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Altermagnetism is a new magnetic phase with k-dependent spin polarization and may exist in
an insulatinging state with a high Néel temperature. This provides a new opportunity to obtain
both spin and electric polarization in one material. Here, based on symmetry analysis and the first-
principles electronic structures calculations, we predict that the LiFe2F6 is a d-wave altermagnetic
and charge-ordering-mediated ferroelectric material. Moreover, the LiFe2F6 transforms into a fer-
rimagnetic and ferroelectric phase with strong magnetoelectric coupling under biaxial compressive
strain. Interestingly, the spins of the valence band and the conduction band are opposite in fer-
rimagnetic LiFe2F6, which facilitates a simutaneously spin-triplet excitonic insulator phase. More
importantly, the spin triplet excitons with spin 1 and -1 can be switched by electric fields in ferri-
magnetic LiFe2F6 due to strong magnetoelectric coupling. Due to the abundance of novel physical
properties, LiFe2F6 will certainly attract a wide range of theoretical and experimental interest.

Introduction. Multiferroics with the coexistence of fer-
roelectric order and magnetic order are one of the cores of
condensed matter physics and may be used in the next
generation electronic devices [1–5]. Usually, ferromag-
netism takes place in metals, while ferroelectric materials
are insulators. Thus, multiferroic materials with coexist-
ing magnetization and polarization are very rare [6, 7].
Most of the multiferroic materials have coexisting anti-
ferromagnetic and ferroelectric phases. In addition, there
are a few ferrimagnetic materials with coexisting magne-
tization and polarization [8, 9].

Very recently, altermagnetism as a new magnetic phase
has been theoretically proposed and experimentally ver-
ified to be distinct from ferromagnetism and conven-
tional antiferromagnetism [10–15]. Due to the absence
of both spin symmetry {T∥IT} and {C⊥

2 ∥t}, the al-
termagnetic materials have k-dependent spin polariza-
tion, which can lead to d-wave, g-wave, and i-wave mag-
netic phase depending on the spin group symmetry [10].
Here, the symmetry operations at the left and right of
the double vertical bar act only on the spin space and
lattice space, respectively; the notation C⊥

2 represents
the 180 degrees rotation perpendicular to the spin di-
rection; the notations I, T and t denote space-inversion,
time-reversal, and fractional translation operations, re-
spectively. The k-dependent spin polarization in alter-
magnetic materials can result in many novel physical
effects, such as the unique spin current [12, 13, 16],
the giant magnetoresistance, the tunneling magnetoresis-
tance [17] and nontrivial superconductivity [18]. More-
over, like ferromagnetic materials, altermagnetic mate-
rials also break time-reversal symmetry. Therefore, the
time-reversal symmetry-breaking macroscopic phenom-
ena, such as quantum anomalous Hall [19], anomalous
Hall [14, 15, 20–23], anomalous Kerr effects [24] and so
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on, can be also realized in altermagnetic materials. But
different from ferromagnetism, altermagnetism may exist
in an insulating state with high a Néel temperature. Ac-
cordingly, altermagnetism and ferroelectricity can be re-
alized in a single material, which will open up new oppor-
tunities to achieve spin polarization and ferroelectric po-
larization simultaneously in a single material. However,
so far, only one candidate material CaMnO3 has d-wave
altermagnetism and ferroelectricity [11]. Thus, predict-
ing more materials with coexisting altermagnetism and
ferroelectricity is very urgent for the study of their novel
physical properties.

On the other hand, excitonic insulators need to sat-
isfy that the excitonic bonding energy is larger than the
single-particle energy gap and the excitons have spon-
taneous Bose condensation [25, 26]. Although much
progress has been made in this area [27–29], compelling
experimental evidence is still lacking. This is because
excitons are electrically neutral, resulting in no suitable
experimental means to detect the exciton condensation
for nonmagnetic excitonic insulators. Recently proposed
spin-triplet excitonic insulators have spin signal, which
can be detected by spin transport experiments. The
spin-triplet excitonic state requires that the spins of the
conduction band and the valence band of ferromagnetic
insulator are opposite and with weak spin-orbit coupling
(SOC) [30]. Moreover, due to the spin selection rule,
this type of ferromagnetic insulators favor excitonic in-
sulators [30]. Unfortunately, so far, this type of ferro-
magnetic insulators have not yet been discovered exper-
imentally. The altermagnetism and ferrimagnetism with
opposite spins arrangement may provide new directions
for finding magnetic materials with opposite spin of the
conduction band and the valence band.

In this work, based on symmetry analysis and the first-
principles electronic structures calculations, we predict
that the LiFe2F6 is a multiferroic material with d-wave
altermagnetism and ferroelectricity. Then, we investigate
the physical properties of LiFe2F6 under biaxial strain.
We find that the LiFe2F6 changes from d-wave alter-
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FIG. 1. Crystal structure, Brillouin zone (BZ) and four most
relevant collinear magnetic structures of LiFe2F6. a, Crystal
structure of Li2FeF6 with high symmetry P42 −mnm (136).
b, the corresponding BZ with high-symmetry point and line.
c–f, The A+, A-, F- and F+ collinear magnetic structure
of LiFe2F6, respectively. The red and blue arrows represent
spin-up and spin-down magnetic momentums, respectively.

magnetic ferroelectric phase to ferrimagnetic ferroelec-
tric phase. Interestingly, the spins of the valence band
and the conduction band are opposite in ferrimagnetic
LiFe2F6, which facilitates a spin-triplet excitonic insu-
lator phase. More importantly, the spins of the bot-
tom conduction band and the top valence band can be
switched by electric field due to strong magnetoelectric
coupling.

Method. Our electronic structure calculations em-
ployed the Vienna ab initio simulation package (VASP)
code [31] with the projector augmented wave (PAW)
method [32]. The Perdew-Burke-Ernzerhof for solids
(PBEsol) [33] exchange-correlation functional and the
GGA plus on-site repulsion U method (GGA+U) in the
formulation of Liechtenstein et al. [34] were used in our
calculations. Here, the effective on-site exchange inter-
action J was fixed to U/5. Moreover, the screened hy-
brid functional [35, 36] introduced by Heyd, Scuseria,
and Ernzerhof (HSE) with the HSE06 version [37] were
also used to calculate the electronic structure. We used
the standard Berry phase method to estimate the ferro-
electric polarization P [38, 39]. We adopted the nudged
elastic band (NEB) [40] method to simulate the flipping
of P and estimate the energy barrier in this process. The
kinetic energy cutoff was set to be 650 eV for the expand-
ing the wave functions into a plane-wave basis and the
energy convergence criterion was 10−7 eV . The crystal
structures were fully relaxed until the force on each atom
was less than 0.001 eV /Å. The Γ-centered k-mesh was set
as 16 × 16 × 8. In the calculations of strained LiFe2F6,
the in-plane lattice constants were fixed while the length
of the c axis and the atomic positions were optimized.

Results and discussion. LiFe2F6 has a tetragonal crys-
tal structure (Fig. 1a). At high temperature, LiFe2F6

has P42/mnm (136) space group symmetry. The cor-
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FIG. 2. Relative energy of different magnetic states with the
variation of correlation interaction U and polarization charge
density for LiFe2F6. a, The relative energy of different mag-
netic states with the variation of correlation interaction U for
high-symmetry P42 − mnm (136) phases. b, The relative
energy of different magnetic states with the variation of cor-
relation interaction U for low-symmetry P42nm (102) phases.
c, The relative energy of different crystal phase with the varia-
tion of correlation interaction U . d–f, The polarization charge
density of Fe2.5+, F e2+ and Fe3+, respectively. The red and
blue represent spin-up and spin-down charge density, respec-
tively. The polarization charge densities are calculated under
correlation interaction U = 4 eV and exchange interaction
J = 0.8 eV . The t represents a fractional translation with
(1/2, 1/2, 1/2).

responding Brillouin zone (BZ) is shown in Fig. 1b and
the high-symmetry lines and points are labeled. Due to
the nonsymmorphic space symmetry, there are four Fe
atoms in the primitive cell of LiFe2F6. From Fig. 1a, the
four Fe atoms can be divided into two classes according
to different orientations of Fe − F octahedrons, exam-
ple for Fe1 and Fe2. According to the four Fe atoms
in primitive cell, there are the most relevant collinear
magnetic structures including three collinear antiferro-
magnetic states A+, A-, F- and ferromagnetic state F+
(Fig. 1c–f). Since the angles of Fe1 − F − Fe2 and
Fe2− F − Fe3 are respectively 133 and 95 degrees, the
superexchange interactions may lead to Fe2 (Fe3) and
Fe1(Fe4) with opposite spin arrangement and Fe1(F2)
and Fe4(Fe3) with the same spin arrangement, which
corresponds to A+ antiferromagnetic state. To deter-
mine the magnetic ground state of the high-symmetry
LiFe2F6, we calculate relative energies of four different
magnetic states with the variation of correlation interac-
tion U . From Fig. 2a, the A+ antiferromagnetic state is
the most stable, which is consistent with our theoretical
analysis.

For A+ antiferromagnetic state, the Fe ions with the
same spin arrangement are connected by I, thus the spin
symmetry {C⊥

2 ∥I} is broken. Moreover, the spin symme-
try {C⊥

2 ∥t} is also broken due to nonmagnetic F anions.
Considering that the Fe ions with opposite spin arrange-
ment can be connected by the spin symmetry {C⊥

2 ∥C4zt},
the A+ antiferromagnetic state is a d-wave altermag-
netic state. In order to show the d-wave altermagnetic
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characteristics more intuitively, we calculate the polariza-
tion charge density of the high-symmetry LiFe2F6. From
Fig. 2d, spin-up and spin-down Fe ions have anisotropic
polarization charge density deriving from the Fe−F oc-
tahedrons of different orientations. Obviously, the Fe
ions with opposite spin polarization are not connected
by the I or t transformation, but connected by the C4zt
transformation.

By analyzing the chemical formula of LiFe2F6, all
Fe ions should be of 2.5 valence. Indeed, our calcu-
lations show that all Fe ions are of 2.5 valence in the
high-symmetry LiFe2F6. On the other hand, Mössbauer
experiment found that there are Fe2+ and Fe3+ in
LiFe2F6 [41] and X-ray diffraction experiment revealed
a low-symmetry P42nm (102) phase above room tem-
perature [42]. Thus, LiFe2F6 may exist a ferroelectric
phase transition induced by charge order, which has
been demonstrated by Dong’s theoretical calculations [9].
Since there is only a slight difference between the high-
symmetry and the low-symmetry structures, the A+ al-
termagnetic state may be still most stable in the low-
symmetry LiFe2F6, which has been confirmed by previ-
ous neutron scattering experiment [43]. Thus, LiFe2F6

is a multiferroic material with d-wave altermagnetism
and ferroelectricity. In order to show the altermagnetic
and charge ordering characteristics more intuitively, we
also calculate the polarization charge density of the low-
symmetry LiFe2F6, as shown in Fig. 2e and f. The large
difference of polarization charge density of Fe2+ and
Fe3+ reflects the charge order (Fig. 2e and f). Compar-
ing the polarization charge density of Fe ions with differ-
ent valence states, the anisotropy of polarization charge
density of Fe2+ is the strongest, while that of Fe3+ is the
weakest. Obviously, the Fe2+ (Fe3+) ions with opposite
spin polarization are not connected by the I or t transfor-
mation, but connected by the C4zt transformation, which
reflects d-wave altermagnetic characteristic.

In order to further investigate the properties of alter-
magnetism and ferroelectricity, we need to determine a
suitable correlation interaction U . This suitable corre-
lation interaction U value can be determined by the ex-
isting experimental results and our calculation results.
Then, we calculate relative energies of four different mag-
netic states with the variation of correlation interaction
U for the low-symmetry LiFe2F6. Different from the
high-symmetry LiFe2F6, the most stable magnetic state
changes from A+ altermagnetic state to A- ferrimagnetic
state with increasing of correlation interaction U . Since
the magnetic ground state is A+ altermagnetic state, the
correlation interaction U is less than 4.6 eV (Fig. 2b).
On the other hand, when the correlation interaction U is
less than 3 eV , the charge order is not stable (Fig. 2c).
Thus, the correlation interaction U is between 3 eV and
4.6 eV . In the following calculation, we choose the cor-
relation interaction U to be equal to 4 eV .

The electronic band structures were calculated for the
low-symmetry and high-symmetry LiFe2F6, which are
shown in Fig. 3a and b. From Fig. 3a and b, both the
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FIG. 3. The electronic band structure without SOC and fer-
roelectric properties of LiFe2F6. a, The electronic band struc-
tures along the high-symmetry directions of low-symmetry
LiFe2F6, respectively. b, The electronic band structures along
the high-symmetry directions of high-symmetry LiFe2F6, re-
spectively. c and e are the electronic band structures with
opposite ferroelectric polarization for low-symmetry LiFe2F6,
respectively. d, The ferroelectric polarization simulated by
the NEB method. Insets: Initial and final structures. The
red arrows represent spin magnetic momentum. The long ar-
row is Fe3+ and the short arrow is Fe2+. The red and blue
lines represent spin-up and spin-down bands.

high-symmetric and low-symmetric phases are semicon-
ductors. Ferroelectric phase transition induced by charge
order increases bandgap of LiFe2F6 from 311 meV to
474 meV . Due to the absence of spin symmetry {C⊥

2 ∥I}
and {C⊥

2 ∥t}, altermagnetic LiFe2F6 has k-dependent spin
splitting, example for the Γ −M direction (Fig. 3a and
b). In fact, due to the spin symmetry {C⊥

2 ∥Mxt} and
{C⊥

2 ∥Myt}, spin-up and spin-down bands are degener-
ate in these four cyan faces (Fig. 1b). Except for these
four cyan faces, spin-up and spin-down bands are split at
general k points in the BZ. However, ferroelectric phase
transition has only a small effect on spin splitting of the
bands (Fig. 3a and b). Meanwhile, we also calculate the
electronic band structure along the M∗ − Γ − M direc-
tions as shown in Fig. 3c. From Fig. 3c, the spin-up
bands on the M∗ − Γ axis change into spin-down bands
on the Γ − M axis reflecting the characteristics of the
d-wave altermagnetism. Considering the d-wave alter-
magnets favor unique spin current by electrical means,
the low-symmetry LiFe2F6 may have spintronic, transis-
tor and ferroelectric functionalities simultaneously.

Different from traditional ferroelectrics, the ferro-
electrics in LiFe2F6 origins from charge order, as Fe2+

and Fe3+ alternatively arrange. We used Berry phase
method to estimate the ferroelectric P of LiFe2F6, which
gives 15.1 µC/cm2 along the z axis for the d-wave alter-
magnetic state. This is basically consistent with the in-
tuitive charge order result, 12.3 µC/cm2. Meanwhile, we
also adopted NEB method to simulate ferroelectric polar-
ization of LiFe2F6. The energy barrier is only 9.9 meV
per Fe atom (Fig. 3d), which is substantially smaller
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FIG. 4. The results of low-symmetry LiFe2F6 under biaxial
strain. a, The relative energy of different magnetic states as
a function of biaxial strain. b, The NEB method is used to
simulate ferroelectric polarization of ferrimagnetic LiFe2F6.
Insets: initial and final structures. c and d are the elec-
tronic band structures with opposite ferroelectric polarization
of ferrimagnetic LiFe2F6, respectively. The red and blue ar-
rows represent spin-up and spin-down magnetic momentum,
respectively. The long arrow is Fe3+ and the short arrow
is Fe2+. The red and blue lines represent spin-up and spin-
down bands.

compared to other ferroelectric materials. This seems
natural as the main process of ferroelectric switching in
LiFe2F6 is the charge transfer in Fe2+-Fe3+ pair, rather
than the moving of the ions. On the other hand, the
Fe2+ and Fe3+ ions in altermagnetic state have the same
spin arrangement, the charge transfer in Fe2+-Fe3+ pair
has no effect on the A+ altermagnetic state. Thus, the
electronic band structures of polarized/antipolarized are
the same, reflecting the weak magnetoelectric coupling
in altermagnetic LiFe2F6 (Fig. 3c and e). However, in
A- ferrimagnetic and F- altermagnetic state, the switch
between positive and negative ferroelectric polarization
can cause obvious change for the electronic structure as
the spins in Fe2+ and Fe3+ pair are opposite. Note: The
F- magnetic state in high-symmetry phase is a conven-
tional collinear antiferromagnetic state, but the charge-
order-induced ferroelectric phase transition will trans-
form the F- from the conventional collinear antiferromag-
netic state to an altermagnetic state, which is the reason
of its strong magnetoelectric coupling.

Possible spin-triplet excitonic insulator phase. Inter-
estingly, the low-symmetry LiFe2F6 can change from the
A+ altermagnetic state to A- ferrimagnetic state under
compressive biaxial strain [9]. We also calculate relative
energies of four different magnetic states as functions of
biaxial strain. Indeed, the altermagnetic state change
to ferrimagnetic state under compressive biaxial strain
(Fig. 4a). Likewise, we also used Berry phase method to
estimate the ferroelectric P which is 13.4 µC/cm2 along
the z axis for the ferrimagnetic state, which is basically
consistent with the previous calculation. The energy bar-

rier is 41.5 meV per Fe atom for the ferrimagnetic state
(Fig. 4b). For the positive ferroelectric polarization, the
Fe2+ and Fe3+ ions have opposite spin arrangement,
which makes the magnetic moment of a primitive cell to
be -2 µB . When the ferroelectric polarization is reversed,
the magnetic moment of a primitive cell changes to 2 µB

(Fig. 4b Insets: final structure). Thus, the ferrimag-
netic LiFe2F6 has very strong magnetoelectric coupling.
Furthermore, the switch between positive and negative
ferroelectric polarization may cause huge change in the
electronic band structure.

Then, we calculate the electronic band structures of the
positive and negative ferroelectric polarization for ferri-
magnetic LiFe2F6. Comparing the positive and negative
ferroelectric polarization, their electronic band structures
are the same but the spin of bands is reversed (Fig. 4c and
d), which corresponds to the reversal of the spin mag-
netic moment before and after the ferroelectric polariza-
tion reversal. Interestingly, the spins of the valence band
and the conduction band are opposite (Fig. 4c and d).
Since Li, Fe, and F are all light elements, the LiFe2F6

has weak SOC. In the ferrimagnetic LiFe2F6 with weak
SOC, the transition of electrons obeys the spin selec-
tion rule. Thus, electrons transition from the bottom
valence band to the top conduction band need spin flip,
the electron-hole excitations give rise to spin-triplet exci-
tons. Due to the spin selection rule, spin-triplet excitons
may be very stable in ferrimagnetic LiFe2F6. Moreover,
the spin-triplet excitons have spin to be 1 and -1 for the
positive and negative ferroelectric polarization, respec-
tively. More importantly, the spin-triplet excitons with
S=1 and -1 can be switched by electric field due to strong
magnetoelectric coupling. If the spin-triplet excitons can
condense into superflow, the two spin superfluid phases
with S=1 and -1 can be switched by electric field, which
is very important for theory, experiment, and the design
of new devices. Finaly, we also calculate the electronic
structure of the ferrimagnetic LiFe2F6 by hybrid func-
tional. The bandgap of the ferrimagnetic LiFe2F6 is in-
creased to 1.08 eV , but the spins of the valence band
and the conduction band are still opposite. Thus, the
ferrimagnetic LiFe2F6 may still possess the spin-triplet
excitonic phase in the framework of hybrid functional.

In summary, based on symmetry analysis and the first-
principles electronic calculations, we predict the LiFe2F6

is a d-wave altermagnetic, charge-ordering-mediated fer-
roelectric material. Under biaxial compressive strain, the
LiFe2F6 transforms into charge-ordering-mediated ferri-
magnetic, ferroelectric phase with strong magnetoelec-
tric coupling. Interestingly, the spins of the valence band
and the conduction band are opposite in ferrimagnetic
LiFe2F6, which facilitates the spin-triplet excitonic in-
sulator phase. More importantly, If the spin-triplet ex-
citons condense into superflow, the two spin superfluid
phases with S=1 and -1 can be switched by electric
field. Due to the abundance of novel physical properties,
LiFe2F6 will certainly attract a wide range of theoretical
and experimental interest.
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[17] L. Šmejkal, A. B. Hellenes, R. González-Hernández,
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