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ectric and altermagnetic
coexistence in multiferroic HfMnO3 perovskite

Abid Zaman, *a Salhah Hamed Alrefaee,b Shirin Shomurotova,c

Anvar Nurmuhammedov,d Salah Knani,*e Vineet Tirth, fg Ali Algahtanifh

and Noureddine Elboughdiri i

Multiferroic materials, which simultaneously exhibit electric and magnetic ordering, have garnered

increasing attention due to their potential to revolutionize next-generation spintronic, memory, and

multifunctional devices. Their unique ability to couple electric polarization and magnetic states offers

low-power operation, electric field control of magnetism, and enhanced device scalability. Among these,

altermagnetic multiferroics are particularly promising for enabling spin-polarized transport without stray

fields. In this context, we have systematically investigated the structural, electronic, ferroelectric, and

optical properties of the trigonal R3c-phase HfMnO3 using first-principles density functional theory. The

compound is found to be thermodynamically and dynamically stable, with a Goldschmidt tolerance

factor of 0.88 supporting a distorted perovskite framework. The spin-resolved band structure revealed

energy-dependent spin splitting without net magnetization, which is characteristic of altermagnetic

behavior. Furthermore, our Berry phase calculations predict a robust spontaneous polarization of

approximately 104 mC cm−2 along the [111] direction, positioning HfMnO3 as a strong ferroelectric

candidate. Remarkably, the polarization-switched state retains both dynamic and electronic stability

while preserving the altermagnetic signatures, confirming the multiferroic nature of the material. Optical

analyses show high UV absorption, a notable refractive index, and plasmonic features above 7.5 eV,

suggesting potential applications in optoelectronics and UV photodetectors. These findings establish

HfMnO3 as a promising altermagnetic multiferroic oxide for multifunctional applications in spintronic and

optoelectronic technologies.
Introduction

The recent emergence of altermagnetism has introduced
a novel and fundamentally distinct class of magnetic ordering
in condensed matter systems. Unlike conventional ferromag-
nets, which exhibit net magnetization, or antiferromagnets,
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which feature spin-compensated but oen spin-degenerate
band structures, altermagnets are characterized by collinear
magnetic moments arranged in a crystal-symmetry-induced
compensated conguration that breaks both time-reversal
symmetry and spin-rotation symmetry and yet preserves
spatial inversion or certain combined symmetries. This results
in spin–split electronic bands even in the absence of macro-
scopic magnetization, a phenomenon not observed in classical
antiferromagnets.1–3 The key feature of altermagnets is their
non-relativistic spin polarization, which arises purely from
crystal symmetry and magnetic ordering, rather than from
spin–orbit coupling. This allows for the anisotropic spin
transport, highly spin-polarized currents, and robust control of
spin degrees of freedom without the drawbacks of stray
magnetic elds.4 Notable examples of altermagnetic materials
include MnTe, RuO2, CrSb, and TiAu, in which spin-polarized
band structures have been predicted or experimentally
conrmed.5–8 Besides, many studies have indicated the impor-
tance of altermagnetism.9–11 These systems are particularly
promising for dissipationless spintronic devices, where spin
information can be manipulated efficiently and robustly, even
in the absence of external magnetic elds.
RSC Adv., 2025, 15, 39951–39961 | 39951
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Parallel to these developments, ferroelectric materials,
characterized by a spontaneous electric polarization that can be
reversed by an external electric eld, have long been studied for
their applications in non-volatile memory, piezoelectric
sensors, and energy-harvesting technologies. In recent years,
thin lms of BiFeO3 have exhibited remarkably high ferroelec-
tric polarizations surpassing those found in classical ferro-
electric materials such as BaTiO3 and PbTiO3.12–14 These
enhanced polarization values correlate well with the signicant
atomic displacements observed in the crystal structure. Inter-
estingly, such behavior appears to differ from earlier ndings
on the bulk BiFeO3, where much smaller polarization values
were reported.15 The discrepancy between thin lm and bulk
forms remains a subject of ongoing discussion. Notable
magnetization values, reaching approximately 1 mB per formula
unit, have been detected, particularly in lms with reduced
thickness,8 and these magnetic features are accompanied by
strong magnetoelectric coupling effects.

The combination of altermagnetism and ferroelectricity in
a single material presents a compelling opportunity to explore
a new class of multiferroic altermagnets. Such systems would
unite the benets of zero-net-magnetization spintronics with
electric-eld-tunable polarization, offering rich physics and
potential device applications. While still relatively unexplored,
a few theoretical efforts have proposed that certain materials,
such as BaCuF4 and BiFeO3, may simultaneously support spin-
polarized compensated magnetic states and ferroelectricity.16,17

Further, some 2D and other materials have been explored,
which have altermagnet behaviors along with
ferroelectricity.18–20 These studies have many limitations, and
the materials either have small spontaneous polarization or
small critical temperature.

Herein, we investigate a multiferroic HfMnO3 perovskite
exhibiting both altermagnetic and ferroelectric properties. To
the best of our knowledge, there have been no prior reports
regarding this. Using density functional theory (DFT), we have
performed comprehensive calculations of its electronic band
structure, revealing spin-polarized states indicative of alter-
magnetic ordering. In addition, we have evaluated its piezo-
electric response and spontaneous electric polarization using
the Berry phase method, conrming the presence of robust
ferroelectricity. The coexistence of these ferroic orders in
a single-phase perovskite offers promising prospects for
magnetoelectric coupling, spin-charge conversion, and the
design of next-generation multifunctional devices.

Computational techniques

First-principles calculations based on Density Functional
Theory (DFT) were performed using the Vienna Ab initio Simu-
lation Package (VASP) to investigate the structural, magnetic,
ferroelectric, and optical properties of HfMnO3. The projector
augmented-wave (PAW) method was employed to treat the
interactions between ions and electrons, and the generalized
gradient approximation (GGA) with the Perdew–Burke–Ernzer-
hof (PBE) exchange–correlation functional was used throughout
the study. To account for strong on-site Coulomb interactions in
39952 | RSC Adv., 2025, 15, 39951–39961
the localized Mn 3d states, the GGA + U approach was adopted
using the Dudarev scheme, with an effective Hubbard param-
eter Ueff = 4.0 eV applied to the Mn atoms. The plane-wave
energy cutoff was set to 500 eV, and a Monkhorst–Pack k-
point mesh of 6 × 6 × 6 was used for Brillouin zone sampling
during structural optimization and electronic calculations. The
atomic structure was fully relaxed until the forces on each atom
were less than 0.001 eV Å−1 and the total energy converged
within 10−6 eV. Dynamic stability was assessed by computing
the phonon dispersion using the nite displacement method,
as implemented in the PHONOPY code, with a 2 × 2 × 2
supercell. To investigate the ferroelectric behavior of HfMnO3,
we employed the Berry phase approach within the framework of
the modern theory of polarization. In this method, the spon-
taneous polarization is evaluated as the difference between the
total Berry phase polarization of the relaxed non-
centrosymmetric ferroelectric structure and that of the centro-
symmetric (paraelectric) reference structure. The centrosym-
metric structure was generated by symmetrizing the atomic
positions to restore inversion symmetry, while the ferroelectric
conguration was obtained from full structural relaxation
without symmetry constraints. All calculations were performed
using the Berry phase formalism implemented in VASP, which
determines polarization as a geometric phase of the electronic
wavefunctions, thus capturing the electronic contribution
beyond simple point-charge models. The spontaneous polari-
zation was then obtained as follows:

Ps = Ppolar − Pcentro (1)

where Ppolar and Pcentro correspond to the Berry phase polari-
zations of the ferroelectric and centrosymmetric phases,
respectively. Care was taken to identify the correct branch of
polarization since the Berry phase is dened modulo a polari-
zation quantum, ensuring that the nal value corresponds to
the physically meaningful polarization change along the
distortion pathway. These calculations were carried out using
the modern theory of polarization as implemented in VASP. The
optical properties were calculated based on the frequency-
dependent dielectric function, derived from the complex
dielectric tensor 3(u) = 31(u) + i32(u). The imaginary part was
computed from the interband transitions, and the real part was
obtained using the Kramers–Kronig relations.
Results and discussion
Structural properties

Fig. 1 represents the systematic illustration of HfMnO3. It has
a trigonal structure with a polar space group of R3C. The unit
cell contains ten atoms, corresponding to two formula units of
HfMnO3, where Hf and Mn occupy the A- and B-sites of the
perovskite lattice, respectively, and the six oxygen atoms coor-
dinate the Mn cations to form the MnO6 octahedra. The atomic
positions show clear deviations from centrosymmetric, with the
oxygen atoms displaying off-symmetric locations that point to
lattice distortion. Furthermore, it belongs to the non-
centrosymmetric point group 3m (C3v) with a three-fold
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The structure of an altermagnet HfMnO3 unit cell. (b) The obtained energy vs. volume curve for FM and stable AFM configurations.

Fig. 2 The obtained phonon dispersion curve for the altermagnet
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rotational axis along [111]. In the antiferromagnetic state, the
time-reversal symmetry (T) is broken, and inversion symmetry
(P) is absent, meaning that combined PT symmetry does not
exist. The lack of antiunitary symmetries such as PT ensures
that Kramers degeneracy is lied, allowing momentum-
dependent spin splitting even without spin–orbit coupling.
Unitary operations such as C3 rotations and glide reections
interchange spin-sublattices, enforcing alternating spin polari-
zation in k-space. These symmetry conditions clearly demon-
strate that HfMnO3 satises the requirements for
altermagnetism. First, we determined the magnetic ground
state and found that the antiferromagnetic (AFM) conguration
is energetically favorable compared to the ferromagnetic (FM)
conguration. The AFM state is more stable than the FM state
by an energy difference of 270 meV per unit cell. The energy
versus volume curve was calculated as shown in Fig. 1(b). The
curves indicate that the AFM conguration is more stable than
the FM conguration, and most probably, the FM and AFM
states will be degenerate at more than 8% tensile strain. The
obtained lattice constant was found to be 5.73 Å. Aer full
optimization of the structure, we computed the formation
energy of the HfMnO3. The negative value of −2.1 eV per atom
indicates that HfMnO3 is thermodynamically stable. Further-
more, we computed the phonon dispersion curve to compute
the dynamic stability of HfMnO3. The obtained phonon
dispersion band is plotted in Fig. 2, which reveals no imaginary
frequency, indicating that HfMnO3 is dynamically stable.

To assess the structural stability of HfMnO3, we calculated
the Goldschmidt tolerance factor (t), which provides insight
into the geometric compatibility of ions within the perovskite
lattice. Using the standard formula

s ¼ rA þ rXffiffiffi
2

p ðrB þ rXÞ
(2)

where rA, rB and rX are the ionic radii of Hf, Mn, and O,
respectively, we obtained a tolerance factor of 0.88. This value
© 2025 The Author(s). Published by the Royal Society of Chemistry
falls within the typical range (0.7–0.92) associated with di-
storted perovskite structures, particularly those crystallizing in
the R3c (trigonal/rhombohedral) space group.21,22 Therefore, the
calculated tolerance factor supports the structural feasibility of
HfMnO3 adopting a distorted perovskite framework with tilted
MnO6 octahedra.
Electronic properties

Investigating the electronic properties of a material is essential
for understanding its potential applications in spintronics,
electronics, and energy conversion technologies. The electronic
band structure provides direct insight into the nature of charge
carriers, energy bandgap, spin polarization, and magnetic
interactions. In particular, analyzing spin-resolved band struc-
tures enables the identication of spin-dependent phenomena
such as half-metallicity, spin splitting, or altermagnetism,
HfMnO3.

RSC Adv., 2025, 15, 39951–39961 | 39953
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which are the critical characteristics for next-generation
devices. Fig. 3(a) presents the spin-polarized electronic band
structure of HfMnO3, where the red and blue lines represent the
spin-up and spin-down channels, respectively. A careful
inspection reveals that the bands partially overlap in some
directions, while a clear splitting exists between the spin-up and
spin-down bands in other directions. This directional depen-
dence of band splitting, without a net magnetization, is a key
signature of altermagnetic behavior, a recently proposed
magnetic phase that combines properties of both antiferro-
magnets and ferromagnets.23 Fig. 3(b) shows a zoomed-in view
of the band structure in the energy window from −0.55 eV to
−0.88 eV, further clarifying the nature of spin splitting. This
range highlights the splitting between spin bands more clearly.
Notably, the bands near the Fermi level exhibited very small
spin splitting, while at deeper energies, the splitting became
more pronounced. For instance, at the third band, the energy
difference between spin-up and spin-down states was found to
be approximately 55 meV. This behavior suggests that the
exchange interaction in HfMnO3 is energy-dependent and more
prominent in lower-lying states. To further elucidate the elec-
tronic properties, we computed both the total density of states
(TDOS) and partial density of states (PDOS), as presented in
Fig. 4(a) and (b).

The TDOS results are consistent with the electronic band
structure, providing a comprehensive reection of the system's
electronic behavior, whereas the PDOS analysis revealed that
the states near the Fermi level are dominated by Mn atom
contributions. In the valence band, O exhibits a higher contri-
bution compared to Hf, whereas in the conduction band, an
opposite trend is observed. To more meaningfully study the
electronic properties, we calculated the electronic charge
density difference, which is presented in Fig. 5. The redistri-
bution of charge is depicted using different colors, where blue
indicates the charge depletion, while yellow represents the
charge accumulation, i.e., the area showing the blue color
corresponds to regions experiencing a loss of charge, whereas
Fig. 3 The obtained spin-polarized band structure for the altermagnet H

39954 | RSC Adv., 2025, 15, 39951–39961
those in the yellow color highlight zones with an enhanced
charge presence. The gure shows that Mn andHf are losing the
charge while O is gaining the charge. This feature is attributed
to the high electronegativity of O compared to Mn and Hf. Fig. 6
presents the spin density distribution of the HfMnO3 system.
Here, the yellow and blue isosurfaces correspond to regions
dominated by spin-up and spin-down electrons, respectively,
which specically represent the spin-up and spin-down states of
Mn atoms, revealing an alternating spin alignment within the
lattice. The alternating colors localized around Mn atoms
indicate an antiferromagnetic (AFM) ground state with
compensated sublattices. As a result, neighboring Mn atoms
adopt opposite spin orientations, leading to spin compensation
between the Mn sublattices and a net-zero macroscopic
magnetization. The compensated sublattices ensure that,
despite the strong local moments, the net magnetization
remains nearly zero. This distribution is consistent with the
spin-polarized density of states, which shows unequal occupa-
tion of spin-up and spin-down bands. Altogether, the spin
density distribution in HfMnO3 demonstrates that Mn atoms
carry dominant antiparallel moments. Such an antiferromag-
netic ground state conrms the stability of spin ordering in
HfMnO3 and also highlights its potential relevance to alter-
magnetic phenomena, where compensated magnetic congu-
rations can still produce spin-polarized band splitting due to
lattice symmetry.

The observed spin-dependent band splitting without net
magnetization positions HfMnO3 as a promising altermagnetic
material. This class of materials is gaining attention due to their
potential to support spin-polarized currents without stray elds,
making them ideal candidates for spintronic devices, magnetic
sensors, and non-volatile memory technologies. Therefore, the
combination of spin anisotropy and band splitting in HfMnO3

may open pathways for novel device architectures that exploit
the advantages of both antiferromagnetic robustness and spin-
selective transport.
fMnO3 in windows of (a) −2 eV to 2 eV and (b) −0.5 eV to −1.0 eV.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The obtained density of states for the altermagnet HfMnO3: (a) TDOS and (b) PDOS.
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Ferroelectricity

Ferroelectricity refers to the existence of a spontaneous electric
polarization that can be reversed by an external electric eld. In
perovskite oxides, ferroelectric behavior is oen associated with
the displacement of cations (such as A- or B-site ions) relative to
the oxygen anions, breaking the inversion symmetry of the
crystal structure. Studying the ferroelectric properties of mate-
rials like HfMnO3 is crucial for their potential use in non-
volatile memory, piezoelectric, and multiferroic applications.
HfMnO3 crystallizes in a trigonal structure with space group R3c
(No. 161), which is a polar space group allowing spontaneous
polarization. The centrosymmetric reference phase has the
space group R�3c (No. 167), which possesses inversion symmetry
and does not exhibit spontaneous polarization. To evaluate the
ferroelectric nature of HfMnO3, we calculated its spontaneous
polarization using the Berry phase approach, a modern and
widely accepted method implemented in VASP that accurately
Fig. 5 The obtained charge density difference plots for the altermagnet

© 2025 The Author(s). Published by the Royal Society of Chemistry
captures electronic contributions based on the geometric phase
of the electronic wavefunctions.24 The polarization of the polar
(ferroelectric) and centrosymmetric (non-polar) reference
structures is as follows:

Ps = Ppolar − Pcentro (3)

The electronic contribution to polarization P can be
expressed as a Berry phase integral over the Brillouin zone
(BZ):25

Ps ¼ e

U

X
i

Z*
i ri
! (4)

Here, ‘e’ is the elementary charge, U is the volume of the unit
cell, Z*

i is the Born effective charge tensor of the ith atom, and~ri
is the displacement vector of atom i along the polarization
direction, in this case, the [111] axis. Our calculations predict
a large spontaneous polarization of approximately 104 mC cm−2
HfMnO3. Here, the isosurface value is considered to be 0.012.

RSC Adv., 2025, 15, 39951–39961 | 39955
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Fig. 6 The obtained spin density plots for the altermagnet HfMnO3.
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oriented along the [111] crystallographic direction, consistent
with the symmetry axis of the R3c structure, as shown in Fig. 7.
This polarization magnitude is comparable to well-studied
ferroelectric perovskites such as BiFeO3, which typically
exhibit spontaneous polarizations in the range of 90–100 mC
cm−2.26 The strong polarization in HfMnO3 is primarily driven
by signicant off-centering displacements of Hf and Mn ions
relative to the oxygen octahedra, which distort the lattice and
break inversion symmetry. The [111] direction corresponds to
the body-diagonal of the pseudo-cubic unit cell, a common
polarization direction in rhombohedral perovskites due to their
crystal symmetry.

Physically, the sizable polarization arises from the strong
covalent interactions and hybridization between the transition
metal d-orbitals and oxygen p-orbitals, which facilitate the ionic
displacements and stabilize the ferroelectric phase. Compared
to other reported materials with similar trigonal R3c symmetry,
Fig. 7 The configuration of the altermagnet HfMnO3 for switchable pol

39956 | RSC Adv., 2025, 15, 39951–39961
the polarization magnitude and direction in HfMnO3 under-
score its potential as a robust ferroelectric material with
possible multiferroic coupling when combined with its
magnetic ordering. Besides calculating the spontaneous polar-
ization, we also investigated the dynamic stability of the struc-
ture at the polarization-switched state. The phonon dispersion
curve, presented in Fig. 2, shows no imaginary frequencies
throughout the Brillouin zone, conrming the dynamic stability
of the switched ferroelectric phase. This ensures that the
structure is mechanically stable and can sustain polarization
switching without undergoing structural collapse or phase
transformation. Furthermore, we computed the spin-polarized
electronic band structure for the polarization-switched cong-
uration shown in Fig. 8 and observed signatures of alter-
magnetic behavior, characterized by spin-split bands with
compensated magnetization. The coexistence of alter-
magnetism and ferroelectricity in HfMnO3 establishes it as
arization.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The obtained spin-polarized band structure for switchable polarization (P < 0) of the altermagnet HfMnO3 in windows of −2 eV to 2 eV
and −0.5 eV to −0.85 eV.
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a multiferroic material, which combines both magnetic and
electric order parameters. This unique coupling opens prom-
ising opportunities for spintronic applications, where electric
elds could control spin currents or magnetic states, enabling
low-power, multifunctional devices. Thus, the robust multi-
ferroic behavior in HfMnO3 makes it a compelling candidate for
future spintronic technologies.
Fig. 9 The obtained dielectric function for the real and imaginary parts
of the altermagnet HfMnO3.
Optical properties

Following a comprehensive analysis of the electronic and
thermoelectric properties, we examined the optical character-
istics of the HfMnO3 altermagnet within the photon energy
range of 0 to 12 eV. These optical properties include the real
31(u) and imaginary 32(u) parts of the dielectric function,
absorption coefficient a(u), refractive index n(u), reectivity
R(u), and electron energy loss spectrum (EELS) L(u). The
frequency-dependent complex dielectric function 3(u) = 31(u) +
i32(u) serves as the fundamental quantity describing the mate-
rial's response to electromagnetic radiation and provides
insight into its optical behavior. According to the Kramers–
Kronig relations, the real part of the dielectric constant can be
derived from the imaginary component through the principal
value integral:27

31ðuÞ ¼ 1þ 2

p
P

ðN
0

u
0
32ðuÞ

u
02 � u2

du
0 (5)

The imaginary part 32(u), which reects the absorption due
to electronic transitions from occupied to unoccupied states
across the Brillouin zone, is given by the following:

32ðuÞ ¼ 8

2pu2

X
nn

0

ð
jpnn0 ðkÞj2 dSk

Vunn
0 ðksÞ (6)

Other optical constants, including the refractive index, n(u),
reectivity R(u), electron energy loss spectrum (EELS) L(u), and
© 2025 The Author(s). Published by the Royal Society of Chemistry
absorption coefficient a(u) can be computed by using the
following relation:28

nðuÞ ¼
2
4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
2

þ 31ðuÞ
2

3
5

1=2

(7)

aðuÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

312ðuÞ þ 322ðuÞ
p

� 31ðuÞ
�1=2

(8)

RðuÞ ¼ ð1� nÞ2 þ k2

ð1þ nÞ2 þ k2
(9)

ELF ¼ 32

312 þ 322
(10)
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Fig. 9 illustrates the real part of the dielectric function, 31(u),
which reects the material's capacity to polarize in response to
incoming electromagnetic waves. This polarization directly
inuences how light propagates and disperses through the
material. According to our results, the static dielectric constant
31(0) was calculated to be 3.91. From zero photon energy, 31(u)
gradually increases, reaching a maximum value of approxi-
mately 5.89 at around 2.2 eV. Following this peak, the function
exhibits several smaller peaks before sharply declining near
6 eV. Beyond 7 eV, the real part of the dielectric function turns
negative, indicating a transition in optical behavior. Notably, at
photon energies exceeding approximately 7.5 eV, 31(u) becomes
negative, signaling a metallic response characterized by the
excitation of plasmons, which are collective oscillations of free
electrons.28 This negative dielectric permittivity in the high-
energy regime implies that HfMnO3 strongly reects incident
light, demonstrating high reectivity and supporting plasmonic
behavior. These optical responses are governed by the elec-
tronic band structure and interband transitions that dominate
the absorption and dispersion of light in the material. The
presence of plasmonic features suggests potential applications
in optoelectronic devices and plasmonic technologies, where
strong light–matter interaction is desired.

Fig. 9 displays the imaginary component of the dielectric
function 32(u), which quanties the material's ability to absorb
incident electromagnetic radiation. This quantity is directly
linked to the energy absorbed when photons promote electrons
from occupied states in the valence band to unoccupied states
in the conduction band, representing interband electronic
transitions.29 In the case of HfMnO3, the value of 32(u) remains
close to zero, up to about 1.7 eV, indicating very low absorption
at lower photon energies. Above this energy, a broad absorption
feature appears, extending to nearly 10 eV, with the highest
peak observed near 6.2 eV where 32(u) attained its maximum
around 5.4. These absorption characteristics arise from elec-
tronic excitations at key symmetry points within the Brillouin
zone, as indicated by the electronic band structure. The
absorption edge at 1.7 eV marks the threshold energy required
to excite electrons across the band gap. The wide absorption in
the ultraviolet range is due to numerous allowed transitions
between deeper valence bands and higher conduction bands.
This strong optical absorption behavior reects the intimate
connection between the electronic structure and the optical
response and suggests that HfMnO3 could be a promising
candidate for ultraviolet photodetection and other optoelec-
tronic applications where strong light–matter interaction is
essential.30

Further, our calculations revealed that HfMnO3 possesses
a direct band gap, which implies that the lowest energy optical
transitions occur without the need for phonon assistance,
resulting in a sharp absorption edge. The features observed in
the imaginary part of the dielectric function and the absorption
spectra can be directly attributed to interband electronic tran-
sitions. Since the material is a direct-gap semiconductor, the
optical absorption edge is determined primarily by these direct
transitions, rather than being suppressed by indirect gap
constraints. Besides, the presence of a direct band gap suggests
39958 | RSC Adv., 2025, 15, 39951–39961
that strong excitonic effects are unlikely to dominate in this
material, as the onset of absorption is well aligned with the
fundamental gap. Therefore, the detailed optical response, such
as the prominent peaks in dielectric functions, originates from
band-to-band transitions consistent with the electronic band
structure. These clarications have been incorporated into the
revised manuscript to provide a more complete physical
understanding of the optical behavior.

The refractive index (u) characterizes how light behaves as it
passes through a material, providing insight into the degree of
bending or refraction experienced by the incident light.31

Fig. 10(a) presents the variation of n(u) for HfMnO3. The static
refractive index (0) was calculated to be approximately 1.97. As
photon energy increases, the refractive index gradually rises,
reaching a peak value of around 2.4 at about 2 eV, which lies
within the visible spectrum. This increase suggests strong
interactions of light with the electronic states of the material at
lower energies. Beyond this point, the refractive index remains
relatively steady before exhibiting a sharp decline aer 5.8 eV,
indicating a signicant reduction in the material's ability to
refract high-energy photons. This downward trend signies that
the optical density of the material drops at higher energies,
particularly in the ultraviolet region. The observed behavior of
(u) closely follows the real part of the dielectric function 31(u),
which is expected since both quantities are related by the

following relation: nð0Þ ¼ ffiffiffiffiffiffiffiffiffiffiffi
31ð0Þ

p
. The consistency between

these two optical parameters reaffirms the reliability of the
calculated data. Given the notable refractive index in the visible
to near-UV range, HfMnO3 may be considered a viable candi-
date for use as an intermediate optical layer in devices designed
to manage or manipulate UV light, such as UV lters, coatings,
or waveguides.

The optical absorption spectrum of HfMnO3 is depicted in
Fig. 10(b). The absorption coefficient (u), which is directly
derived from the imaginary part of the dielectric function 32(u),
provides insight into the material's ability to absorb incident
electromagnetic radiation. It describes the exponential attenu-
ation of light intensity as it propagates through thematerial and
is essential for assessing the optoelectronic applicability of the
compound.32 In the case of HfMnO3, the absorption edge begins
around 2.0 eV, indicating that the material starts to absorb
photons in the visible region of the electromagnetic spectrum.
As the photon energy increases, the absorption gradually
intensies, showing a broad and strong absorption band in the
6–12 eV range, which lies in the ultraviolet (UV) region. This
broad UV absorption indicates a high photon capture capa-
bility, making HfMnO3 a suitable candidate for UV photode-
tectors and protective coatings against harmful UV radiation. A
notable absorption peak is observed at approximately 9.0 eV,
with a maximum absorption coefficient value reaching 1.5 ×

10−6 cm−1. Such a high absorption intensity further under-
scores the compound's excellent potential for UV optoelectronic
applications. Moreover, the absorption coefficient remains
relatively low in the lower-energy visible region (below 2 eV),
suggesting that HfMnO3 exhibits optical transparency in this
regime. This transparent behavior in the visible region opens up
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The obtained optical parameters for the altermagnet HfMnO3: (a) refractive index, (b) absorption coefficient, (c) reflectivity, and (d)
energy loss function.
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the possibility of utilizing HfMnO3 as a transparent electrode or
buffer layer in solar cells or other multilayer optoelectronic
devices. The ability to allow visible light transmission while
absorbing higher-energy UV photons could enhance the overall
efficiency and longevity of devices by maximizing light har-
vesting and minimizing UV-induced degradation.

The reectivity behavior of HfMnO3 as a function of photon
energy is illustrated in Fig. 10(c). At zero photon energy, the
initial reectivity (0) was calculated to be approximately 15%,
indicating that a relatively small fraction of incident light is
reected at very low energies. This low initial reectance
implies that most of the low-energy photons can enter the
material, contributing to its absorption behavior. As the photon
energy increases, the reectivity gradually rises. In the visible
spectrum, the reectivity remains below 40%, suggesting that
the material does not signicantly reect visible light. This
observation aligns well with the absorption characteristics,
conrming that visible light is primarily absorbed or trans-
mitted through the compound rather than reected. Beyond the
visible region, particularly in the ultraviolet range, the reec-
tivity exhibits a sharp increase, reaching a maximum value of
© 2025 The Author(s). Published by the Royal Society of Chemistry
approximately 80% at 12 eV. This substantial rise in the UV
domain indicates that HfMnO3 begins to behave more like
a metallic reector at high photon energies. The increase in
reectivity corresponds to the regions where the real part of the
dielectric function becomes negative, a typical indicator of
plasma resonance or metallic optical response. The strong
reectivity in the UV range implies potential applications for
HfMnO3 in devices requiring UV mirrors or protective coatings,
while its moderate to low reectivity in the visible region
supports its transparency and absorption efficiency for solar
and optoelectronic technologies.

The electron energy loss spectrum (EELS), represented by the
energy loss function, L(u), provides insight into the energy
dissipated by fast-moving electrons as they traverse a material
under the inuence of incident electromagnetic radiation.33 The
calculated (u) for HfMnO3 is shown in Fig. 10(d). In this context,
the energy loss is primarily associated with plasmonic excita-
tions, which result from the collective oscillations of conduc-
tion electrons stimulated by external electromagnetic elds.
Peaks in HfMnO3 are indicative of plasma resonance frequen-
cies, signifying signicant electron oscillation and energy loss
RSC Adv., 2025, 15, 39951–39961 | 39959
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within the system. For HfMnO3, the energy loss function
remains very low (below 1) in the low photon energy range up to
approximately 8 eV, indicating minimal energy dissipation in
this region. This suggests that the compound does not exhibit
notable plasmonic activity at lower energies, which comple-
ments earlier ndings that most visible light is absorbed or
transmitted rather than contributing to electronic excitation
losses. However, beyond 8 eV, a gradual rise in the energy loss
function is observed, reaching a prominent peak of around 5 at
12 eV. This peak indicates the presence of a plasmon resonance,
marking the energy at which collective electron oscillations lead
to signicant energy dissipation. The sharp increase in (u) at
higher photon energies conrms the onset of strong interband
transitions and energy loss phenomena in the ultraviolet
regime. Such behavior is characteristic of materials with the
potential for plasmonic and high-frequency optoelectronic
applications, where control of electron energy dissipation is
essential.
Conclusion

In this work, we have comprehensively investigated the struc-
tural, electronic, ferroelectric, and optical properties of trigonal
perovskite HfMnO3 using rst-principles density functional
theory (DFT) calculations. Our results conrm that HfMnO3

crystallizes in a distorted R3c polar structure with a negative
formation energy and phonon spectrum free of imaginary
frequencies, indicating thermodynamic and dynamic stability.
The spin-polarized band structure reveals direction-dependent
spin splitting without net magnetization, a clear signature of
altermagnetic ordering. This exotic magnetic behavior
combines the advantages of ferromagnets and antiferromag-
nets, offering the potential for spintronic devices with low
power consumption and no stray elds. Furthermore, HfMnO3

exhibits a large spontaneous polarization of approximately 104
mC cm−2 along the [111] direction, as calculated via the Berry
phase method. This polarization arises from the asymmetric
displacement of cations and hybridization between Mn d-
orbitals and O p-orbitals, conrming robust ferroelectric
behavior. The coexistence of altermagnetism and ferroelec-
tricity in a single phase establishes HfMnO3 as a promising
multiferroic material, suitable for non-volatile memory,
magnetic sensors, and electric-eld-controlled spintronic
applications. Optical analyses reveal strong ultraviolet absorp-
tion, moderate dielectric constants, and a plasmonic resonance
region above 7.5 eV. These features suggest that HfMnO3 could
also be utilized in UV photodetectors, transparent coatings, and
plasmonic devices. In summary, HfMnO3 emerges as a multi-
functional material with coexisting altermagnetic, ferroelectric,
and optical properties, making it a strong candidate for future
applications in multiferroic and spintronic technologies.
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