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First-principles methods are employed to understand the existence of magnetic-domain-wall-induced
electric polarization observed in rare-earth iron garnets. In contrast with previous beliefs, it is found that the
occurrence of such polarization neither requires the local magnetic moments of the rare-earth ions nor
noncollinear magnetism. It can rather be understood as originating from a magnetoelectric effect arising
from ferromagnetic interactions between octahedral and tetrahedral Fe ions at the domain walls, and the
mechanism behind is found to be a symmetric exchange-striction mechanism.
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With the increasing demand for more information and data
centers, the challenge for more computing power is rising,
and with it, more power consumption. This trend is triggering
an intense search for new energy-efficient technologies for
information processing [1]. One possible solution would be
the use of energy-efficient voltage control of magnetization
through a magnetoelectric coupling. Therefore, magnetoelec-
tric and multiferroic materials are attracting great interest in
the spintronic community. Since the discovery of multiferroic
properties, a number of materials have been found, however,
the magnetoelectric coupling effect of these materials is either
small or achievable at low cryogenic temperatures [2].
The search for high-temperature magnetoelectricity has led
to new trends such as magnetoelectricity on the level of
domain [3-5] and domain wall [6—14]. The magnetic domain
walls (DW) are the natural interfaces between regions that
are homogeneously magnetized, and it was indicated that
Néel-type DW should have an electric polarization and react
to an electric field [15]. Controlling the properties of DW
offers great potential for technological applications such as
memory devices, spintronics, and communications [8,16].
Recently, there have been reports of observation of a giant
magnetoelectric effect in epitaxial rare-earth iron garnet films
[15,17-20] and the use of this effect is demonstrated as
optical nanoshutter in Ref. [21].

Note that, being magnetic and insulators, rare-earth iron
garnets Ry;FesO,, (RIG) are also being studied extensively
due to their many applicable properties [10,22-32]. Below
the Néel temperature, there is a strong antiferromagnetic
coupling between a nonequivalent number of Fe ions that
occupy the tetrahedral and octahedral sites in a unit cell
(ratio 3:2). Below the temperature that is the so-called
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“magnetization compensation temperature,” rare-earth ions
sitting at the dodecahedral sites develop a finite magnetic
moment that is typically coupled antiferromagnetically
with the tetrahedral Fe moment. Consequently, a ferrimag-
netic ordering happens in RIGs [28,33].

Interestingly, the mechanism behind the aforementioned
magnetoelectric effect in magnetic DW of RIGs [15,17-20]
is still in dispute and there are several hypotheses:
(i) Dzyaloshinskii-Moriya-like interactions [34] such as
inhomogeneous magnetoelectric interaction due to the
chirality of magnetic spin arrangements [20,35,36], or
(ii) the local decompensation of the antiferroelectric struc-
ture in the DW, which involves rare-earth and iron ions
exchange interaction [10,14,37]. One may also wonder
what are the precise (hypothetical) contributions of tetra-
hedral and octahedral ions and of the Gd ions, and of their
possible magnetic moments, as well as the oxygen ions on
such electrical polarization.

In this Letter, we used a first-principles approach to further
confirm that magnetic DW does possess an electric polari-
zation in RIG systems, as well as, to resolve all the issues
mentioned above. In particular, we reveal (1) that the magnet-
ism of the rare-earth element is not crucial for this magneto-
electric effect; (2) which element is the main contributor to the
electrical polarization; (3) that such polarization does not
require the aforementioned items (i) and (i) to occur, but
rather can be simply explained by the specific collinear and
symmetric exchange-striction mechanism that was also found
to be behind the improper ferroelectricity of magnetic
domains made of rare-earth orthoferrites [38].

Here, we mostly study 2 x 1 x 1 and 4 x 1 x 1 super-
cells of gadolinium iron garnet (GIG) systems that have a
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FIG. 1.

Simple sketch of magnetic arrangement used for all supercells with DW at the center for RIG systems. (Note that this sketch is

a much-simplified version of the more complex magnetic interactions in RIG systems.) Arrows represent the magnetic moments of both
octahedral and tetrahedral Fe and Gd ions (in the without-f case, spins at the Gd sites are not considered). The gray area in the middle
and three dots at both ends represent the DW and continuation of magnetic arrangement within that domain.

DW in the middle (along the pseudocubic [100] a axis) of
these supercells. Figure 1 shows a simplified sketch of spin
arrangements adopted in the supercells that are considered
in this study. The gray area at the center represents the DW
and the magnetic configuration inside each domain consists
of tetrahedral Fe (Fe') ions being arranged antiferromag-
netically with respect to the other two sublattices (octahe-
dral Fe, Fe°®', and Gd ions)—since it was reported to be the
lowest energy collinear spin configuration for GIG bulk
[25], in agreement with experiments [28,33]. As shown in
Fig. 1, the two domains of the studied supercells have a
magnetic configuration that is reversed with respect to each
other and the a axis is the direction that is normal to the
DW. All calculations are carried out within the framework
of the density functional theory as implemented in the
Vienna ab initio simulation package (VASP) [39] using the
projector augmented-wave potentials [40]. The following
electrons are always treated as valence states: O 2s and 2p,
and Fe 3d and 4s. On the other hand, we used two different
schemes for the valence electrons of Gd: 4f, 5s, 5p, 5d, and
6s where f electrons are thus treated as valence electrons
(and, consequently, magnetization arising from Gd ions can
occur) versus “only” 5p, 5d, and 6s where f electrons are
treated as core electrons and thus magnetic ordering of Gd
ions is not accounted for. The generalized gradient approxi-
mation together with the revised Perdew-Burke-Ernzerhof
exchange-correlation functional for solids [41] is employed
with an effective Hubbard U parameter of 4 eV for the
localized 3d electrons of Fe ions and U =4 eV for the
localized 4 f electrons of Gd ions when these 4f electrons
are treated as valence electrons. Such values were dem-
onstrated to provide accurate results [25,42-45]. We
performed all our calculations at a collinear level, implying
that spin-orbit effects (such as Dzyaloshinskii-Moriya-like
interactions [46,47]) are not incorporated in the simula-
tions. As we will see and at odds with previous beliefs
[2,10,14,37,48], such choice does not prevent the occur-
rence of electrical polarization in the studied supercell.
All structural degrees of freedom are allowed to relax.
Moreover, the energy cutoff of 500 eV is used, and

Monkhorst-Pack k-point mesh is chosen to be 2 x4 x 4
for the 2 x 1 x 1 supercell and 1 x 4 x 4 for the 4 x 1 x 1
supercell. Structural relaxations are performed until the
Hellmann-Feynman force on each atom is less than
0.005 eV/A, and the polarization is calculated by the
Berry-phase method [49].

Table I reports the polarization of our studied GIG
supercells when we consider or do not consider f electrons
of the Gd ions as valence electrons, which we denote as the
“with-f” versus the “without-f”" cases, respectively. It is
remarkable that, in both cases and for both considered
supercells, the existence of domain walls in GIG gives rise
to a polarization—which we further numerically found to
develop along the normal to the DW, thus inducing an
orthorhombic /ba?2 space group according to the FINDSYM
software [50] (in addition to the above-mentioned supercell
sizes, we also considered a supercell possessing GIG
magnetic domains with the normal of DW lying now along
the pseudocubic [110] direction and found a DW-induced
polarization there along such normal too. In that case, the
crystallographic space group is monoclinic P2). Such
polarization is consistent with previous works on
RIGS [2,10,14,15,35,37,48,51-61] and contrasts with the
paraelectric nature of GIG monodomain.

It is important to realize that the without-f case also
yields an electric polarization, which is more than twice as

TABLE 1. Polarization (which lies along the a axis) results of
different supercells of RIG systems with DW at the center of the
supercells.

Supercell size Polarization (mC/m?)

GIG 2x1x1 With f —2.133
Without f —5.117

4x1x1 With f —1.100

Without f —2.553

LulG 2x1x1 Filled f shell —2.458
YIG 2x1x1 Empty f shell —2.157
GIG I1x1x2 With f —2.250
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FIG. 2. Density functional theory results for the GIG 4 x 1 x 1 supercell: Top panels (a),(b) show the displacements of all ions along
the a direction (which is normal to the DW) when f electrons are treated as valence and core electrons, respectively; Bottom panels (c),
(d) show the Fe°'-O-Fe'* angles when f electrons are treated as valence and core electrons, respectively. In panels (c) and (d), “without
DW?” corresponds to Fe®'-O-Fe'*' angles in a monodomain; “with DW and AFM” characterizes the antiferromagnetic Fe°'-O-Fe'*
angles in the multidomain; and “with DW and FM” display the ferromagnetic Fe*'-O-Fe' angles in the multidomain.

large as that of the with-f case. For example, the 4 x 1 x 1
supercell of GIG where f electrons are considered as
valence electrons has a total polarization of 0.001 C/m?
but, when f electrons are frozen as core electrons, the total
polarization increases to 0.003 C/m>—which is larger by
one order of magnitude than the polarization typically
induced in improper ferroelectrics (<100 uC/m?) [62-64].
Furthermore, one can see that the polarization of the
4 x 1 x 1 supercell is about half that of the 2 x 1 x 1
supercell in both cases (with and without f-electron
situations), which clearly confirms a DW-induced mecha-
nism (an increase in the magnitude of the polarization with
a decrease of the ratio of the DW volume over the total
volume was also reported in Refs. [14,38]). The fact that
the polarization survives and is even enhanced in the
without-f case with respect to the with-f situation auto-
matically implies that the polarization in RIG systems
does not have to mainly arise from the magnetism of rare-
earth ions, which is in contrast to the assumption of
Refs. [2,10,14,37,48]. To definitely assert such latter
important point, we conducted similar calculations of
2 x 1 x 1 supercells made of yttrium iron garnet (YIG)
and lutetium iron garnet (LulG) systems and reported their
results in Table I. Recalling that yttrium and lutetium have
an empty f shell and a filled f shell, respectively, and
therefore cannot possess magnetism. Thus, as revealed in
Table I, the existence of polarization in the 2 x 1 x 1
supercells of YIG and LulG systems (i) indeed emphasizes
that the DW-induced polarization in RIGs does not origi-
nate from the magnetism of rare-earth ions, and (ii) it

demonstrates that such polar effect should likely occur in
any RIG systems with DW.

In order to gain insight into the mechanism responsible
for this DW-induced polarization, we analyzed the atomic
displacements of the relaxed 4 x 1 x 1 supercell structure
of GIG with the DW at the center, with respect to its
corresponding high-symmetry structure. Such 4 x 1 x 1
supercell is our largest studied supercell and can thus
technically have the widest DW. All ions are found to have
displacements along all three Cartesian directions, but with
the net displacement of any type of ion along the direction
that is not normal to the DW vanishing when averaging
over the entire supercell. This is consistent with the Berry
phase calculations not yielding any macroscopic polariza-
tion along the b and c¢ directions. Regarding the ionic
displacements along the a direction, results are shown at
the top panels of Fig. 2. Any type of ion that is located near
the DW center is getting largely displaced, unlike the ions
that are located away from the DW. Note that octahedral Fe
and O ions are displaced the most at the DW and that the
Supplemental Material [65] provides further insight into the
enhanced motions of octahedral Fe ions near the DW. We
also computed the Fe®'-O-Fe™ angles (see Fig. 1 for the
schematization of these angles) and report them on the
bottom panels of Fig. 2 for both with [panel (c)] and
without f electrons [panel (d)] cases. They are also
compared with the angles of 126.78° and 126.25° for both
with and without f electron cases, respectively, that are
found for a GIG monodomain. The Fe®*-O-Fe'* angle is
changing significantly near the DW. In particular, this angle
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FIG. 3. Estimated contribution of each type of ion to the ionic

part of the polarization along the a direction. Left and right sides
are when f electrons are treated as valence and core electrons,
respectively.

can be reduced by about 1.2°-1.3° from the aforementioned
monodomain values when the involved octahedral and
tetrahedral Fe ions are ferromagnetically (FM) coupled
to each other at the DW (The magnetic interaction between
first-nearest-neighbor octahedral and tetrahedral Fe ions is
the strongest among all interactions in GIG monodomain
[45]). We further found that such decrease in the
Fe®'-O-Fe™ angle is accompanied (i) by an increase in
the distance between the octahedral and tetrahedral Fe ions
at the DW and (ii) by the resulting fact that, among all
oxygen ions, the ones involved in these angles at the DW
are those that are displaced the most. We also estimated the
ionic part of the polarization for the 4 x 1 x 1 supercell by
multiplying the net displacement of each ion along the a
direction by its ideal ionic charge and report it in Fig. 3. The
estimated ionic parts associated with the polarization of Fe
and Gd ions along the a have opposite signs and almost
identical values, therefore nearly canceling each other.
Thus, in the first approximation, the main contributor to
polarization is found to be the O ions.

To reveal the mechanism behind this DW-induced
polarization, we now use the unified model for the
spin-order-induced ferroelectricity [69—71]. Since we do
not include spin-orbit coupling in our calculations, the
spin-order-induced polarization can be written as P =

> (i) 132/5, : S; where the summation is over all the spin

pairs and I_"lejs is the polarization coefficient vector
associated with the (i, j) spin pair. As Fig. 2 hints, this
DW-induced electric polarization is likely linked to the
ferromagnetic interaction between octahedral and tetrahe-
dral Fe ions. As a result, we only take into account these

ferromagnetic pairs in P= Z@ i i’;JSS, -8;. In order to
calculate these P.;, we constructed a 160-atom supercell for

a GIG system where f electrons are treated as core
electrons and with a DW at the center, due to heavy

o0
o0 [«F
o Fe*

FIG. 4. The polarization coefficient vectors (blue) and dis-
placement vectors (red) of the oxygen ions around the DW,
having a normal along the a axis, of a 160-atom supercell. The
left panel concerns the (a),(c) plane (thus possessing the DW’s
normal) while the right panel displays the (b),(c) plane (that is,
thus perpendicular to the DW’s normal). The “+4” and “—" signs
refer to the up and down directions of the magnetic moments of
the Fe ions. The gray dashed line and purple arrows represent the
DW region and direction of the electric polarization, respectively.

computational cost and to the fact that including f electrons
does not prevent the polarization from happening. We
relaxed this supercell having a DW and then used the four-

state energy mapping method [69,72] to find i’;’s for all the
ferromagnetic interactions between octahedral and tetrahe-

dral Fe ions at the DW (which results in 12 P involved in
three groups, with each group having four equivalent pairs).
For all FM spin pairs at the DW, we thus let S i S ;= 1.0ur
results for P = > i) PUS; §J of the relaxed 160-atom
supercell yield a net polarization of 0.01 C/m? along the a
direction which is the direction normal to the DW (all other
components vanish), which compares very well with the
result from the Berry-phase method [49] of this supercell-
which is found to be 0.0102 C/m?. Such comparison,
therefore, demonstrates the accuracy of our calculations
and the validity of the model. The polarization results found
here are about twice as large as thatof a2 x 1 x 1 supercell
(320 atoms supercell) shown in Table I since this latter has a
smaller ratio of DW volume over the volume of
the supercell. And the value of polarization is found to
be inversely proportional to the size of the supercell, i.e.,

ﬁ,,xlxl :ﬁlxlxl/n. Furthermore, Fig. 4 displays the

corresponding f’;ﬂ (in blue color) along with the displace-
ments of O ions (in red colors) that are involved in the

ferromagnetic Fe*-O-Fe'®t angle at the DW. These P and
oxygen displacements are basically along the same direc-
tion for any of such oxygen ions. Such fact confirms that
the displacements of O ions at the DW are the main
contributors to the polarization (as a result of the ferro-
magnetic interaction between two types of Fe ions) and
demonstrates that the symmetric exchange-striction mecha-
nism described by P =3 ) PUS; - §j, is the mechanism
behind the formation of electric polarization in RIGs.
Overall, we show that the origin of the electric polarization
in RIGs is due to the ferromagnetic interaction between
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octahedral and tetrahedral Fe ions at the DW that does not
require complex explanations involving chirality or spin-
orbit coupling. Furthermore, we used a simple model of
magnetic DW to relate to experimental findings [18] and
also show how our findings can be used in other domain
wall types with continuous spin rotations, in the
Supplemental Material [65].

In summary, different supercells of rare-earth iron garnet
systems with domain walls have been investigated via first-
principles calculations. The main results are as follows:
(1) all these supercells have a DW-induced electrical
polarization along the direction of the normal of the domain
walls; (2) such polarization neither requires the existence of
magnetism at the rare-earth sites nor noncollinear magnet-
ism to exist, in contrast to what was previously proposed. It
rather originates from a (magnetoelectric) symmetric
exchange-striction mechanism involving ferromagnetic
interactions between octahedral and tetrahedral Fe ions
at the DW. This latter mechanism takes the analytical form
of P= 3" P/S; - Sj, which can also be used to compute
the electrical polarization for magnetic domains having a
more realistic size than the ones chosen here (because of
computational limitations). We hope that these findings
provide a deeper understanding of magnetoelectricity, RIG
systems, and domain wall engineering, and will encourage
experimental confirmation using methods such as PUND
(positive up negative down) [73] that is used in Ref. [74], or
the dielectric leakage current compensation (DLCC) [75]
and the double-wave method (DMW) [76].
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