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As a single-phase multiferroic material, Fe3O4 exhibits spontaneous ferroelectric polarization below 38
K. However, the nature of the ferroelectricity in Fe3O4 and effect of external disturbances such as strain
on it remains ambiguous. Here, the spontaneous ferroelectric polarization of low-temperature mon-
oclinic Fe3O4 was investigated by first-principles calculations. The pseudo-centrosymmetric FeB42–
FeB43 pair has a different valence state. The noncentrosymmetric charge distribution results in fer-
roelectric polarization. The initial ferroelectric polarization direction is in the −x and −z directions.
The ferroelectricity along the y axis is limited owing to the symmetry of the Cc space group. Both
the ionic displacement and charge separation at the FeB42–FeB43 pair are affected by strain, which
further influences the spontaneous ferroelectric polarization of monoclinic Fe3O4. The ferroelectric
polarization along the z axis exhibits an increase of 45.3% as the strain changes from 6% to −6%.
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1 Introduction

Recently, multiferroic materials that combine ferroelec-
tricity, ferromagnetism, and ferroelastic characteristics
have made it feasible to realize complex functional de-
vices and have attracted much interest because of the
ability of changing their magnetic states through appli-
cation of electric fields and vice versa [1–3]. The ferro-
electric (FE) polarization switch in a multiferroic tunnel
junction can realize multiple-resistance states, which can
enhance the storage density [4–8]. Low energy consump-
tion and high response in multiferroic heterostructures
provide potential applications in next-generation sensors
and spintronics devices [9–12]. As a natural magnet,
Fe3O4 has been used for thousands of years. Nowadays,
Fe3O4 has attracted considerable attention and is consid-
ered to be a candidate for spintronics devices owing to its
high Curie temperature of 858 K [13], theoretical spin po-
larization of −100% [14], and large net magnetic moment
of ∼ 4µB/f.u. [15]. A first-order phase transition, which
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is known as the Verwey transition, has been observed
in the temperature-dependent conductivity of Fe3O4 at
∼ 120 K (TV) [16], where the conductivity changes by
about two orders of magnitude across TV. Below TV, the
unit cell distorts to a

√
2a×

√
2a× 2a monoclinic super-

structure with a Cc space group, where a is the lattice
constant of cubic Fe3O4. Fe3O4 exhibits FE behavior
below 38 K [17] and magnetoelectric coupling at 4.2 K
[18]. Yamauchi et al. [19] have studied the spontaneous
FE polarization in Fe3O4 by using first-principles calcu-
lations. The FE polarization along the x, y, and z axes
are about −4.41, 0, and 4.12 µC/cm2, respectively [19].
However, several experimental results indicate a signifi-
cant difference. At 4.2 K, Kato et al. [20] reported an FE
polarization of 1.5 µC/cm2 along [001]m, while a large
FE polarization of 52 µC/cm2 along [100]m was reported
by Miyamoto et al. [21]. Recently, Alexe et al. [17] inves-
tigated the ferroelectricity of Fe3O4 in metal/Fe3O4/Nb-
doped SrTiO3 heterostructures, which were prepared by
pulsed laser deposition (PLD) and magnetron sputter-
ing (MS). At ∼ 10 K, the switchable FE polarization
(2P) projected onto the x–y plane is ∼ 11 (PLD) and
∼ 5 µC/cm2 (MS). There are two possible explanations
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for the different experimental results. First, leakage, an-
tiphase boundaries, or residual strain may hamper the
FE polarization measurements [20]. Second, the discrep-
ancy can be illustrated by the modern theory of polar-
ization, which recognizes FE polarization as a superpo-
sition of lattices rather than of vectors [22–25]. In this
paper, a series of investigations on the origin and direc-
tion of spontaneous FE polarization and strain effects on
ferroelectricity in low-temperature monoclinic Fe3O4 are
performed. Remarkably, the FE polarization shows an
increase of 45.3% as the strain changes from 6% to −6%,
which has potential applications in multiferroic devices.

2 Calculation details and models

Electronic structure calculations were performed based
on density functional theory and the generalized gra-
dient approximation using the Vienna Ab-initio Sim-
ulation Package (VASP) [26, 27]. The projector-
augmented-waves method was used to describe the
core electrons. The Perdew–Burke–Ernzerhof exchange-
correlation functional parameterization within the gen-
eralized gradient approximation (GGA) was used. The
energy cutoff and the Monkhorst–Pack grid of k points
were set as 400 eV and 3×3×2, respectively. The on-site
Column interaction parameter U = 4.5 eV and the on-
site exchange interaction parameter J = 0.89 eV for Fe
ions were used [28–31]. The lattice constants, atomic la-
bels, and positions of low-temperature monoclinic Fe3O4

were selected from Ref. [32], where a = 11.88881 Å,
b = 11.84940 Å, c = 16.77515 Å, and β = 90.2363◦.
The structure optimizations were stopped when the to-
tal energy change became < 10−5 eV and the Hellman–
Feynman force change of the optimized structure fell be-
low 10−2 eV/Å. After structural optimization, the unit
cell showed a bit of expansion, where a = 11.88549 Å,
b = 11.88974 Å, c = 16.78531 Å, and β = 90.1760◦.

Lattice strain ranging from 6% to −6% is defined as
S = (b − a)/a × 100%, where S, a, and b are the strain
and the lattice constants without and with strain, re-
spectively. Both tensile and compressive strains were im-
posed along the x and y axes. The calculations applied
with lattice strain were based on the optimized struc-
ture, where the in-plane lattice constant was calculated
through the upper equation and fixed through the opti-
mization. The out-of-plane lattice constant was selected
from the former optimized result and relaxed through the
optimization. The Berry phase was calculated to deter-
mine the contribution of FE polarization from both ions
and electrons. To distinguish the spontaneous FE po-
larization, a paraelectric (PE) structure must be consid-
ered because the value of polarization for a PE structure
is not always zero [25]. Here, a centrosymmetric Fe3O4

with C2/c symmetry as a conference structure was built
to simulate the zero-polarization state in a coercive elec-
tric field. The PE structure with C2/c symmetry, which
is a subgroup of Cc symmetry, was obtained by an online
server [33–35]. Several intermediate structures were con-
structed between FE and PE structures. Although the
exact displacements through FE polarization switching
were more complicated, all of the ions were assumed to
move through a linear path. The displacement of ions
was scaled by λ, where λ = 100% and λ = 0% rep-
resent Cc (FE) and C2/c (PE) structures, respectively.
When the sample was further polarized to a negative po-
larization state, the ions moved to a symmetric position
according to the reference structure in the experiment.
Thus, negative λ, i.e., the enantiomorphic counterpart
with −(Cc) structure, was also considered to simulate
the sample with a negative polarization state. The FE
polarization was calculated with the Berry phase, point
charge model (PCM), and polarization quantum. The
calculations based on the PCM were performed by using
our homemade codes. The PCM calculations were based
on P =

∑
i qiri/Ω, where qiri represents the electric

moment of the ith ion with qi charges at ri, Ω is the vol-
ume of the unit cell, and ri is treated as a vector from
the body center to the ith ion within our codes. Ions
at vertices, face centers, and edges were placed at all of
the equivalent sites to eliminate extra FE polarization
throughout the PCM calculations.

3 Results and discussion

Figure 1(a) shows the lattice structure of low-
temperature monoclinic Fe3O4. It is found that Fe3O4

with the Cc space group has a pseudo-centrosymmetric
structure. Thus, the artificial centrosymmetric Fe3O4

with the C2/c space group has a similar structure (not
shown here). First, the electronic structure in both
FE and PE phases was compared. All of the pseudo-
centrosymmetric ion pairs in the FE phase, except for
the FeB42–FeB43 pair [in Fig. 1(a)], possess a similar
density of states (DOS), which suggests a similar va-
lence state for the counterpart. Figures 1(b)–(d) show
the partial DOS projected onto 3d orbits of FeB42 and
FeB43 at S = 0% and λ = 100%. It is noted that the
ionic sites at FeB42 and FeB43 are equivalent within
C2/c symmetry. In Fig. 1(b), the DOS at FeB42 (FeB43)
does not exhibit a band gap, but the occupation state at
the Fermi level is zero. The valence of FeB42 (FeB43)
with C2/c symmetry is more like +2.5. In the FE phase,
the spin-down t2g band is occupied at FeB42 [Fig. 1(c)]
and unoccupied at FeB43 [Fig. 1(d)] at λ > 0%, where
the valence states of FeB42 and FeB43 are divalent-like
and trivalent-like, respectively. At λ < 0%, the occupa-
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Fig. 1 (a) Lattice structure of low-temperature monoclinic Fe3O4 with the Cc space group. FeB42 and FeB43 are colored
with blue and yellow, respectively. (b) DOS of FeB42 (FeB43) with C2/c symmetry. The inset shows the magnification of
DOS at −0.2 eV ≤ E ≤ 0.2 eV. (c, d) DOS of FeB42 and FeB43 within Cc symmetry.

tion states are inverted, which manifests inversed valence
states. Thus, we suppose that the FE polarization comes
from the noncentrosymmetric charge distribution at the
FeB42–FeB43 pair.

It should be pointed out that the Berry phase results
cannot confirm the direction of FE polarization and dis-
tinguish the polarization from that of a single ion. In
this point of view, the PCM was used to calculate the
FE polarization. Here, the results based on the PCM
provide only a rough estimate. Figure 2 shows the de-
pendence of FE polarization on ionic displacement and
charge separation at S = 0%. The charge separation
is defined by the difference of valence between trivalent-
like and divalent-like ions. The FE polarization along
the y axis is forbidden owing to the symmetry limita-
tion. The FE polarization increases as charge separation
is enhanced but decreases with increased ionic displace-
ment. One can see that the low-temperature monoclinic
Fe3O4 has FE polarization when the lattice structure
loses centrosymmetry. In Fig. 2, the shining balls in each
color map represent the FE polarization from the FeB42–
FeB43 pair. It is hard to distinguish the color of shining
balls from the background, which demonstrates that the
FE polarization in monoclinic Fe3O4 almost comes from
the FeB42–FeB43 pair. Similar results were also found
with other strains (not shown here). We can conclude
that once Fe3O4 loses its centrosymmetry, the equiva-
lent FeB422.5+–FeB432.5+ pair will divide into divalent-
like and trivalent-like ions. The noncentrosymmetric
charge distribution of the FeB42–FeB43 pair results in
FE polarization in monoclinic Fe3O4. The absence of FE
polarization at temperatures just below TV can be as-
cribed to the low resistance of Fe3O4, which results in a
large current leakage [17]. PCM calculations yield the

Fig. 2 Ferroelectric polarization along (a) the x axis and
(b) the z axis calculated with the PCM at S = 0%. The
color scale is shown in the right column. Gray lines indicate
isolines of the FE polarization.

direction of FE polarization. The FE polarization from
other ions can be treated as zero. The FE polarization
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direction of the FeB42–FeB43 pair is the direction of FE
polarization for monoclinic Fe3O4. A vector R from the
body center to the center of the FeB42–FeB43 pair was
defined as rFeB42 + rFeB43 and calculated. At S = 0%
and λ = 100%, R = (0.128, 0, 0.116) Å, which indicates
that the center of the FeB42–FeB43 pair is away from the
body center along +x and +z directions. However, FE
polarization was along the −x and −z directions owing
to a higher valence of FeB43. The initial FE polarization
direction was different from the −x and +z directions as
reported by Yamauchi et al. [17].

Figure 3 shows the dependence of FE polarization ob-
tained by Berry phase calculations and total energy on
the ionic displacement at S = 0%, ±2%, ±4%, and ±6%.
In Fig. 3(a), the FE polarization of enantiomorphic coun-
terpart structures exhibits similar values but an inverse
direction. The positive (negative) value represents that
the direction of FE polarization was in the plus (minus)
direction of coordinates. The opposite value of FE polar-
ization in enantiomorphic structures comes from the in-
verse valence state of FeB42–FeB43 in the relevant struc-
tures. In Fig. 3(b), Fe3O4 with enantiomorphic struc-
tures possesses a similar total energy, which stabilizes
at λ = ±100% except for S = 2%. The artificial C2/c
structure is unstable based on the calculations. Unlike
the results of ferroelectricity in BiFeO3 [25], FE polar-
ization of Fe3O4 does not show a linear-like dependence
on displacement. As we know, polarization in a limited
three-dimensional system is defined as P =

∑
i qiri/Ω,

where the FE polarization shows a linear correlation with
the ionic distribution. However, the calculated results
seem unreasonable at first sight. In common perovskite
(ABO3) ferroelectrics, FE polarization arises from the
B-ion displacement [25, 36, 37], whereas, in Fe3O4, FE
polarization is dominated by charge separation at the
FeB42–FeB43 pair, namely, the nature of charge order-
ing in Fe3O4 below TV rather than ionic displacement.

To investigate the strain effects on charge separation
at the FeB42–FeB43 pair, the bond-valence sum (BVS)

[38–40] was calculated to estimate the ionic valence. The
bond-valence sum of the ion, BVS =

∑n
i exp[(R0 −

Ri)/b], is decided by the surrounding bond lengths,
where R0 and Ri represent the bond-valence parameter
and the ith bond length, respectively, and b is a constant
of 0.37 Å [38, 40]. For Fe2+–O2− and Fe3+–O2−, R0

are 1.734 and 1.759 Å, respectively [40]. Unfortunately,
the BVS method overestimates (underestimates) ionic
valence as compressive (tensile) strain is applied. How-
ever, the relative valence can still distinguish Fe2+ and
Fe3+ ions. Figure 4(a) shows the dependence of charge
separation on lattice strain at λ = 100%. The charge
separation increases when the strain changes from −6%
to 4%, but it decreases at S > 4%. The change of charge
separation at S > 4% is consistent with our previous re-
sults [41], which can be attributed to the fluctuation of
FeB42–O bonds. The dependence of the x and z compo-
nents of R on strain was also investigated. In Fig. 4(a),
the increase of x and z components with strain manifests
the increase and decrease of electric moment from FeB42
and FeB43, respectively. Hence, in Fig. 4(b), the resul-
tant FE polarization decreases when the strain changes
from −6% to 6%. Although the z component of R shows
a decrease at S = 6%, the reduced charge separation re-
strains the increase of FE polarization.

Based on the modern theory of polarization, the FE
polarization calculated through the Berry phase for a
solid is a superposition of lattices [42]. Along each crystal
axis, there is a polarization quantum PQ = eR/Ω, where
e, R, and Ω are the elementary charge, lattice constant
along a specific crystal axis, and the volume of the unit
cell, respectively. The polarization quantum is a char-
acteristic value for a specific system and it is related to
the unit cell. For a long-range ordered system, the polar-
ization can be summed with many multiple polarization
quanta through calculations. Therefore, the output re-
sults from VASP should be divided by the polarization
quantum. The remainder is the original state of ferro-
electrics. However, the original state cannot be detected

Fig. 3 Dependence of (a) FE polarization along the x and z axes and (b) total energy on ionic displacement at −6% ≤
S ≤ 6%.
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Fig. 4 (a) Dependence of charge separation and the x and
z components of R of the FeB42–FeB43 pair on strain. (b)
Spontaneous FE polarization along the x and z axes calcu-
lated with the Berry phase, the PCM, and the polarization
quantum at −6% ≤ S ≤ 6%. λ = 100% is used for both (a)
and (b).

through measurements. In experiments, the spontaneous
FE polarization is usually defined by the half value of the
FE polarization difference between the positive and neg-
ative biases. Actually, the difference of FE polarization
is consistent with the polarization quantum. From this
point of view, the spontaneous FE polarization is calcu-
lated based on the polarization quantum. Figure 4(b)
shows the strain-dependent FE polarization calculated
with the Berry phase, the PCM, and the half polarization
quantum. The polarization quantum expression shows
that the spontaneous FE polarization is directly corre-
lated with the size of the unit cell. The polarization
quantum along the x and z axes exhibits a linear-like
correlation with strain. The spontaneous FE polariza-
tion estimated by using the PCM shows a correspondent
trend. However, the Berry phase results show a differ-
ence from the polarization quantum and PCM results.
In fact, the electrons around ions show an off-center dis-
tribution because of the Fe–O bonding, which cannot
be simply evaluated by using the PCM. Similarly, the
polarization quantum does not take Fe–O bonding into
consideration. In Berry phase calculations, the origin of
FE polarization is divided into ionic and electronic parts

by using Wannier functions, which are localized in space
and have been used to visualize the chemical bonding
and to calculate the electronic structure [42]. The off-
center electronic distribution results in extra FE polar-
ization. The discrepancy between the Berry phase and
other results indicates that the electronic distribution in
monoclinic Fe3O4 has a large influence on FE polariza-
tion. Remarkably, as the strain changes from 6% to −6%,
the FE polarization along the z axis in low-temperature
monoclinic Fe3O4 can increase by 45.3%.

4 Conclusion

In summary, spontaneous FE polarization and strain ef-
fects on ferroelectricity of low-temperature monoclinic
Fe3O4 are investigated. It is found that FE polarization
in Fe3O4 originates from the noncentrosymmetric charge
distribution at the FeB42–FeB43 pair. The initial direc-
tion of FE polarization as found from PCM calculations
is in the −x and −z directions. By importing the bi-
axial strain along the x and y axes, FE polarization in
both x and z directions can be tailored. It is found that
both the ionic displacement and charge separation at the
FeB42–FeB43 pair, which further influence FE polariza-
tion in low-temperature monoclinic Fe3O4, are affected
by strain. When the strain changes from 6% to −6%,
FE polarization along the z axis exhibits an increase of
45.3%.
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