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ABSTRACT

Low-dimensional multiferroic metals characterized by the simultaneous coexistence of ferroelectricity,
conductivity, and magnetism hold tremendous potential for scientific and technological endeavors.
However, the mutually exclusive mechanisms among these properties impede the discovery of multi-
functional conducting multiferroics, especially at the atomic-scale. Here, based on first-principles cal-
culations, we design and demonstrate intrinsic one-dimensional (1D) ferroelectrics and carrier doping-
induced metallic multiferroics in an atomic WOF,4 wire. The WOF,4 atomic wire that can be derived from a
1D van der Waals crystal exhibits pronounced ferroelectricity manifested in the form of large cooperative
atomic displacements. By performing Monte Carlo simulations with an effective Hamiltonian method, we
obtain the nanowire that can sustain a high Curie temperature, indicating its potential for room-
temperature applications. Moreover, doping with electrons is found to induce magnetism and metallic
conductivity that coexists with the ferroelectric distortion in the nanowire. These appealing properties in
conjunction with the experimental feasibility enable the doped WOF,4 nanowire to act as a promising
atomic-scale multifunctional material.

© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ferroelectrics, characterized by a switchable spontaneous po-
larization, have been the subject of intensive research due to their
broad technological applications, such as sensors, nonvolatile
random-access memory (FeRAM), and so forth [1—3]. Driven by the
surging demand for miniaturized electronic devices and the dis-
covery of versatile exotic physical properties, tremendous research
efforts have been devoted to the investigations of nanoscale fer-
roelectrics [4—8]. However, ferroelectricity is completely sup-
pressed below the critical thickness of several nanometers in
conventional ferroelectrics [9,10] due to the enhanced depolarizing
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field. The rise of 2D van der Waals (vdW) materials is a promising
approach to circumvent this challenge and provides a platform for a
new generation of the atomic-scale ferroelectrics. A series of
intrinsic 2D ferroelectric materials have been explored recently
embarked by the observation of stable electric polarization in
monolayer SnTe [11], which include but not limited to MX; (M =W,
Mo, X = S, Se, Te) transition metal dichalcogenides (TMDs) [12],
group-IV monochalcogenides (GeS, GeSe, SnS, and SnSe) [13],
buckled honeycomb compounds [14]. These atomic-scale ferro-
electrics are endowed with superior ferroelectric, mechanical,
electronic, and optical properties, and thus hold promise for the
application of ultrahigh density electronic devices with low energy
consumption and high performance.

In accordance with this promising route, it is highly desirable to
extend the current low-dimensional ferroelectric studies to 1D
ferroelectrics with robust polar order, which would enable a much
higher density data storage compared with 2D ferroelectrics. 1D
materials have demonstrated unique and various physics, such as
Peierls transition [15], nontrivial band topology [16], and

2352-8478/© 2023 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jw@zju.edu.cn
mailto:hongxin.yang@nimte.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmat.2023.02.012&domain=pdf
www.sciencedirect.com/science/journal/23528478
www.journals.elsevier.com/journal-of-materiomics/
https://doi.org/10.1016/j.jmat.2023.02.012
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmat.2023.02.012
https://doi.org/10.1016/j.jmat.2023.02.012

T. Xu, J. Zhang, C. Wang et al.

superconductivity, as well [17]. Recently, hundreds of 1D weakly
bonded van der Waals crystals have been identified through a novel
data mining algorithm, which offers a comprehensive database to
explore promising 1D atomic wire candidates with new function-
alities. Besides, a few 1D ferroelectric atomic wires have been re-
ported theoretically [18—20]. Despite the progress, the
development of 1D ferroelectrics remains in the very early stage.

On the other hand, the recent interest in low-dimensional fer-
roelectrics not only lies in ferroelectricity itself but also extends to
its coupling with other common degrees of freedom, such as strain,
charge, spin, etc. These coupling effects open up unprecedented
opportunities for the development of a plethora of multi-functional
materials simultaneously holding ferroelectric, magnetic, and op-
tical properties, which are quite promising for novel nanoscale
electronics and new technological paradigms. However, single-
phase materials possessing such coupling are very challenging to
realize and are rarely explored in low-dimensional materials
because of mutually exclusive mechanisms. Specifically, both free
electrons and reduced dimensions are believed to destroy ferro-
electricity, let alone the seemingly incompatibility between ferro-
electricity and ferromagnetism. The discovery of 1D multiferroic
metals will not only reveal new physical mechanism behind them
but also facilitate the development of multifunctional nanodevices.

In this work, we predict that the WOF,4 nanowire with electro-
static doping is a one-dimensional multiferroic metal. Structural,
ferroelectric, and electronic properties of one-dimensional WOF4
atomic lines are studied in terms of the density functional theory
and the modern Berry phase approach of ferroelectric calculation.
The exfoliation energy, phonon spectra, molecular dynamics sim-
ulations, and Monte Carlo simulations indicate that the WOF4
atomic wire is a stable 1D ferroelectric with large polarization,
which is manifested in the form of large cooperative atomic dis-
placements. Moreover, doping with electrons is found to induce
magnetism and metallic conductivity that coexist with the ferro-
electric distortion in the nanowire.

2. Simulation method

Our first-principles calculations are performed based on the
density functional theory within the VASP code [21,22]. The
exchange-correlation interaction is treated with the generalized
gradient approximation (GGA) [23] of the Perdew-Burke-Ernzerhof
(PBE) functional [24]. A1 x 1 x 15 Monkhorst-Pack k-point scheme
is used for Brillouin zone integrations and a plane-wave cutoff of
520 eV is employed for the electronic wave function. The Grimme's
DFT-D3 approach is imposed for the van der Waals correction. The
axial lattice constant of the nanowire and the atomic positions are
fully relaxed until the force on each atom is less than 0.01 eV/A. The
Heyd—Scuseria—Ernzerhof (HSE06) screened hybrid functional
[25,26] is employed to calculate the ferroelectric and electronic
properties of the electron-doped nanowire, which has been proved
to correctly reproduce the structural parameters of wide-gape ox-
ides [27—29], and is indispensable for the accurate description of
the electronic structures of charge imbalanced systems [30,31]. We
adopt the common supercell approach with periodic boundary
conditions as implemented in the VASP to perform electronic
structure calculations. To model the nanowire, a vacuum thickness
more than 20 A is set to avoid the interactions between neighboring
supercells due to the periodic boundary conditions. The climbing
image nudged elastic band (CI-NEB) method approach [32] is
adopted to determine the minimum energy pathway of the phase
transition. The phonon dispersion curves are calculated by the
finite displacement method using the PHONOPY code [33]. Ab initio
molecular dynamics (AIMD) simulations with the NVT ensemble
are performed to evaluate the thermal stability of the nanowire. An
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effective Hamiltonian model is built to investigate the temperature
dependence of the ferroelectric properties. This method has been
widely used to predict temperature-dependent polarization of
many ferroelectrics, which is computationally efficient with accu-
racy comparable with the ab initio MD simulation. The details of the
model and the related expansion parameters are provided in the
Supplementary Material.

3. Results and discussion
3.1. Structural stability

The bulk WOF; is derived from the Materials Project database
[34] and crystalizes in a tetragonal lattice with the 14 space group,
as displayed in Fig. 1(a). The structure consists of weakly bonded 1D
molecular chains, which have also been screened as 1D van der
Waals (vdW) bulks in recent high-throughput calculations [35,36]
and investigated very recently [37]. The initial configuration of
WOF, atomic wire is exfoliated from the bulk WOF4 and then the
lattice constant ¢ and atomic positions are fully relaxed. The opti-
mized nanowire structure is shown in Fig. 1(b), in which the
primitive unit cell denoted by the dashed red line belongs to a space
group of P4. Each W atom locates in the octahedral holes formed by
the framework of two axial O atoms and four in-plane F atoms. The
W atom shifts towards one of the bridging O atoms along the axial
direction, leading to the formation of two non-equivalent W—0
bonds. The optimized lattice constant c (i.e., axial parameter) is
3.97 A. The nanowire shows little crystal structure variation
compared to the bulk counterpart, attributed to the weak vdW
interaction between neighboring NWs.

The exfoliation energy Eexs, based on the formula of Eexf = Ep /Ny, -
Epuik/Nbulk. is calculated to evaluate the thermodynamic stability of
ground-state structure, where E;, and Epk are energies of nanowire
and bulk WOF4, and N, and Npyjx are the number of atoms in the
nanowire and bulk materials, respectively. The obtained formation
energy is around 68 meV per atom, which is not only lower than
those of other theoretically proposed NW, including NbOI3 [19], and
experimentally obtained 1D nanowire like SnTe [38], but is also
comparable to those of 2D materials (e.g. graphene (~52 meV per
atom) and MoS; (77 meV per atom) [39]). This indicates that the
exfoliation of WOF4 nanowire from the bulk is highly possible.
Furthermore, we verify the dynamic stability of the nanowire by
calculating the phonon dispersion, and the result is shown in
Fig. 1(c). It is evident that the nanowire is free from any imaginary
phonon modes throughout the Brillouin zone. We also performed
the ab initio MD simulations at 300 K for 5 ps. As shown in Fig. 1(d),
the nanowire remains intact and shows tiny structure distortions,
and the total energy of the simulation system keeps oscillating
around an equilibrium position during the simulation, which sug-
gests that the nanowire can be stable above room temperature.
These results indicate that the WOF; nanowire is stable and
experimentally accessible.

3.2. Spontaneous polarization

Having assessed the stability of the nanowire, we proceed to
probe the ferroelectricity of the nanowire. The WOF4 nanowire
exhibits obvious structural symmetry breaking due to the large off-
center displacements of the W atoms along the NW direction in an
octahedron, which is reminiscent of the structure of ferroelectric
perovskite oxides such as BaTiO3 [40] and PbTiOs [41]. Evidently,
the centers of the positive and negative charges do not coincide in
the nanowire, leading to a spontaneous polarization along the
nanowire direction. Note that the corresponding depolarization
field is also along the axial direction in this case, which thus
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Fig. 1. Lattice structures of (a) bulk WOF, and (b) WOF4 nanowire; (c) phonon dispersion curves of WOF4 nanowire; (d) The ab initio MD simulations performed at 300 K.

circumvents the well-known restriction of critical thicknesses
problem in traditional ferroelectrics caused by the increased de-
polarization effects that accompany size reductions. As illustrated
in Fig. 2(a), the distorted F phase can transform into symmetry-
equivalent F ground-states with opposite distortion value via a
spatial inversion operation. As a result, the F and F phases have
opposite polarizations. In the intermediate state between them (a
space group of P4/m), the WOF,; nanowire retains the cen-
trosymmetry with d = 0, which forbids the existence of ferroelec-
tricity, and the lattice parameter is calculated to be 3.80 A. The
variation in the energy of the structure versus the normalized
distortion displacement is also calculated, which manifests itself as
obvious double well potential characteristics. The results clearly
signal that the WOF; is an intrinsic 1D ferroelectric.

The polarization Ps of the nanowire is confirmed and calculated
by the standard Berry phase approach (see Fig. 2(b)). Note that the
polarization of low-dimensional material depends on the estima-
tion of the unit cell volume. Here we employ the vdW interchain
spacing of bulk WOF; dj to estimate the volume of the nanowire.
The obtained spontaneous polarization is equivalent to 49.03 pC/
cm? along the axial direction, which is slightly smaller than the
corresponding value of 52.89 pC/cm? in bulk WOF,. This value is
larger than those of recently predicted 1D nanowires [18], and is
the same order as that of bulk ferroelectric PbTiO3 (~85.8 uC/cm?)
[42], indicating that the WOF4 nanowire is a potential excellent 1D
FE material. The large polarization is originated from the large
displacement of the F atoms with respect to the W atoms as well as
their sizable electronegative difference. To inspect the feasibility of
polarization reversion, we further investigate the minimum energy
pathway for the polarization transition from the F to F phase using

894

the CI-NEB methods. The results are illustrated in Fig. 2(c). One can
see that the transition pathway goes through an intermediate
paraelectric phase and the overall transition barrier (Ep) is about
0.38 eV. This value is in the same order as those in traditional
ferroelectric oxides, such as 0.1—0.2 eV-f.u.”! for PbTiOs, and some
low-dimensional ferroelectric materials [43,44]. This large Ep en-
sures the robustness of the ferroelectricity in the nanowire at room
temperature. It is also worth mentioning that the ferroelectricity is
confirmed to be preserved at 300 K from our AIMD simulations.
These results unveil that the WOF4 nanowire is intrinsic room-
temperature ferroelectrics.

The stability of the ferroelectricity against finite temperature
effect is quantitatively measured by the Curie transition tempera-
tures Tc, above which spontaneous polarization vanishes. We
employ the Monte Carlo (MC) method to estimate the Tc. The free
energy of the WOF, nanowire can be constructed as:

E =Epg(d) + Eelas (1) + Einc(d, 1) (1)

Here, the first term Epg describes the energy arises from the
ferroelectric distortion associated with the displacement of W atom
d, E. ;s is the elastic energy, and E;.(d,n) describes the coupling
between ferroelectric distortion and strain 7. Based on the con-
structed model, the Monte Carlo simulation with Metropolis algo-
rithm is introduced to investigate the finite temperature properties
of WOF, nanowire. At each MC step, we make a trial move on each
degrees of freedom, and the change of energy AE can be calculated
through Eq. (1). The possibility of this move can be calculated by

p = min (1 , e”‘TTET), where kg is Boltzmann constant. The equilibrate
state under 0 K is achieved with 10° MC sweeps, after that, the
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Fig. 2. (a) Atomic structures of the two energy-degenerate distorted polar phases (F and F) and the undistorted phase P; (b) polarization of WOF, obtained from the Berry phase
method; (¢) Minimum energy pathway and energy barrier for the polarization switching.

model is heated up to 2 500 K with a temperature step of 1 K. For
each temperature step, 10° MC sweeps are performed. Fig. 3 shows
the temperature dependence of ferroelectric distortion of the
nanowire obtained by the MC simulations, which indicates that the
Tc value is around 1 250 K. The above results demonstrate that the
WOF, nanowire is intrinsic room-temperature ferroelectrics.

3.3. Strain effect

The low dimensional structures are normally fabricated on a
substrate or grow in carbon nanotubes [38] with inevitable misfit
strain. To probe the strain modulations of the ferroelectricity of the
nanowire, we apply the axial strain e to the nanowire. The quantity
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Fig. 3. Normalized averaged ferroelectric distortion of the WOF, nanowire as a func-
tion of temperature obtained from the MC simulations.
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is defined as e = (c —cg)/co with c as the lattice constant along the
axial direction for the strained structure. Fig. 4 shows the evolution
of polarization and the activation barrier for the ferroelectric
transition with applied strain. We can see that the polarization
increases almost linearly from 49.03 pC/cm? to 55.68 pC/cm? as the
axial tension increases from 0 to 4%, while decreases rapidly to
about 37.01 pC/cm? at a 4% compressive strain. Besides, the energy
barrier is also sensitive to mechanical strain, which reaches 0.82 eV
at 4% of the tensile strain and decreases to 0.11 eV at 4% of the
compressive strain. Therefore, the ferroelectricity of 1D WOF,4 can
be effectively modulated by the application of strain engineering,
which has also been found in bulk and 2D ferroelectrics [45,46].

3.4. Doping effect

We further investigate the effect of electrostatic doping on the
ferroelectric and electronic properties of the nanowire using the
HSEO06 hybrid functional, which is expected to describe the atomic
structures and electronic structures of wide band gap oxides more
accurately. Previous studies have reported that excess electrons are
detrimental to ferroelectricity in bulk ferroelectrics due to the
screening effect, which results in the disappearance of polar
distortion at high electron density (e.g. 0.085 e/f.u. in BaTiO3 [47]).
The evolution of ferroelectric properties in the nanowire as re-
flected by the polar displacements versus electrostatic doping is
shown in Fig. 5(a). Surprisingly, the ferroelectric structure remains
stable throughout the whole doping density range. The polar dis-
placements maintain a relatively large value and even increase with
increasing doping holes or electrons, in stark contrast to conven-
tional ferroelectric BaTiO3 which shows a sharp decreasing trend
upon electron doping. These results manifest that the robust polar
ordering survives the free carriers doping and there is no critical
doping density for the absence of ferroelectricity in the ferroelectric
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WOF,4 nanowire.

More interestingly, we found that doped free carriers are also
associated with magnetism in the nanowire. Fig. 5(b) illustrates the
doping density dependence of the spin-polarized energy AEn
defined as the energy difference between the ferromagnetic and
nonmagnetic states, AEy, = Epy-Enm. The ferromagnetic state is
unstable at e = 0 due to the absence of excess charge. The negative
values indicate that magnetism is activated immediately upon
doping, despite the fact that ferroelectric WOF4; nanowire is
intrinsically nonmagnetic. The magnetization density distribution
for the electron doping concentration of ne. = 0.01 e-f.u.”! is visu-
alized in the right part of Fig. 5(b). We can clearly find that the
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magnetization is particularly confined around the W atoms. The 1D
magnetism becomes more stable and the emerging magnetic mo-
ments increase linearly with increasing doping density. Moreover,
we calculate the magnetic anisotropy energy (MAE) of the magnetic
nanowire as a function of doping density by considering spin-orbit
coupling. Herein, the MAE is defined as the energy difference be-
tween the magnetic moment aligned along the [001] axis and in the
(001) plane, i.e. MAE = E|oo1]-E(001), since the energy is found to be
insensitive to spin directions within (001) plane. As shown in
Fig. 5(c), the MAE is positive in electron doping and increases with
increasing electron density, indicating that the (001) plane is the
easy magnetization plane. Specifically, we obtain the MAE of
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0.45 meV/unit cell for ne = 0.01 e-f.u.”!, which is comparable with
those of many intrinsic monolayer ferromagnets [48,49]. The hole
doping plays an opposite effect on the MAE, with the easy
magnetization axis along the [001] due to the negative MAE,
although the value is much smaller. Thus, the magnetization
orientation turns from in-plane to axial direction with hole doping,
suggesting the possibility of controlling magnetoelectric coupling
with doping concentration. We further calculate the electronic
properties of the doped nanowire. The spin-polarized density of
states (DOS) of the system at n. = 0.01 e-f.u.”! (see Fig. 5(d)) dis-
plays a clear ferromagnetic metallic state, as the majority spin
crosses the Fermi level containing a smaller portion of occupied
electrons with respect to the minority spin. As visualized from the
squared wave functions, the spin-polarized excess electrons are
primarily contributed by dyy orbitals of W atoms, which contribute
to magnetism and electrical conduction in the system.

The above results thus present the nontrivial coexistence of
polar distortion, magnetism, and conductivity in the doped WOF4
nanowire. The stable WOF4 atomic wire displays robust intrinsic
ferroelectricity attributed to the large cooperative atomic dis-
placements. Despite being intrinsically nonmagnetic and insu-
lating, upon free-carriers injection, ferroelectric WOF4 nanowire
simultaneously exhibits multiferroic and conducting properties.
The present design strategy based on the doping of 1D ferroelec-
trics circumvents the conventional restrictions between ferroelec-
tricity and conductivity as well as between ferroelectric and
magnetic properties in the extremely fine size, providing a means
to the search for entirely new 1D multiferroic semiconductors. In
addition to the conceptual significance, the integrated multiferroic
and conductive properties in the atomic-scale nanowire provide a
plethora of fascinating and innovative applications in the field of
nanoscale electronics, such as magnetoelectricity [50], electro-
catalysis [51], and photovoltaics [52]. The unusual coexistence of
these seemingly “conflicting” properties in a single-phase material
also offers a new platform to explore unique physical phenomena
such as superconductivity [53,54], unusual optical properties
[55,56], and enhanced thermoelectric properties [57].

4. Conclusion

In summary, we demonstrate that the WOF; nanowire is an
intrinsic 1D ferroelectric with robust axial spontaneous polariza-
tion by using first-principles calculations. The energetic, dynamical,
and thermodynamic stabilities of the nanowire have been
confirmed theoretically. The nanowire exhibits robust ferroelec-
tricity with a large spontaneous polarization value and a high Curie
transition temperature, as a result of large relative atomic dis-
placements. Furthermore, the ferroelectric distortion persists with
free carriers in the nanowire. The doping electrons are in spin-
polarized states, giving rise to ferromagnetic metallic states. Our
findings not only broaden the family of 1D ferroelectrics but also
present a new concept and approach for 1D metallic multiferroics.
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