit cells, function as the fundamental unit. The
discovery of III-VI ferroelectric nanothreads demonstrate the feasibility of obtaining 1DFENT from
2D ferroelectric materials[23]. III-V materials are considered are the materials has the most mature
technology except Silicon in electronic technology. A 1D AFE III-V materials can be used to solve
many question, such as the compatbilit.

In this study, we present a novel family of 1D III-V nanothreads that exhibit electrically switchable
tristates at the atomic scale size, showing great promise for achieving ultra-high density nonvolatile
multistate storage. By tailoring III-V 2D triatomic layers with specified edges and width, a family
of 1D III-V materials with an ultrasmall diameter is obtained. Using DFT calculations, we demon-
strate the coexist of polar phase with radial polarization (Pra) and non-polar phase with antiparallel
dipole in these materials. Additionally, all of these III-V nanothread structures exhibit semiconduc-
tor characteristics, and their dynamic stability is confirmed through phonon spectrum analysis. We
found 1D III-V nanothreads possess a higher polarization than 2D, which can be attributed to the
quantum confinement effect. Particularly, AlSb stands out with a relatively high polarization of 1.3
eV*Å, comparable to that of other typical one-dimensional ferroelectric materials. Moreover, it show-
cases a low energy difference between the polar and anti-polar structures, suggesting ease of transition
between these phases under an electric field. For these reasons, AlSb has been the primary focus of
this research. The finite-temperature stability of AlSb 1D Nanothread is confirmed through ab initio
molecular dynamics. The switch barrier for polarization, evaluated through NEB analysis, is estimated
to be around 0.34 eV and can be substantially diminished under an electric field that is antiparallel to
the polarization, thereby confirming the electrical tunability of the polar order. The 1DAFENT with
radial polarization offers a versatile platform for designing ultrahigh-density ferroelectric memories and
exploring novel states of matter.

2 Method

First-principles DFT calculations are conducted using the Vienna ab initio Simulation Package
(VASP) [24, 25]. The interaction between core ions and electrons is described using the projector
augmented wave (PAW) method [26]. The PBEsol functional is chosen for the exchange-correlation
functional [27]. To model free-standing 1D nanoribbons, vacuum layers along the x and z axes are set
to a minimum of 15 Å. During structural optimization, the dipole correction method [28] is applied
along the radial direction.

The lattice constant along the axial direction (y-axis) is determined. We employ an energy cutoff
of 600 eV, a 1x8x1 Monkhorst-Pack k-point mesh, and an energy convergence threshold of 10−7

eV for electronic self-consistent calculations. The finite-temperature structural stability is assessed
through AIMD simulations using VASP. These simulations are performed within a 1x2x1 supercell,
employing G-point sampling, an energy cutoff of 400 eV, and a convergence criterion of 10−6 eV in
energy. Temperature control is realized using the Nose-Hoover thermostat [29], with an equilibrium
trajectory of 40 ps yielding the averaged structure. The phonon spectrum is computed using the frozen
phonon approach as implemented in Phonopy [30] in conjunction with VASP. The NEB method is also
employed to determine the energy barrier of polarization reversal. The pertinent input and output
files are available in a publicly accessible repository.
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3 Results and discussion

3.1 1D structures obtained from different edges and widths.

Triatomic layers (3L) of III-V compounds (III = Al, Ga, In; V = P, As, Sb) is predicted to support
2D anti-ferroelectricity with tristable polar states[18], which possess two electrically switchable polar
states and a stable anti-polar states with similar energy level. Fig. 1(a) illustrates the configuration
of 2D FEs for 3L III-V materials derived from bulk wurtzite structures. The V atoms in the central
layer still exhibit displacement along the z-axis away from the center, while the polarity of the surface
layer is eliminated due to surface reconstruction. This displacement is responsible for generating the
out-of-plane polarization (POP), with the parallel and antiparallel orientations representing the polar
and anti polar phases, as shown in Fig. 1(a), respectively. The top view of 2D III-V 3L highlights
a hexagonal arrangement present within each layer of the 3L 2D III-V materials. Consequently, it is
possible to achieve 1D structures in both the zigzag and armchair directions[31]. Upon comparing the
two directions in detail, we observed that the armchair structures are consistently more stable than the
zigzag structures. This stability can be attributed to the armchair structures having fewer dangling
bonds [see Sect.I in Supporting Information]. Therefore, the armchair structure is considered to be
more experimentally accessible and synthesizable as a 1D III-V material. In the following context, all
cutting is performed along the armchair direction.

As the width of 2D materials decreases, the nanoconfinement effect becomes more pronounced,
resulting in a decrease in material stability [32–34]. In Fig. 1(b), it can be observed that the cutting
energy (∆Ecut = (E1D − E2D)/Ledge, where Ledge represents the length of the materials) generally
tends to increase as the width decreases, regardless of whether the structures have even or odd widths.
ω1 and ω2 are the narrowest odd- and even-width structures, respectively. However, our calculations
indicate that the ω1 structure is unstable SI Sect.III (phono spectrum of ω1). The inset of Fig. 1(b)
showcases the structures along the axial direction of the two narrowest and stable structures, namely
ω2 and ω3. Among these structures, ω2 emerges as the smallest and stable structure, characterized
by a single dipole in the width direction. It exhibits a genuine 1D polar order, thus earning the
designation of a 1D III-V polar nanothread. As shown in Fig. 1 (c), one unit cell (u.c.) of the 1D
III-V polar nanothread consists of two dipoles, exhibit a net polarization along the radial direction
(Pra). Corresponding to it, two types of antipolar structures can be constructed, as depicted in Fig. 1
(c): one with antiparallel dipoles within a single u.c. (1UCAP), and the other with an antiparallel
dipole spanning two u.c. (2UCAP), similar to commonly observed AFEs. We compared the energy of
these two types of antipolar structures and found that the 2UCAP structure always has lower energies,
as shown in Fig 1 (d). In some cases, it even equals the energy of the polar phase, facilitating the
reversible transition between them. Therefore, the 2UCAP structure is considered as the antipolar
ground state of III-V nanothreads. In the following context, the term ”1D antipolar phase” specifically
refers to the armchair 2UCAP-type ω2 structures.

3.2 Nanoconfinement effect on 1D III-V polar nanothreads

As the width decreases, the nanoconfinement effect becomes stronger, resulting in significant
changes in the fundamental properties of materials due to the size effect [35–38]. In the context of 2D
FEs, the polarization is consistently suppressed by the depolarization field at the atomic size scale,
leading to smaller polarization compared to bulk materials[39]. Does this phenomenon also apply to 1D
FEs? Interestingly, there are notable distinctions between 2D and 1D FEs, as shown in Fig 2 (a). Pra

of 1D III-V nanothreads range from 0.13 e∗ Å to 0.26 e∗ Å per polar atom, which is 1 to 2 times higher
than that of corresponding 2D layers. This indicates that the reduction in dimensions enhances the
polarization of materials, which is contrary to the trend observed in 2D polar materials. Additionally,
the decrease in width also significantly increases the band gap. In 2D layers with POP, the band
bending between the P+ surface and P− surface, caused by the depolarization field effect, leads to a
significant reduction in the bandgap compared to bulk crystals. But in 1D, nanoconfinement becomes
predominant, the molecular orbitals become more localized, resulting in narrower bands and wider
band gaps[40–42]. As shown in Fig. 2(b), due to the quantum effect, the width of 2D III-V compounds
has a substantial influence on the band gap. Additionally, as the radius of V atoms increases, the
electronic negativity decreases, resulting in an increase in metallicity. Consequently, the polarization
and band gap continuously decrease with the increasing radius of V compounds, as shown in Fig. 2.

3



Figure 1: Structural evolution from 2D to 1D . (a) FE and AFE structures of 3L III-V monolayer.
The III and V atoms are represented by blue and yellow, respectively. (b) Ecut, defined as ∆Ecut =
(E1D − E2D)/Ledge, depends on width of low-dimensional III-V materials. (c) Polar and antipolar
configuration of armchair ω2 (d) Energy difference (∆EAP) between the 1D III-V antipolar phase and
the polar phase.

For different V atoms, under the influence of nano confinement effect, the band gap of 2D, which
ranges from 0-0.3 eV, increases to 0.4-1.6 eV in 1D, greatly expanding the potential applications of
III-V based compounds. Due to the stronger metallicity of larger radius V atoms, the valence bond
strength is reduced, as shown in Fig. 2 (c). Among the III-V materials, those containing Sb exhibit the
smallest Ecut, comparable to that of graphite nanothread. This suggests that constructing 1D III-V
antimonide is more feasible and will be the main focus of Section 3.4.

3.3 Phonon stability

We now initiate the estimation of structural stability in 1D III-V polar and antipolar phase by
computing phonon spectra following the established protocol for stability analysis in computationally
designed materials[43]. A dynamically stable material is characterized by its position at a local energy
minimum on the potential energy surface, ensuring that all phonon frequencies are positive. The
inherent 1D nature of the system introduces a technical challenge: acoustic phonon modes tend to
exhibit low frequencies (close to zero), thus complicating the precise determination of the phonon
spectrum numerically. To address this, we employ an exceedingly stringent convergence threshold of
0.01 eV/Å, resulting in the phonon spectra of 1D polar and antipolar 1D III-V nanothreads being
obtained (Fig. 3). Remarkably, all of these structures exhibit marginal stability, with their lowest
frequency falling below -2 cm−1, confirming their dynamic stability at 0K.
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Figure 2: Polarization promotion (a), giant band gap changes (b), and ∆Ecut (c) of 1D III-V nanoth-
reads.

3.4 Tristable 1D AlSb anti-ferroelectrc nanothread

In this section, we will thoroughly discuss the anti-ferroelectricity in 1D III-V nanothread, with
a specific focus on 1D AlSb. This material stands out as one of the highest-performing III-V nan-
othreads, exhibiting switchable tristable polar states, comparable polarization, and relatively small
∆Ecut. As previously mentioned, the phonon spectrum provides valuable insights into the dynamic
stability of structures. However, for a more comprehensive understanding, ab initio molecular dynam-
ics (AIMD) simulations at finite temperature are considered more reliable as they accurately capture
the temperature effects in practical conditions. A 1x2x1 supercell of 1D AlSb is utilized in our AIMD
simulations. As shown in Fig 4 (a), even after a long time of 40 ps at 150K, both the polar and
antipolar phases remain stable. Notably, the average structure obtained from the latest 10 ps equi-
librium trajectory exhibits consistency with the structure optimized using the 0K DFT method. The
polarization originating from the off-centering of Al in AlSb remains exist. The distribution resulting
from temperature perturbation is shown in Fig. 4 (b), displaying a standard Gaussian distribution.
The average displacement is 0.87 Å, indicating a slight reduction to 0.94 Å at 0K, and demonstrating
the stability of polarization at finite temperature. 1D materials are typically placed on substrates and
can be significant compressed or stretched. The stability of polarization under strained conditions is
particularly important for 1D FEs. Therefore, we investigate the polarization evolution under a wide
range strains from -5% to +5%, as show in Fig. 4c, with the increase of tensile strain, the polarization
also continously increased. However, at +5% strain, the polarization is 0.40 e ∗ Å, confirming the sta-
bility of polarization under a very severe strained condition. Moreover, the dipole locking phenomenon
observed in the 1D AlSb nanothread suggests the presence of an unusual piezoelectric behavior. The
relationship between strain and polarization reveals the existence of what is known as the auxetic
piezoelectric effect (APE). In this case, stretching the nanothread amplifies the polarization denoted
as Pra. This stands in stark contrast to conventional piezoelectric materials, where the longitudi-
nal and transverse piezoelectric coefficients have opposing signs. The auxetic piezoelectric effect can
be likened to a piezoelectric counterpart of auxetic materials, which are characterized by a negative
Poisson’s ratio[23].

The switching pathway is investigated using the ci-NEB (climbing nudged elastic band) method,
revealing a unique dynamics in which two dipoles with nearest-neighbor distance switch simultaneously,
as shown in the transition states depicted in Fig. 4 (d). The switch barrier is approximately 0.38 eV,
which is lower than 0.85 eV of In2Se3, a common 2D material[2]. This outcome suggests the potential
for switchable polarization under the influence of an external electric field. It is pertinent to note that
the NEB calculations are executed while keeping the lattice constants fixed to the ground-state values
of the antipolar phase. Generally, when the lattice constants are allowed to relax during the search for
the transition state, the identified switching barrier is expected to be lower than the NEB barrier due
to the material’s ability to explore a broader spectrum of configurations, potentially uncovering lower-
energy pathways. Hence, we contend that the switching barrier computed through NEB represents a
conservative estimate of polarization reversibility.

The band structure of the polar and antipolar phases is presented in Fig. 44 (d) and (e), respec-
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Figure 3: Phonon spectrum of III-V 1D nanothreads. Phonon spectrum of FE (a) and AFE (b) phase.

tively. It reveals that both phases exhibit semiconductor behavior with direct band gaps of both 0.87
eV for the polar and antipolar phases, respectively. Notably, the band structure of polar states in
1D materials is fundamentally distinct from that of 2D FEs . In 2D with POP, the conduction band
minimum (CBM) is typically located at the P+ surface, while the valence band maximum is found
at the P− surface, owing to the influence of the depolarization field. However, in the case of AlSb
nanothread, the VBM is situated at x atoms on the xx surface, and the CBM is located at the xx
surface. Neither of these positions corresponds to the polar atoms or the surface, as depicted in Fig. 4
(e). Consequently, after the switching of polarization from the polar to the antipolar phase, the band
structure does not exhibit any significant differences. Due to the robust nature of semiconductors,
which have fewer carriers available to screen the external field, the polarization in AlSb nanothread
can be readily switched by an electric field, as shown in Figure 4(d). With an increase in the field
strength from -0.3 V/Å to 0.3 V/Å, the switch barrier decreases from 0.27 eV to 0.49 eV, confirming
the electric switchability of AlSb nanothread.

In summary, in light of these findings, we conclude that AlSb nanothread stands as a rare example
of a one-dimensional material marked by its tristable and electrically switchable polarization states.
Specifically, AlSb nanothread exhibits a 1D tristable antiferroelectricity.

4 Conclusion

In conclusion, utilizing first-principles density functional theory calculations, we predict a series
of one-dimensional III-V ferroelectric and anti-ferroelectric nanothreads with ultra-small diameters,
exhibiting electrically switchable radial polarization. Our study reveals a spontaneous structural tran-
sition from nanoribbons to nanothreads as the nanoribbon width decreases. The switchable radial
polarization of the ω2 Al12Sb12 nanothread holds the potential to realize highly compact ferroelectric-
based electronic devices. The dipole locking feature gives rise to an intriguing 1D auxetic piezoelectric
effect that the axial stretching promotes radial polarization. Moreover, the inherently flat electronic
bands within the 1D nanothread provide a platform for investigating unique states of matter, such
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Figure 4: 1D AlSb antiferroelectrics. (a) Energy profile of AIMD at 150K, during 40 ps. (b)Polarization
distribution. (c) Dipole vs. strain along axial direction. (d) Polarization switching pathway under
electric field predicted by NEB. Projected band structrues and DOS of FE (e) and AFE (f) phase.

as Hund’s insulator-like semiconductor behavior. Our DFT calculations provide theoretical support
for the structural stability of these proposed 1D ferroelectric nanothreads. We anticipate that the
proof-of-concept presented in this work will inspire experimental efforts to synthesize this novel family
of low-dimensional ferroelectrics.

5 Data availability

The data that support the findings of this study are included in this article and are available from
the corresponding author upon reasonable request.
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[41] Melinda Y. Han, Barbaros Özyilmaz, Yuanbo Zhang, and Philip Kim. Energy band-gap engineer-
ing of graphene nanoribbons. Phys. Rev. Lett., 98:206805, May 2007.

[42] Verónica Barone, Oded Hod, and Gustavo E. Scuseria. Electronic structure and stability of
semiconducting graphene nanoribbons. Nano Letters, 6(12):2748–2754, Dec 2006.

[43] H Peelaers, B Partoens, and FM Peeters. Phonon band structure of si nanowires: a stability
analysis. Nano lett., 9(1):107–111, 2009.

10


	Introduction
	Method
	Results and discussion
	1D structures obtained from different edges and widths.
	 Nanoconfinement effect on 1D III-V polar nanothreads
	Phonon stability
	Tristable 1D AlSb anti-ferroelectrc nanothread

	Conclusion
	Data availability

