Open Access Article. Published on 19 January 2026. Downloaded on 4/8/2026 5:41:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

(3

View Article Online

View Journal | View Issue,

{ '.) Check for updates ‘

Cite this: RSC Adv., 2026, 16, 4204

Received 19th November 2025
Accepted 7th January 2026

DOI: 10.1039/d5ra08930a

rsc.li/rsc-advances

“Department of Physics, Riphah International University, Islamabad 44000, Pakistan.

E-mail: zaman.abid87@gmail.com

*Department of Chemistry, College of Science, Taibah University, Yanbu Governorate,

Saudi Arabia

‘Department of Electrical Engineering, College of Engineering, Qassim University,

Unayzah, Saudi Arabia

“Department of Physics and its Teaching Methods, National Pedagogical University of

Uzbekistan, Tashkent, Uzbekistan

‘Department of Science and Technology, University College at Nairiyah, University of
Hafr Al Batin (UHB), Nairiyah, 31981, Saudi Arabia

Coexistence of ferroelectricity and altermagnetism
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Multiferroic and altermagnetic materials that simultaneously exhibit coupled electric and magnetic
functionalities have emerged as promising candidates for next-generation spintronic and memory
devices. In this work, we present a comprehensive first-principles investigation of bulk wurtzite vanadium
oxide (w-VO), revealing its unique coexistence of robust ferroelectricity and altermagnetism. The w-VO
compound crystallizes in a non-centrosymmetric hexagonal wurtzite phase (space group P6zmc),
confirmed to be both thermodynamically and dynamically stable. Magnetic energy analysis identifies
a layered antiferromagnetic (AFM) ground state with a local V magnetic moment of 2.42 uB, yielding
a fully compensated magnetization. The electronic structure displays momentum-dependent spin
splitting of ~50 meV in the valence band along non-symmetric k-paths, a defining characteristic of
altermagnetism arising from crystal symmetry and magnetic ordering rather than spin—orbit coupling.
Furthermore, the system exhibits an in-plane magnetic easy axis and a substantial spin Hall conductivity
(SHC), peaking at —182 (A/e) S cm™ under hole doping, surpassing values reported for known spin Hall
materials. Remarkably, w-VO also demonstrates a strong out-of-plane spontaneous polarization of
113.12 nC cm~2 along the [001] direction, substantially higher than conventional perovskite ferroelectrics.
The polarization switching process, with a moderate energy barrier of 0.71 eV per fu., confirms its
ferroelectric reversibility. Strikingly, reversing the ferroelectric polarization induces a complete reversal of
spin character near the Fermi level, thereby electrically toggling the spin-resolved electronic structure
without altering the total magnetization. These findings establish w-VO as a rare multiferroic altermagnet
in which ferroelectric polarization and compensated spin order are intrinsically coupled. The ability to
control spin polarization and spin Hall response through electric-field-driven polarization switching
offers a new paradigm for non-volatile, field-free spintronic devices based on voltage-controlled spin
functionality.

Introduction

In recent years, altermagnetism has emerged as a distinct
magnetic phase characterized by compensated magnetic order
coexisting with momentum-dependent spin polarization
enforced by crystal symmetry. Unlike conventional antiferro-
magnets, altermagnets exhibit non-relativistic spin splitting in
their electronic band structures, even in the absence of net
magnetization and spin-orbit coupling, arising from the inter-
play between magnetic ordering and non-primitive symmetry
operations of the lattice. This intrinsic spin polarization
enables the generation and manipulation of spin-polarized
electronic states without external magnetic fields, offering
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new opportunities for energy-efficient spintronic applica-
tions.*® Several representative altermagnetic materials,
including MnTe, RuO,, and MnsSis, have been shown to exhibit
pronounced transport phenomena such as the anomalous Hall
effect, originating from Berry curvature generated by their uni-
que momentum-space spin texture.>*’” These findings highlight

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra08930a&domain=pdf&date_stamp=2026-01-19
http://orcid.org/0000-0001-9527-479X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08930a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016005

Open Access Article. Published on 19 January 2026. Downloaded on 4/8/2026 5:41:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

the broader significance of altermagnetism for Berry-phase-
driven transport and motivate the search for new alter-
magnetic platforms with additional functional degrees of
freedom.?

Parallel to the progress in altermagnetic research, transition
metal oxides (TMOs) have remained central to condensed
matter and materials science due to their wide-ranging struc-
tural versatility and multifunctional physical responses. Many
TMOs crystallize in the cubic rock-salt phase, although hexag-
onal variants, such as those adopting the wurtzite structure,
have also been experimentally realized.”’® A decade ago, Nam
and co-workers successfully synthesized wurtzite-type MnO, an
achievement that sparked" interest in
centrosymmetric oxide lattices and their potential multi-
functionalities.” The polar wurtzite lattice, consisting of
tetrahedrally coordinated atoms linked by strong covalent
bonds, was historically assumed to lack switchable electric
polarization. Despite its noncentrosymmetric space group
(P6smc), it was widely believed that the rigid tetrahedral
framework prevented ferroelectric switching. Nevertheless,
a sequence of experimental and theoretical milestones gradu-
ally overturned this assumption. The earliest evidence dates
back to Sawada et al. (1973), who reported a measurable spon-
taneous polarization of approximately 6.1 uC cm > at 1078 K in
wurtzite BeO." Two decades later, Onodera and collaborators
detected a dielectric anomaly near 330 K and a weak polariza-
tion of about 0.044 C.c”? in Li-doped ZnO, which was subse-
quently reaffirmed by Joseph et al (1999) in the same
compound.***®

Complementary theoretical investigations were later carried
out by Gopal et al. (2004) and Vanderbilt et al. (2007), who
examined the piezoelectric and polarization properties of MnO
and ZnO in their wurtzite configurations.">*® At that stage,
however, the existence of spontaneous ferroelectricity in these
oxides had not been suggested. The scenario evolved with the
work of Moriwake et al. (2014), who theoretically demonstrated
the feasibility of ferroelectric switching in simple chalcogenides
possessing the wurtzite lattice.””® Their findings encouraged
several research groups to experimentally validate the ferro-
electric character of wurtzite-structured compounds.* A deci-
sive experimental advance arrived in 2019, when Fichtner and
co-workers revealed a well-defined polarization, electric field
hysteresis loop in Sc-doped AIN thin films, showing a sponta-
neous polarization of nearly 8.1 pC cm™2.2*?? This observation
conclusively confirmed the existence of robust ferroelectricity
within wurtzite-type materials and marked a significant step
toward integrating them into piezoelectric and ferroelectric
nano-electronic devices.>*? Together, these advances have
reshaped our understanding of wurtzite structures by revealing
an intrinsic coupling between symmetry, magnetism, and
polarization. Motivated by these developments, we investigate
the multifunctional properties of wurtzite vanadium oxide (VO),
demonstrating that this material exhibits coexisting alter-
magnetic and ferroelectric behavior. Our results highlight w-vO
as a promising platform for next-generation ferroelectric and
spintronic technologies.

new non-
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Computational techniques

The structural, magnetic, and ferroelectric characteristics of
wurtzite-type VO were examined through first-principles calcu-
lations based on density functional theory (DFT), as imple-
mented in the Vienna Ab initio Simulation Package (VASP).>®
The interaction between valence and core electrons was
modeled using the projector-augmented wave (PAW)
formalism, while the exchange-correlation energy was treated
within the generalized gradient approximation (GGA) following
the Perdew-Burke-Ernzerhof (PBE) functional.”” To correctly
capture the localized behavior of the V-3d orbitals, a Hubbard
on-site correction (DFT+U) was employed with an effective U
value of 4.0 eV, which was adopted from previous first-
principles studies on vanadium-based oxides and has been
widely used to describe the electronic and magnetic properties
of V-3d states.”®*' All atomic positions and lattice constants
were optimized without symmetry restrictions until the energy
convergence reached 107° eV and atomic forces were below
0.01 eV A™%. A plane-wave cutoff energy of 500 eV and a Mon-
khorst-Pack k-point grid of 15 x 15 x 13 were adopted for total
energy and electronic structure evaluations.

The magnetocrystalline anisotropy energy (MAE) was
computed within the non-collinear spin formalism, including
spin-orbit coupling (SOC),** by aligning the magnetic moments
along the [001], [100], [010], and [111] directions. To confirm
lattice dynamical stability, the phonon dispersion was obtained
using the Phonopy package with a2 x 2 x 2 supercelland a 5 x
5 x 3 k-mesh.*® The spontaneous polarization of w-VO was
calculated within the modern theory of polarization using the
Berry-phase formalism as developed by King-Smith and Van-
derbilt.** In this framework, the total polarization (P) is
expressed as the sum of the ionic contribution (P;,,) and the
electronic component (P;.) derived from the phase of occupied
Bloch states across the Brillouin zone. The variation of polari-
zation along an adiabatic path connecting the centrosymmetric
(non-polar) and polar configurations (defined by a scaling
parameter A) yields the spontaneous polarization difference AP.
To assess the energy barrier for polarization switching, the
climbing-image nudged elastic band (CI-NEB) method was
applied, identifying the minimum energy path (MEP) associ-
ated with V-ion displacement between two equivalent ferro-
electric orientations.*®

Results and discussion

The optimized crystal geometry of bulk wurtzite vanadium
oxide (w-VO) is illustrated in Fig. 1(a) and (b), showing both top
and side views of the structure. The conventional unit cell of w-
VO contains two formula units (f.u.) of VO, in which each V
atom is tetrahedrally coordinated by four nonmagnetic O atoms
located at the vertices of the surrounding polyhedra. The system
crystallizes in a non-centrosymmetric hexagonal wurtzite lattice
belonging to the P6;mc (no. 186) space group. After full struc-
tural relaxation, the equilibrium lattice parameters are obtained
as @ = b = 3.16 A and ¢ = 5.97 A. The optimized wurtzite VO
polymorph exhibits a strongly non-ideal lattice ratio, c/a =
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Fig.1 Atomic structure of bulk wurtzite VO in its optimized ground state. (a) Top view along the c-axis, showing the in-plane arrangement of
VO, tetrahedra within the hexagonal lattice (b) side view along the a-axis, illustrating the stacking of tetrahedra along the polar c-axis. Green and

pink spheres represent V and O atoms, respectively.

1.89c, which is significantly larger than the ideal wurtzite value
(~1.633) characteristic of tetrahedrally coordinated sp*-bonded
compounds such as ZnO. This pronounced deviation is physi-
cally expected because VO intrinsically favors octahedral coor-
dination of the V-O network, as realized in the rock-salt ground
state. When VO is constrained into a tetrahedrally coordinated
wurtzite topology, the lattice undergoes a strong anisotropic
relaxation to reduce the unfavorable crystal-field and bonding
environment of the V-3d electrons. This relaxation primarily
manifests as an elongation along the ¢ axis, accompanied by
distortions of the local V-O bond lengths and bond angles as
well as a shift in the internal structural parameter u. Conse-
quently, the large c/a ratio should be interpreted as a hallmark
of a metastable, constraint-stabilized wurtzite-like configura-
tion, rather than a conventional ideal wurtzite lattice. We
further explored the magnetic ground state of bulk wurtzite VO
(w-VO). To determine the most energetically favorable spin
configuration, four different magnetic arrangements were
examined within a 2 x 2 x 1 supercell, including one ferro-
magnetic (FM) and three distinct antiferromagnetic (AFM)
configurations, as illustrated in Fig. 2(a)-(d). Among these, the
layered antiferromagnetic (AFM) arrangement, shown in
Fig. 2(a), emerged as the lowest-energy configuration. The
calculated exchange energy difference (Eex = Eapm — Epm)
between the most stable AFM state and the FM state is 80 meV
per unit cell, indicating that the AFM alignment is strongly
favored. In this ground-state configuration, each V atom carries
a magnetic moment of 2.42 pB, and the antiparallel coupling
between neighboring V atoms leads to an overall zero net
magnetization, consistent with compensated magnetic
ordering. The calculated local magnetic moment of 2.42 uB on

4206 | RSC Adv, 2026, 16, 4204-4213

the V atom is smaller than the spin-only effective moment (~3.9
uB) expected for an isolated, fully localized d* ion in the para-
magnetic regime. This difference arises because the DFT value
represents the ground-state local spin moment obtained by
integrating the spin density within the V atomic region, rather
than the Curie-Weiss effective moment. In wurtzite VO, the
strong electronegativity of oxygen leads to significant charge
transfer from V to O and pronounced V-O covalency, resulting
in partial delocalization of the V-3d spin density onto neigh-
boring O atoms and the interstitial region. In addition, the
partial itinerant character of the V-3d states further reduces the
on-site magnetic moment compared with the ideal ionic limit.

To evaluate its thermodynamic stability, the formation
energy (Er) was computed according to

EF = (ET - 2EV - 2E0)/N

where Er is the total energy of the optimized structure, Ey and
Eo represent the chemical potentials of an isolated V and O
atom, respectively, and N denotes the total number of atoms in
the simulation cell. The chemical potential of V was obtained
from the body-centered cubic (bec) V bulk phase, while that of
oxygen was derived from an O, molecule. The calculated
formation energy of —2.21 eV per atom indicates that w-VO is
chemically stable with respect to elemental decomposition.
Although the wurtzite phase of VO is chemically stable, it is
energetically higher than the rock-salt ground state by approx-
imately 0.8 eV per formula unit. Such an energy separation does
not preclude experimental realization of the metastable phase
under non-equilibrium conditions. Comparable or even larger
polymorph energy differences are well documented in materials
where multiple phases have been experimentally fabricated. A

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Possible magnetic configurations of bulk wurtzite VO considered in this work (a) FM, (b) AFML, (c) AFM2, and (d) AFM3. The figure shows
representative ferromagnetic (FM) and antiferromagnetic (AFM) spin arrangements within a 2 x 2 x 1 supercell of the wurtzite structure. Green
and pink spheres denote V and O atoms, respectively. Red arrows indicate the direction of the local magnetic moments on V atoms. These
magnetic configurations were systematically compared to determine the magnetic ground state of w-VO.

prominent example is MoS,, where the metallic 1T phase can be
produced by chemical intercalation or exfoliation despite being
~0.8-0.9 eV per formula unit higher in energy than the semi-
conducting 2H ground state. Similar behavior has been re-
ported for WS, and WSe,, in which metastable 1T-like
structures are accessible despite large energetic penalties.****
These precedents demonstrate that polymorphs lying ~0.7-
1.0 eV above the thermodynamic ground state can be stabilized
through epitaxial constraint, charge transfer, or kinetic trap-
ping. In this context, the wurtzite VO structure should be
regarded as a metastable but physically meaningful configura-
tion, suitable for exploring symmetry-driven electronic and
magnetic phenomena, rather than as a thermodynamic ground
state. The dynamical stability of w-VO was further verified
through phonon dispersion analysis, as depicted in Fig. 3. The
absence of any imaginary phonon frequencies throughout the
entire Brillouin zone confirms that the crystal structure remains
dynamically stable against small perturbations, substantiating
its robustness under equilibrium conditions.**

The electronic band structure of the most stable antiferro-
magnetic (AFM) phase of bulk wurtzite VO, calculated without
spin-orbit coupling (SOC), is shown in Fig. 4. The system
exhibits a direct band gap of 0.68 eV at the I' point. The spin-up
(red) and spin-down (blue) bands overlap perfectly along the

© 2026 The Author(s). Published by the Royal Society of Chemistry

principal high-symmetry directions, indicating spin degeneracy
at these specific k-points. This behavior is not accidental but is
enforced by crystal symmetry. Bulk w-VO crystallizes in the non-
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Fig. 3 Phonon dispersion relations of bulk wurtzite VO calculated
along the high-symmetry directions of the hexagonal Brillouin zone.
All phonon branches exhibit real (positive) frequencies throughout the
Brillouin zone, indicating the dynamical stability of the optimized
wurtzite VO structure.
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Fig. 4 Spin-resolved electronic band structure of bulk wurtzite VO
calculated along the high-symmetry path of the hexagonal Brillouin
zone. The red and blue curves denote the spin-up and spin-down
channels, respectively. The Fermi level is set to 0 eV.

centrosymmetric hexagonal space group P6;mc, which contains
non-primitive symmetry operations that govern the spin
degeneracy of the electronic states.

In particular, the magnetic structure preserves a twofold
screw rotation symmetry, denoted as {C,,|c/2}, which consists of
a m rotation about the crystallographic c-axis followed by
a translation of half a lattice vector along c¢. This symmetry
operation maps one V sublattice onto the other while reversing

Fig. 5
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the spin orientation, thereby relating opposite-spin electronic
states at the same crystal momentum. As a result, spin degen-
eracy is protected along high-symmetry paths such as I'-M-K-
I'-A-T-H-A, consistent with the band structure shown in Fig. 4.
A schematic illustration of this symmetry mapping between the
opposite-spin VO, tetrahedra is presented in Fig. 5(a). However,
this symmetry protection does not extend to the entire Brillouin
zone, because the two magnetic sublattices are not related by
a pure lattice translation. Consequently, at generic (non-high-
symmetry) k-points, the symmetry constraints are relaxed,
allowing momentum-dependent spin splitting even in the
absence of SOC. To demonstrate this effect, we computed the
band structure along non-symmetric paths passing through the
points (0.5, 0.0, 0.5), (0.0, 0.0, 0.0), and (0.0, 0.5, 0.5), as shown
in Fig. 5(b). Clear spin splitting is observed in both the valence
and conduction bands, with a maximum splitting of approxi-
mately 50 meV in the valence band. Despite the presence of this
pronounced spin splitting, w-VO retains zero net magnetization
due to its fully compensated AFM ground state. The coexistence
of compensated magnetism with symmetry-allowed,
momentum-dependent spin polarization identifies w-VO as an
altermagnet, a distinct magnetic class in which spin polariza-
tion originates from crystal symmetry and magnetic order,
rather than from relativistic spin-orbit interactions. Next, we
analyzed the magneto-crystalline anisotropy energy (MAE) of
bulk w-VO by performing non-collinear total energy calculations
that explicitly included spin-orbit coupling (SOC). Our results
indicate that the system exhibits an in-plane magnetic easy axis
along the [100] direction, with a calculated MAE of 0.017 meV
per unit cell (17 peV per cell). To gain deeper insight into the
spin-dependent transport behavior of bulk wurtzite VO, we
analyzed its spin Hall conductivity (SHC), a quantity that

Spin-dn

Spin-up

Energy (eV)
o

2

7

<

r

(a) Two symmetry-related tetrahedra with opposite V spin orientations (V; and V) are connected by the non-primitive screw rotation

{C5,1c/2}, illustrating the symmetry origin of altermagnetism in wurtzite VO, and (b) spin-resolved electronic band structure of bulk wurtzite VO
calculated along a non-symmetric k-path (M—-I'-M’). Red and blue curves denote the spin-up and spin-down channels, respectively. The non-
symmetric path reveals a clear momentum-dependent spin splitting despite the compensated antiferromagnetic ground state.
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characterizes the conversion of a longitudinal charge current
into a transverse spin current due to spin-orbit coupling (SOC).
Physically, when an electric field is applied along a given
direction, SOC causes electrons with opposite spins to deflect in
opposite transverse directions, producing a pure spin current
even in the absence of magnetization.” The efficiency of this
process is quantified by the SHC tensor o55,4', where the indices
a, B, and v denote the directions of the electric field, charge
current, and spin polarization, respectively. In this work, the
spin Hall conductivity (SHC) of wurtzite VO was calculated
including spin-orbit coupling (SOC) using the Kubo-Berry
curvature formalism, which relates the SHC tensor compo-
nents to the geometric properties of the electronic wave func-
tions in momentum space. The Berry curvature acts as
a magnetic field in reciprocal space, giving rise to an anomalous
velocity that leads to the spin Hall effect. To achieve accurate
integration over the Brillouin zone, the maximally localized
Wannier functions (MLWFs) were constructed from the DFT-
derived Bloch states, allowing precise interpolation of the
band structure and Berry curvature on a dense k-point mesh.
Fig. 6 displays the calculated variation of SHC as a function
of the chemical potential (u) for the two tensor components
o™ and o}B", corresponding to spin polarization along the x
and y directions, respectively. Owing to the semiconducting
nature of w-VO with an energy gap of about 0.19 eV, both SHC
components are nearly zero at the Fermi level, as there are no
available carriers to contribute to spin transport in the intrinsic
insulating state. However, as the Fermi level is shifted by
doping, the situation changes markedly. Both components
exhibit opposite signs at zero doping, implying that the spin
currents generated along the two directions are of opposite
orientation under the same electric field, an intrinsic feature
arising from the anisotropic symmetry of the wurtzite lattice
and the non-centrosymmetric distribution of the Berry curva-
ture. Upon introducing charge carriers, we observe distinct

50 b Spin direction along X
Spin direction along Y
E
3 0 ,_.Qw——
172}
£
L
3
=
&= =50 |
£
&
)
< —100 |-
©
-150 |
-200 L L L 1
-0.4 -0.2 0.0 0.2 0.4
E(eV)

Fig. 6 Energy-dependent spin Hall conductivity of bulk wurtzite VO.
The red and blue curves represent spin current polarized along the x
and y directions, respectively. The vertical line at £ = 0 eV denotes the
Fermi level, highlighting the anisotropic spin Hall response near the
Fermi energy.
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trends in the two SHC components. The a,sczp;“ term remains
relatively stable under both electron and hole doping, suggest-
ing that the states contributing to this tensor component are
weakly influenced by the Fermi level position. In contrast, the
aysgin component exhibits a pronounced increase under hole
doping, reaching a peak value of —182 (7i/e) S cm™ ' when u is
shifted to —0.39 eV. This strong response indicates that the
valence band states near the Fermi level possess significant
spin-orbit interaction and contribute effectively to transverse
spin transport. The magnitude of SHC obtained here is
considerably higher than those observed in several known spin
Hall materials such as WTe, and V,SeTeO monolayer alter-
magnets, which typically show values around 100 (7/e) S cm ™" or
lower.**** This enhanced SHC highlights the robust spin-orbit
coupling and the unique symmetry of the wurtzite VO structure,
both of which favor efficient spin current generation. Conse-
quently, w-VO can be regarded as a promising candidate for
spintronic applications, particularly in systems where coupling
between ferroelectricity and spin transport could enable
voltage-controlled spin Hall effects and multifunctional device
architectures.

Since bulk w-VO crystallizes in a polar space group that lacks
mirror planes perpendicular to the c-axis, it is reasonable to
anticipate a spontaneous out-of-plane electric polarization (P)
along the [001] direction. To quantify P, we applied the modern
theory of polarization, computing the difference between the
polar and nonpolar phases of w-VO. The polarization is nonzero
only along the [001] axis, with a calculated magnitude of 113.12
uC cm™?, whereas it vanishes along the [100] and [010] direc-
tions. Because the Berry-phase polarization is defined modulo
a polarization quantum, special care was taken to avoid branch
(“wrapping”) ambiguities. To this end, the polarization was
evaluated along a continuous structural interpolation between
the two symmetry-related polar states through a centrosym-
metric reference configuration. The physically relevant polari-
zation branch was selected by enforcing continuity of the
polarization along the switching path, ensuring that no artificial
jump by an integer multiple of the polarization quantum
occurs. Upon gradually reducing the polarization from 113.12
uC ecm™? to zero, the system reaches a nonpolar state, and
further displacement along the z-axis produces an opposite
polarization of —113.12 uC cm ™2 The polarization evolution
along this switching path is shown in Fig. 7(a) and (b), where the
polarization varies continuously from +113.12 puC cm > to
—113.12 pC cm™ > and smoothly crosses zero at the nonpolar
configuration, confirming the absence of polarization-quantum
wrapping and validating the extracted spontaneous polariza-
tion. The large spontaneous polarization arises primarily due to
the significant electronegativity difference between V and O
atoms. This P is notably higher than typical perovskites, such
as BaTiO; (26 pC cm ?)* and Pb (Zr,Ti)O; (30-35 pC cm™?),*
and is comparable to ZnO (84-94 uC cm™2), 194748

A defining feature of a ferroelectric material is switchable
polarization under an applied electric field.** Although wurtzite-
type ferroelectrics have historically been considered chal-
lenging to switch due to dielectric breakdown at high fields, we
investigated a feasible switching pathway.** In our model, V

RSC Adv, 2026, 16, 4204-4213 | 4209
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(a) and (b) The switchable configurations for polarization of Wurtzite VO and (c) evolution of Berry-phase polarization (P) as a function of

the switching coordinate A for wurtzite VO. The polarization changes continuously from +113.12 pC cm™2 to —113.12 uC cm™2 and passes
smoothly through zero at the nonpolar configuration, demonstrating a continuous polarization branch without polarization-quantum wrapping.

atoms were incrementally displaced downward along the z-axis
relative to O atoms from the initial polar A-phase, passing
through a nonpolar intermediate state (A\)**, in which all V and
O atoms lie in planes parallel to the basal ab-plane. From A, V
atoms were further displaced in steps of 0.04 A until an opposite
polarization state (—A) was reached. The total displacement
required to reverse the polarization was 0.34 A.

The energy barrier for polarization switching represents the
amount of energy required to reverse the direction of sponta-
neous polarization between two equivalent ferroelectric states.
In this study, the nudged elastic band (NEB) method was
employed to map the minimum energy pathway connecting
these two polarization states in pristine wurtzite VO. As shown
in Fig. 8, the calculated energy profile reveals a barrier height of
0.71 eV per formula unit, indicating that the two polarization
states are separated by a finite but substantial energy barrier.
While this barrier is larger than in conventional perovskite
ferroelectrics, it is comparable to values reported for other
wurtzite-derived polar materials.>*** Therefore, w-VO can be
classified as an intrinsically ferroelectric system with robust
spontaneous polarization, although practical polarization
switching may require strong external fields, strain engineering,
or reduced dimensionality. When we compared the electronic
structures of the two opposite polarization states, we found
a striking, reversible reorganization of the spin-resolved bands
near the Fermi level. Fig. 9(a) and (b) displays the band struc-
tures computed for the polarization pointing “up” and for the
polarization reversed (“down”). The reversed (negative) polari-
zation retains the directional-dependent spin-splitting charac-
teristic of an altermagnet, but several bands that carried
majority-spin character in the positive-polarization state
acquire the opposite spin character after switching. In other
words, bands that were spin-up at certain k-points become spin-

4210 | RSC Adv, 2026, 16, 4204-4213

down (and vice versa) when the ferroelectric distortion is
inverted. This behavior can be understood as a consequence of
how ferroelectric displacements modify the local electronic
environment and the spin-dependent potentials. Reversing the
polarization flips the sign of the internal electric field and
changes the pattern of atomic displacements, which alters
crystal-field splitting and the effective hopping amplitudes
between atoms. Because the spin splitting in an altermagnet is
strongly tied to the lattice symmetry and to sublattice-

0.8
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/ \
0.6 f p \
/ \
- / \
=
<04l # \
2 ; \
02} /o b\
/ \
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Fig. 8 Minimum energy pathway for polarization switching in bulk
wurtzite VO obtained using the nudged elastic band (NEB) method.
The energy profile shows two symmetry-equivalent polar states
connected through a nonpolar saddle point, with a maximum barrier
of ~0.71 eV per formula unit. This result demonstrates the energetic
feasibility of polarization reversal in wurtzite VO.
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Fig. 9 Spin-resolved electronic band structure of bulk wurtzite VO calculated along the non-symmetric M—I'-M’ path for two opposite
polarization states: (a) positive polarization (+P) and (b) negative polarization (—P). Red and blue curves denote the spin-up and spin-down
channels, respectively, with the Fermi level set to O eV. The reversal of polarization leads to a corresponding reversal of the momentum-
dependent spin character, demonstrating polarization-controlled spin texture in wurtzite VO.

dependent exchange/SOC fields (rather than to a uniform
macroscopic magnetization), changing those local potentials
reverses the momentum-resolved spin splitting. The result is
a band-selective exchange of spin character near the Fermi
energy: the states that dominate transport or low-energy exci-
tations change their spin polarization simply by flipping the
ferroelectric order. The practical consequence is important: the
spin polarization of carriers (and therefore spin-dependent
responses such as spin currents, spin Hall signals, or spin-
polarized conductivity) can be controlled electrically and non-
volatile by switching the ferroelectric polarization. This does
not necessarily create a large net magnetic moment (alter-
magnets usually have negligible net magnetization), but it does
reverse which spin channel, at particular k-points and energy
windows which dominates conduction. That provides a route to
voltage-controlled spintronic functionality (for example,
toggling the sign or magnitude of spin Hall or spin-Seebeck
responses) without the need for magnetic fields. Overall, our
results demonstrate that w-VO exhibits both robust ferroelec-
tricity and altermagnetism, making it a rare example of
a multifunctional material where switchable polarization coex-
ists with spin-compensated magnetic order. This coexistence
offers an exciting platform for exploring coupled ferroelectric,
altermagnetic phenomena in both theoretical studies and
experimental implementations.

Conclusion

In summary, first-principles calculations reveal that bulk
wurtzite vanadium oxide (w-VO) is a dynamically and

© 2026 The Author(s). Published by the Royal Society of Chemistry

thermodynamically stable material that simultaneously hosts
ferroelectric and altermagnetic order, establishing it as a new
member of the multiferroic family. Structurally, w-VO adopts
a non-centrosymmetric P6;mc wurtzite phase, where the layered
antiferromagnetic configuration represents the ground state
with zero net magnetization. The presence of alternating spin
splitting of ~50 meV in momentum space confirms its alter-
magnetic character, driven by crystal symmetry and magnetic
sublattice exchange rather than spin-orbit coupling. Moreover,
w-VO exhibits a large spontaneous polarization of 113.12 pC
cm™ > along the [001] axis and a moderate energy barrier (0.71 eV
per f.u.) for polarization reversal, signifying robust and
switchable ferroelectricity. Importantly, polarization switching
reverses the spin character near the Fermi level, thereby
enabling electric-field control of spin-dependent electronic
properties. The calculated spin Hall conductivity, reaching up
to —182 (/1/e)S cm ™! under hole doping, highlights strong spin-
orbit interactions and efficient spin-current generation. These
results demonstrate that w-VO integrates ferroelectricity and
altermagnetism in a single crystalline phase, enabling a direct
coupling between electric polarization and spin transport. This
coexistence provides a novel route toward designing multi-
functional spintronic devices, where spin polarization, spin
Hall response, and magnetic anisotropy can be tuned via
ferroelectric control, offering an exciting platform for future
electrically controllable, field-free spin-based technologies.
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