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Multiferroic nitride perovskites with giant polarizations and large magnetic moments
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Multiferroics with coupling between ferroelectricity and magnetism have been pursued for decades. However,
their magnetoelectric performances remain limited due to the common trade-off between ferroelectricity and
magnetism. Here, a family of nitride perovskites is proposed as multiferroics with prominent physical properties
and nontrivial mechanisms. Taking GdWN3 as a prototype, our first-principles calculations found that its
perovskite phases own large polarizations (e.g., 111.3 μC/cm2 for the R3c phase) and a magnetic moment
7 μB/Gd3+. More interestingly, its ferroelectric origin is multiple, with significant contributions from both Gd3+

and W6+ ions, different from its sister member LaWN3 in which the ferroelectricity almost arises from W6+ ions
only. With decreasing size of rare-earth ions, the A site ions would contribute more and more to the ferroelectric
instability. Considering that small rare-earth ions can be primary origins of both proper ferroelectricity and
magnetism in nitride perovskites, our work provides a route to pursuit more multiferroics with unconventional
mechanisms and optimal performances.
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I. INTRODUCTION

Multiferroics mostly refer to those materials simultane-
ously exhibiting ferroelectric order and magnetic order, which
have been extensively studied for decades [1]. The essential
issue in this topic is to pursuit the mutual manipulation of
these two orders [2–4]. For applications, the desired properties
for an ideal multiferroic material include a large polarization,
a large magnetization, and strong coupling between them.
However, the current available multiferroics, mostly based
on oxides, cannot satisfy these conditions simultaneously. In-
stead, in most cases they are mutually exclusive. For example,
in the typical type-I multiferroic BiFeO3, its ferroelectricity
and antiferromagnetism are both prominent luckily, but their
difference sources (Bi3+ vs Fe3+) make their coupling natu-
rally indirect and weak [5–7]. In contrast, in those so-called
type-II multiferroics like TbMnO3 [8–10], the magnetoelec-
tric couplings can be intrinsically strong, which are valuable
regarding the magnetic control of ferroelectricity. However,
their improper ferroelectric polarizations are typically weak.

Thus, it is interesting to search for multiferroics with
same-ion-rooted large polarization and strong magnetism,
which may provide alternative mechanisms to solve the
aforementioned dilemma. Sr1−xBaxMnO3 is an example in
this category [11,12]. Its polarization can reach 25 μC/cm2

driven by the second-order Jahn-Teller distortion of Mn4+,
which also contributes to the G-type antiferromagnetism with
3 μB/Mn. However, only a few oxides exhibit the same-
ion-rooted multiferroicity, and those compounds with similar
mechanism but larger polarization and magnetic moments are
certainly more attractive.
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Recent advances in nitride perovskites have attracted many
attention and revealed that, comparing with oxide analogs,
nitrides could exhibit more excellent ferroelectric properties
[13–17]. A natural advantage is that the high negative (pos-
itive) valences of nitrogen (metal) ions can result in giant
polarizations. Very recently, the successful synthesis of polar
nitride perovskite LaWN3 inspired the community [17], and
encourage further studies to find more candidates, both theo-
retically and experimentally. Although the high valence of B
site transition-metal ion may exclude the magnetic moment,
its A site ion can provide the possibility to obtain magnetism
in nitride perovskites. Indeed, a previous work on RReN3 and
RWN3 (R: rare earth) revealed the rare-earth magnetism [18].
However, most RReN3 are nonpolar perovskites and most
RWN3 even have nonperovskite ground states. So the polar
perovskites RBN3 still need further studies, and the multifer-
roicity of RBN3 has not been discovered yet.

In this work, we will investigate an example of nitride
perovskites, GdWN3, to elucidate the multiferroicity of RBN3.

II. METHODS

Our density-functional theory (DFT) calculations are per-
formed using the Vienna ab initio Simulation Package (VASP)
[19]. The plane-wave cutoff energy is 500 eV, and 7 × 7 ×
7 Monkhorst-Pack �-centered k-point mesh is used. The
convergence criteria for electronic iteration and structural re-
laxations is set to be 10−5 eV and 10−3 eV/Å, respectively.
The ferroelectric polarization is calculated using the Berry
phase method [20,21]. The strongly constrained and appro-
priately normed (SCAN) density functional is used as it is
supposed to be superior to most gradient corrected functionals
[22,23], which can lead to similar results to the conventional
GGA + U correction to Gd’s 4 f orbitals [details of compari-
son can be found in the Supplemental Materials (SM) [24] ].
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The structural dynamic stability is verified by the vi-
brational spectra, obtained based on the density-functional
perturbation theory (DFPT) [25]. Phonopy is adopted to cal-
culate the phonon band structures [26], and the AFLOW is
used to seek and visualize the dispersion paths in Brillouin
zone [27]. Crystal structures are visualized using VESTA [28].

Moreover, to estimate the magnetic transition tempera-
tures, the Monte Carlo (MC) simulations based on Heisenberg
model are performed. The simulations adopt a 18 × 18 × 18
lattice with periodic boundary condition, and larger lattices
were tested to confirm the results. The first 3 × 104 MC
steps (MCSs) are used for thermal equilibrium, then another
3 × 104 MCSs are used for measurement. Then the specific
heat is used to indicate the phase-transition point.

III. RESULTS AND DISCUSSION

A. Structures and ferroelectricity

Based on previous studies on nitride perovskites
[15,16,18], six possible perovskite phases are considered
for GdWN3: Pm3̄m, R3c, R3̄c, Pna21, P4mm, and Pnma,
as well as three nonperovskite phases: C2/c, C2/m, and
P21/c [13,18]. The Pm3̄m phase is the ideal undistorted cubic
perovskite, as a parent structure for all distorted perovskites.
These crystal structures and corresponding DFT energies are
shown in Fig. 1.

The C2/c phase owns the lowest energy, in agreement
with the previous study [18]. And the Pm3̄m phase owns
a much higher energy than all other perovskites, indicating
that severe distortions will exist in the perovskite structures.
Such spontaneous distortions can be attributed to the low
tolerance factor of GdWN3 (0.881, much lower than 0.969
for LaWN3). Even though, the energy differences between the
C2/c phase and polar perovskite phases (orthorhombic Pna21

and rhombohedral R3c), are less than 100 meV/f.u., leaving a
promising possibility to stabilize these phases. The methods to
stabilize the perovskite phases will be discussed later, which
are helpful guides for following experiments.

In real materials, metastable phases with slightly higher
energies may also exist in ambient condition, e.g., diamond.
The structural dynamic stability is a necessary criterion. Thus
the phonon spectra of Pna21 and R3c phases are calculated, as
shown in Figs. 2(a) and 2(b). Imaginary vibration mode does
not exist in either case, indicating their dynamic stability.

For perovskites, the distortion of octahedra are essential
to determine their physical properties, especially its polarity.
Using the Glazer’s notation [29], the tilting and rotation of
WN6 octahedra in the Pna21 phase is described as a−a−c+.
Within the octahedral cage, W6+ ion moves to the upper (or
lower) N3− ion, as shown in Fig. 2(c). Such displacements
of W6+ ions result in a net dipole pointing along the [001]
direction of pseudocubic cell. Its ferroelectric polarization
(P) is estimated as 52 μC/cm2, much larger than that of
Pna21 LaWN3 (20 μC/cm2 [15]).

For the rhombohedral R3c phase, its tilting and rotation
mode is a−a−a−. The ferroelectric displacements attributed
to both W6+ and Gd3+ ions moving to the diagonal di-
rection of the octahedron, i.e., one of the eightfold 〈111〉
directions of the pseudocubic cell, as shown in Fig. 2(d).

FIG. 1. (a) Various crystal structures of GdWN3. The distorted
perovskite phases are shown in their pseudocubic cells, and the red
lines indicate the mirror plane of centrosymmetric structures (Pnma
and R3̄c) to emphasize the ferroelectric distortions in corresponding
ferroelectric Pna21 and R3c phases. (b) Their relative energies with
the C2/c phase as the reference (i.e., 0). The structures and energies
of the C2/m and P21/c phases are not shown, since their energies are
too high (1.5 eV/f.u.).

Its ferroelectric P is very large (111.3 μC/cm2), even larger
than the R3c BiFeO3 (≈90 μC/cm2 [5,30]) and R3c LaWN3

(84 μC/cm2 in our calculation).
The ferroelectric instability in LaWN3 was claimed to

originate from the strong hybridization between N’s 2p and
W’s 5d orbitals [15]. Such hybridization also presents in
GdWN3, as evinced in its electronic densities of states (DOS)
[Fig. 3(a)]. However, this hybridization cannot quantitatively
explain why the value of P in GdWN3 is much larger than that
in LaWN3.

The ferroelectric switching barrier of R3c GdWN3 is calcu-
lated, which reaches 0.32 eV/f.u., as shown in Fig. 3(b). Such
a deep double-well profile (the full mode) implies a strong
tendency of ferroelectricity. Although in principle the DFT
method itself cannot estimate the precise ferroelectric Curie
temperature (TC), a high TC above room temperature is highly
promising for R3c GdWN3. For reference, the ferroelectric en-
ergy well for R3c BiFeO3 is 0.43 eV/f.u. and its ferroelectric
TC reaches 1103 K. Furthermore, the large switching barrier
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FIG. 2. (a), (b) The phonon spectra of the Pna21 and R3c phases.
The corresponding Brillouin zone and the dispersion paths (red lines)
between high-symmetry points are also indicated. (c), (d) Schematic
of ferroelectric structures. Red arrows: the ion displacements of W6+

and Gd3+ from the centrosymmetric positions. Blue arrows indicate
the directions of polarizations: Along the [001] axis for Pna21 and
[111] axis for R3c.

corresponds to a coercive field of ≈7.7 × 108 V/m, which is
acceptable since the value is comparable to that of BiFeO3

(≈1.2 × 109 V/m).
To clarify the origin of its giant P, the energy gains of par-

tial distortion modes (Gd + N and W + N) are calculated, as
compared in Fig. 3(b). These partial distortion modes denote
the displacements of selected ions only, while the full mode
denotes the displacements of all ions. Interestingly, similar
double-well energy profiles are also observed for the partial
Gd + N and W + N modes, although the former is shallower
than the latter. This dual double-well profiles imply that not
only the W-N orbital hybridization contributes to its polar-
ization, but also the Gd ion also has prominent contribution
even it is secondary. In contrast, in R3c LaWN3, the depth of
energy well for the La + N partial mode is almost zero: Only
0.002 eV/f.u. (in the magnitude of DFT precision), as shown
in Fig. S1 in SM [24] and in agreement with Ref. [15]. In other
words, La3+ ion only plays a passive role in its ferroelectric
transition, which is rather common in ferroelectric oxide per-
ovskites. In this sense, the ferroelectric origin in GdWN3 is
nontrivial.

In oxide perovskites, some ions like Pb2+ and Bi3+ can
induce ferroelectricity due to their 6s2 lone pairs [4,31]. How-

FIG. 3. (a) The atom-projected electronic DOS for R3c GdWN3.
Strong hybridization between N’s 2p and W’s 5d orbitals can be
clearly evinced, although the 5d orbitals of W6+ are nominally
empty. (b) Double-well energy profiles as a function of normalized
displacement for the full mode and partial modes. The optimized R3c
phase is set at 1 and paraelectric R3̄c phase locates at 0. (c) The
polarization and the well-depth of energy profiles of A + N and
W + N modes as a function of the radius of the A site ion.

ever, there is no such 6s2 lone pair in Gd3+. Then why can it
be ferroelectric active here? The reason is the low tolerance
factor due to the small A site ions: Gd3+ (1.11 Å) is smaller
than La3+ (1.36 Å) [32]. A small ion in the center of a large
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cavity may be dynamically unstable, and thus the spontaneous
displacement from the center can strength the bonding en-
ergy. Similar situation occurs in so-called ferroelectric metal
LiOsO3, where Li+ plays this role [33].

To further confirm this mechanism, we replace Gd3+ with
even smaller Y3+ (1.08 Å) and Sc3+ (0.87 Å). Their opti-
mized R3c structures remain dynamically stable, as shown in
Fig. S2 of the SM [24]. These smaller A site ions decrease the
cell volume and stretch the rhombohedral R3c cell along the
〈111〉 direction, i.e., the polarization direction. Larger polar
displacements occur, resulting in even larger polarizations:
121.3 μC/cm2 for YWN3 and 166.8 μC/cm2 for ScWN3.
A similar analysis of their energy profiles of partial modes is
shown in Fig. S2 of the SM [24]. The extracted well depths
of A site + N and W + N modes are compared in Fig. 3(c). It
is obvious that the well depth of W + N mode is always ≈0.2
eV/f.u., independent on the size of the A site ion. In contrast,
smaller A site ions trigger the A + N mode, whose potential
well increases rapidly with decreasing A site size. All these
evidences support the nontrivial ferroelectricity that small
Gd3+ ions trigger the additional A site contribution, which not
only strengthens the net polarization but also provides a route
to strong magnetoelectricity.

B. Magnetism and magnetoelectricity

Our calculation confirms that the magnetic moment of
Gd3+ is a large value ≈7 μB in all phases, as expected for
its half filled 4 f orbitals, in consistent with the large value
reported in nonperovskite GdWN3 [18]. According to the
DFT energy comparison, the magnetic ground state is the
G-type antiferromagnetism in both the Pna21 and R3c phases,
with all spin moments align antiparallelly with their nearest
neighbors. To describe this spin lattice, the Heisenberg spin
model is adopted, which can be expressed as

H =
∑

〈i j〉
Ji jSi · S j +

∑

i

[
Az

(
Sz

i

)2 + Ax
(
Sx

i

)2]
, (1)

where the first item is the effective exchange interaction.
Since the 4 f electrons are highly localized, the exchange
interactions (J’s) between nearest-neighboring Gd’s spins are
naturally weak. The second item is the magnetic anisotropy,
and a positive Az (Ax) implies the magnetic hard axis. Based
on the DFT energies, the coefficients J and A are estimated
(see calculation details in the SM [24]), as summarized in
Table I.

The Néel temperatures (TN ) are estimated using the MC
simulation: ≈7.4 K for the Pna21 phase and ≈5.8 K for the
R3c phase, as shown in Fig. S3 of the SM [24]. Comparing
with those 3d magnets, the J of 4 f magnets are much smaller.
Thus TN of GdWN3 in both phases are typically low, e.g.,
much lower than that of BiFeO3 (≈607 K [34]).

The superiority of those materials with same-ion-rooted
ferroelectricity and magnetism is their inherent magnetoelec-
tric coupling. To demonstrate this point, we calculate the
exchange parameter J as a function of normalized polar dis-
placement in the rhombohedral phase, as shown in Fig. 4. It
should be noted that the material is in the paramagnetic state
at ambient temperature, thus the magnetoelectricity is only
discussed at low temperatures around TN . As expected, the

TABLE I. DFT results of two polar phases of GdWN3, including
the magnetic interactions (in units of meV), band gaps Eg(in units of
eV), and ferroelectric polarizations P (in units of μC/cm2). Due to
the symmetry requirement, the effective exchange J is isotropic in
the R3c phase but is anisotropic in the Pna21 phase [thus the indices
(x, y, z) indicate the direction of the exchange interaction]. And its
magnetic hard axis is along the polarization direction (i.e., the [111]
axis of the pseudocubic framework), which is chosen as the z axis
here. Here the spin is normalized for simplicity (i.e., |S| = 1).

Phase Jx Jy Jz Ax Az Eg P

R3c 0.34 0.34 0.34 0 0.08 1.42 111.3
Pna21 0.45 0.46 0.39 −0.02 −0.06 1.13 52.0

suppression of polar displacement will significantly enhance
the magnetic coupling J (≈47% enhancement from R3c to
R3̄c), which is more than one order of magnitude stronger than
that in BiFeO3 (≈ − 3.8% for the same process [34]). Our
MC snapshots (insets of Fig. 4) also reveal a disorder-order
tendency of spin texture tuned by the polar displacements,
which further confirms the strong magnetoelectric coupling.
In practice, this effect can occur in ferroelectric domain walls,
where the local ferroelectric polarization is suppressed and
thus the local magnetism is enhanced. Therefore, an external
electric field can switch the ferroelectric domains and tune the
local magnetism at a certain temperature region.

This prominent magnetoelectricity is physically reason-
able, since the polar displacements of Gd ion directly change
the Gd-N-Gd bond length or angle, and thus reduce the orbital
hybridization which is the source for magnetic exchange.
In contrast, in BiFeO3, the polar displacement is mainly
contributed by Bi3+, while the magnetic Fe3+ ion is only pas-
sively involved. Thus the same-ion-rooted multiferroicity can

FIG. 4. Schematic of ME effect in the rhombohedral phase of
GdWN3. By suppressing the polar distortion, the magnetic coupling
J is enhanced by ≈47%, which is 12 times of that in BiFeO3

(≈ − 3.8% [34]). The insets are MC snapshots of spin configurations
for R3c (left) and R3̄c (right) states at 6 K. The average antiferromag-
netic correlation L is defined as 〈Si · S j〉 (i.e., L = −1 for the ideal
G-type antiferromagnet).
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FIG. 5. (a) The volumes and (b) the enthalpies of different phases
as a function of pressure. The enthalpy of Pna21 is set as the refer-
ence. (c) The polarization as a function of the in-plane strain. (d) The
energies of various phases and the polarization vary with the Gd
content x in La1−xGdxWN3.

provide stronger magnetoelectricity than those typical type-I
multiferroics.

C. Stabilize the perovskite phases

Although Pna21 and R3c GdWN3 are interesting re-
gard their multiferroic properties, they are energetically
metastable. To stabilize them, the most convenient way is to
use external pressure to induce a phase transition from the
loose C2/c structure to a compact perovskite structure. This
method was once proved feasible in LaMoN3 [16], and might
be a general way to obtain metastable nitride perovskites.

By applying hydrostatic pressure to five most possible
phases, their structures are further relaxed until the numerical
deviation from the destination pressure smaller than 0.1 GPa.
Their volumes versus pressure curves are shown in Fig. 5(a).
It is clear that the original C2/c cell is much larger (24%
larger than the Pna21 one), and is softer upon pressure. Thus,
the more compact perovskites might be more favorable under
pressure.

Enthalpy is the criterion to determine the most stable struc-
ture under pressure at zero temperature. Thus the enthalpies
versus pressure for various phases are plotted in Fig. 5(b). A
phase transition from C2/c to Pna21 is expected at a small
pressure ≈0.5 GPa, and since then the Pna21 phase always
has the lowest enthalpy in the calculated range. Note that this
is a first-order phase transition, so the Pna21 phase can keep
metastable at the ambient condition after formation under
pressure. The required pressure is small, which is easy to
reach in experiment. More importantly, the pressure induce
a Pna21 phase has not been stabilized in nitride perovskites
before, while previously it was the R3c phase stabilized by
pressure in LaMoN3 [16].

However, above pressure can only stabilize the Pna21

phase, while the more interesting R3c phase remains un-
available. It is essential to recommend a proper experimental
approach to obtain the R3c phase. Since the sister member
LaWN3 owns the R3c phase as the ground state [15,17], it
is natural to expected that the partial substitution of A site
Gd3+ by La3+ may be helpful. First, our calculation confirms
the R3c ground state of LaWN3. Then, the simplest case, i.e.,
Gd0.5La0.5WN3, is studied by comparing three most possible
phases of Gd0.5La0.5WN3, as shown in Fig. 5(c). Luckily, the
R3c phase still has the lowest energy for this half-substituted
case, while its polarization remains very large 107.6 μC/cm2.
Moreover, significant enhancement of J is also observed in
this half-substituted case when the structure is switched from
R3c to R3̄c, as shown in Fig. S4 in the SM [24]. Thus,
following experiments are highly encouraged to study the
Gd1−xLaxWN3 series.

IV. CONCLUSION

In summary, an example of nitride perovskites, GdWN3,
has been studied with first-principles calculations to elucidate
its intriguing multiferroicity with a giant polarization and a
large magnetic moment. Although its two multiferroic phases
are metastable in energy, they can be obtained by pressure or
ion-substitution. The nontrivial mechanism here is that the
small size rare-earth ion can contribute to both the ferro-
electricity and magnetism, as a rare case of same-ion-rooted
multiferroicity. Although only the Gd case is studied here,
the underlying mechanisms should work for other rare-earth
cases, leading to more choices to pursue high-performance
multiferroics.
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