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Ab initio study of multiferroic BiFeO; (110) surfaces
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The nature of multiferroic surfaces, more specifically, the energetic, ferroelectric, and noncollinear magnetic
properties of BiFeO; (110) surfaces, is investigated using ab initio (first-principles) calculations based on the
fully unconstrained spin-density functional theory. As in the case of other perovskite oxides, the O-terminated
surface is found to be energetically favorable. The spontaneous polarization and magnetic moment at the surface
rotate in different ways from their counterparts in the bulk, which leads to a unique magnetoelectric response at
the surface. The detailed lattice-distortion-mode (symmetry) analysis reveals that the rotation of the ferroelectric
polarization results from the additional symmetry breaking due to the surface termination, whereas the rotation of
the magnetic moment is predominantly caused by the magnetocrystalline anisotropy. Furthermore, we investigate
the effect of epitaxial strain and find that the strain responses of both the polarization and the magnetic moment

are markedly enhanced at the surfaces.
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I. INTRODUCTION

Bismuth ferrite (BiFeOs) is one of the most important
classes of perovskite oxides because of its ferroelectric and si-
multaneously coexisting ferromagnetic/antiferromagnetic or-
derings at room temperature, i.e., multiferroics [1]. These two
ferroic orderings not only coexist in the material, but also
strongly couple with each other: The coupling effect is known
as magnetoelectric coupling, which enables spontaneous
magnetization (polarization) to be controlled by applying an
external electric (magnetic) field [2]. Owing to its intriguing
properties, multiferroic BiFeO3 has the potential to be used in
next-generation devices, such as multistate memory elements,
transducers, sensors, and spintronics devices [1,3-5]. All
these applications are realized in complex components or
thin-film geometries. A recent dramatic advance in fabrication
technology enables us to obtain ultrathin films with extremely
small dimensions, down to several nanometers in thickness
[6,7]. Since the surface-to-volume ratio of such ultrathin films
is extremely high, surface effects can dominate. Thus, the
multiferroic properties in the vicinity of such surfaces have
been drawing immense interest.

The rapid change in coordination number at BiFeOj;
surfaces can significantly affect the multiferroic properties:
Since ferroelectricity is a complex phenomenon resulting
from the delicate balance between long-range Coulomb and
short-range covalent interactions [8,9], unique ferroelectric
properties tend to arise where these interactions are locally
cut by the surface terminations on the BiFeO; surfaces
and the delicate balance is perturbed. On the other hand,
the magnetism, carried by the directional d orbitals of the
body-centered Fe, is sensitive to the crystal field of the
surrounding oxygen octahedra [10]. The presence of surfaces
leads to breaking of the crystal field, which in turn alters
local magnetic moments as well as the magnetocrystalline
anisotropy. In addition, the variety of structural distortions
(symmetries) observed in perovskite oxides accounts for their
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intriguingly rich properties [11]. Indeed, the I'; mode, one
of the major structural distortions in BiFeOs, is responsible
for ferroelectricity, whereas another distortion of the RI
mode induces a small canting of the magnetic moment of Fe
atoms, resulting in weak ferromagnetism in the BiFeO3 system
[12]. Here, the symmetry breaking of surface terminations
introduces additional structural distortions to the BiFeOj;
lattice, which would result in a novel ferroic ordering. Thus,
the BiFeOj; surface is expected to possess unique multiferroic
properties, distinctive from those of the bulk. However, the
intrinsic multiferroic properties of BiFeO; surfaces have yet
to be thoroughly investigated.

In addition, multiferroic thin films, which are normally
fabricated on a substrate by epitaxial growth [13-15],
are typically subjected to mechanical strains due to the lattice
mismatch between the thin films and the substrate. Since the
ferroelectric and magnetic properties of BiFeOs; are sensi-
tive to mechanical strains [16—19], it is worth investigating
the effect of epitaxial strain.

Theoretical calculations based on the density functional
theory [20,21] (DFT) and the DFT plus on-site Hubbard U
(DFT + U) method [22] have successfully reproduced the
structural, ferroelectric, and magnetic ground states of BiFeO3
[23] and have provided a comprehensive insight into ferroelec-
tric and magnetic properties in connection with the structural
distortions and/or symmetries in BiFeO3; [24]. In the present
study, we perform ab initio (first-principles) calculations using
the DFT 4 U method to investigate the intrinsic ferroelectric
and magnetic properties of BiFeOs (110) surfaces in which
the ferroelectric polar axis of [111] is parallel to the surface.
The BiFeO; (110) surfaces are thus free from any surface
charges and concomitant depolarizing fields, which enables us
to determine the intrinsic properties of the surface structure
itself. We also carry out the computations applying epitaxial
strain in order to clarify the strain response of the ferroelectric
and magnetic properties of BiFeOs surfaces. Through this
study, one of the complexities and novelties included in the
BiFeO; nanostructures can be theoretically identified. This
factor is the ideal one which is free from many other factors,
such as defects and impurities, but it has the potential to give
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a valuable suggestion for some experimentally observed rich
multiferroic properties of BiFeOs.

II. COMPUTATIONAL DETAILS
A. Simulation method

Ab initio (first-principles) calculations based on the density
functional theory with a plane-wave basis set are performed
using the Vienna ab initio simulation package [20,21]. The
cutoff energy of the plane waves is 500 eV. The electron-ion
interaction is described by the projector augmented wave
potentials [25,26], which explicitly include the Bi 5d, 6s,
and 6p, the Fe 3p, 3d, and 4s, and the O 2s and 2p
electrons in the valence states. A 2 x 3 x 1 Monkhorst-Pack
[27] k-point mesh is used for Brillouin-zone integrations. To
treat the exchange-correlation energy, we use the local spin-
density approximation plus U method [22] with the values
U =33 and J = 0.8 eV. We perform noncollinear magnetic
calculations with fully unconstrained formalism [28], which
explicitly include spin-orbit coupling (SOC) [29] to describe
spin canting and the resulting weak ferromagnetism in BiFeOs,
as well as the magnetocrystalline anisotropy of the surface.

B. Simulation models and procedure

Figure 1(a) shows the unit cell of bulk rhombohedral
(R3c) BiFeOj3. Mainly two types of structural distortions are
found in the BiFeO; lattice: (i) ferroelectric (FE) distortions
associated with an irreducible representation of I', and
(ii) antiferrodistortive rotations of Og octahedra corresponding
to the R mode. The FE distortions of bulk BiFeOs are in
the [111] direction in the figure, resulting in a spontaneous
polarization P in the same direction. The magnetic moments
are essentially in the rock-salt antiferromagnetic (AFM) (G-
type AFM) order but with a small spin canting due to the RI
mode [12]. The canting of the magnetic moments results in a
macroscopic magnetization M in the [11 2] direction.

Figure 1(b) shows the atomic structures of BiFeOs (110)
surfaces with three possible terminations. The BiFeOs (110)
surfaces are nonstoichiometric (O, FeO, and Bi terminations)
with a zigzag shape, which were found to be more energetically
favorable than the stoichiometric (110) surfaces (O, and
BiFeO terminations) with a flat shape in many perovskite
oxides [30-32]. The simulation model for the O-terminated
(110) surface of BiFeO; is depicted in Fig. 1(c). The x,
y, and z axes in the Cartesian setting are along the [001],
[110], and [110] directions, respectively. The film is 23
atomic layers in thickness, which is thick enough to avoid
the interaction between the upper and the lower surfaces.
Since a three-dimensional periodic boundary condition is
applied in the calculations, a vacuum region of [, = 16 Ais
introduced in the z direction so that undesirable interactions
from neighboring films are sufficiently avoided. Thus, the
simulation cell dimensions in the x, y, and z directions are
given by 2a, «/Ea, and 5.5+2a +1,, where a, the lattice
constant of bulk rhombohedral (R3¢) BiFeOs, is 3.90 A.

To obtain the equilibrated structure of the models, the
atomic positions are fully relaxed using the conjugate-gradient
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FIG. 1. (Color online) (a) Crystal structure of bulk rhombohedral
(R3c) BiFeO;. The green arrows that penetrate into the Fe atoms
indicate the magnetic moments. (b) Side view of the three nonstoi-
chiometric (110) surfaces (O, FeO, and Bi terminations) of BiFeOs;.
(c) Simulation model for the O-terminated (110) surface. The solid
box represents the simulation supercell.

method until all the Hellmann-Feynman forces are less than
50x 1072 eV/ A. To further investigate the effect of epitaxial
(misfit) strains, a small increment of strain Agep (=Ag,, =
Agyy)is applied stepwise along both the x and the y directions.
At each strain step, atoms are again fully relaxed by the same
above-mentioned procedure.
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TABLE I. Calculated surface energies E,s, cleavage energies
ES and relaxation energies Ey (in J/m?) of BiFeOs (110) surfaces
with O, FeO, and Bi terminations.

Termination O FeO Bi

Efﬂfrf‘v 1.82 2.64 2.64
E. —0.61 —1.17 —-0.73
Equt 1.21 1.47 1.91

III. RESULTS AND DISCUSSIONS

A. Surface energies and stability of (110) surfaces

To investigate the stability of surfaces in BiFeOs;, we
introduce the surface energy parameter Ey,, defined as the
energy needed to make new surfaces from the bulk. The
surfaces analyzed in the present paper are nonstoichiometric,
so we use the following expression for the surface energy,
formulated by Eglitis and Rohlfing [31] and Eglitis and
Vanderbilt [32],

Equt(X) = ES*V(X) + Era(X), (1

where X denotes O-, FeO-, or Bi-terminated surfaces,
ES®(X) is the cleavage energy of the unrelaxed surface,
and E(X) is the (negative) surface relaxation energy. The
cleavage of BiFeO; slabs at the O, layer results in the for-
mation of two equivalent O-terminated surfaces, whereas Bi-
and its complementary FeO-terminated surfaces are formed at
the BiFeO layer. Thus, the cleavage energy of the unrelaxed

BiFeO; (110) surface is

1
%Wm=§mmm4me )

surf

1 . nr
ESS (FeO) = E[ b (Bi) + Eg (FeO) — 22Epui ], (3)
or

. 1 unr . nr
ESe(Bi) = E[ﬁ:smb(Bl) + Efn(FeO) — 22Epu], (4)
where S is the surface area, E3}} (X) (X = O—, FeO-, or Bi-
terminated surface) are the total energies of the unrelaxed
slabs, and Eyy is the total energy per bulk unit cell with ten
atoms. The surface relaxation energy is

1
E(X) = ﬁ[Eirgb(X) - ES]ZL(X)]’ ®)

where E gf;b(X ) is the total slab energy after relaxation.

The calculated surface energies Eqyf, cleavage energies
E;]ff“’ and relaxation energies E. of BiFeO3 (110) surfaces
with O, FeO, and Bi terminations are listed in Table I.
Among all the surfaces, the O-terminated (110) surface has
the lowest surface energy (1.21 J/m?), the FeO-terminated
surface has the second lowest (1.47 J/m?), and the surface
energy with Bi termination is relatively high (1.91 J/m?). These
results show that the O-terminated surface is the most stable,
the FeO-terminated surface is the second most stable, and
the Bi-terminated surface is the most unlikely surface
among the (110) surfaces.

The main reason why the O-terminated surface is the most

stable is because its cleavage energy (1.82 J/m?) is much lower
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than that of the FeO- or Bi-terminated surface (2.64 J/m?). The
difference in stability between the FeO- and the Bi-terminated
surfaces is due to the fact that the relaxation energies differ
depending on the type of termination: The relaxation energy of
a surface with FeO termination (—1.17 J/m?) is lower than that
of a surface with Bi termination (—0.73 J/m?), which suggests
that the former changes more markedly during relaxation.

In a previous paper [32], similar analyses for (110) surfaces
of other perovskite oxides were performed, and the surface
energies were found to be about 1 to 2 J/m?. In another ab
initio calculation [33] involving SrTiO3, BaTiO3, CaTiO3, and
BaZrOj; (110) surfaces, the O-terminated (110) surface always
exhibited the lowest surface energy. These results corroborate
our calculations.

Note that the surface energy in our calculation is only an
indication of the surface stability in vacuum, and it gives us no
information as to which surface termination is the most stable
under particular environmental conditions. In order to resolve
this issue, the surface grand potential [34,35] would be useful.
It should be addressed in a future paper.

B. Ferroelectric and magnetic properties at surfaces

In order to determine the ferroelectricity at BiFeO3 surfaces,
we introduce the site-by-site local polarization P, which can
be evaluated via

e uj
pP= < wf Zidu;, 6)
Qc XJ: ! 0 ! !

where Q., e, and u* denote the unit-cell volume, the electron
charge, and the atomic displacement vector from the ideal
lattice site of atom j, respectively. The index j covers all atoms
in the unit cell. The weights (w) are set separately according
to the terminations: 1/2 for Bi, 1/4 for Fe, and 1/2 or 1/8 for O
for the O termination, 1 for Bi, 1/8 for Fe, and 1/4 for O for the
FeO termination, 1/8 for Bi, 1 for Fe, and 1/2 for O for the Bi
termination. These correspond to the number of unit cells that
share the atom. Z* is the Born effective charge tensor of bulk
BiFeOs3, which is dependent on the atomic displacements. In
the case of PbTiOs, the Z* dependence on the displacements is
weak enough for Zj‘- to be regarded as a constant. Then, Eq. (6)
can be approximated by

e
P= Q—CijZju’;, (7)
J

where Z;‘. of the undistorted or distorted structure alone is
applied. For BiFeOs, however, Eq. (7) does not yield an
accurate result: 121.0 pC/cm? for Zj of the undistorted

(cubic: Pm3m) structure, and 64.7 puClecm? for Z* of the
distorted (rhombohedral: R3c) structure of bulk BiFeOj;
because the Z7 dependence on the displacements in BiFeOs
is relatively large (see Table II). Thus, we have to use Eq. (6),
which is the original definition of polarization. However, this
is computationally costly because we have to calculate quite
so many Z7’s of each state from an undistorted to a distorted
structure. We then assume that Z7 varies linearly with u;,

ZjZAjllj-f—Bj, (8)
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TABLEIIL. The local polarization in bulk BiFeO; calculated using
Born effective charges of the cubic (Pm3m) phase, rhombohedral
(R3c) phase, and the linear method. The exact polarization value is
also determined using Berry phase theory.

Pm3m  R3c Linearinterpolation Berry phase

[P| (uC/cm?) 121.0 64.7 92.8 91.7

where A; and B; are constant tensors that can be determined
by the Z’ of both the undistorted Pm3m and the distorted R3¢
phases. Then, the local polarization P becomes

e uj
P:Q—Cijf() (Aju; +B))du,. )
J

When we use this /inear interpolation, the local polarization
of bulk BiFeOj; can be calculated to be |P| = 92.8 uClecm?.
This is in good agreement with the 91.7 uC/cm? determined
by the Berry phase theory [36].

Table IIT and Fig. 2 show the P for BiFeO3 (110) surfaces
and its visualization, respectively. The surface layer consists
of two unit cells, labeled cell A and cell B. Thus, the values of
P for each unit cell are also listed in Table III. For the bulk, P
lies purely on the x-y plane parallel to the (110) surface, and
the out of plane P, is zero (the direction of P is then [111]).
In addition, the P’s in cells A and B are exactly the same. For
the O-terminated surface, the in plane P, and P, are smaller
than those for the bulk, and the out of plane P, is nonzero.
These findings suggest that the polarization vector rotates in
a different direction at the surface than in the bulk (see also
Fig. 2). The rotational angle 6 of P from the bulk is 11.7°, and
its direction is almost [855]. Moreover, each component of P in
cells A and B is slightly different from each other. This suggests
that an antiferroelectric (AFE) state emerges in addition to the
FE state at the surface. A rotation of the polarization at the
surface can also be seen in the FeO and Bi terminations, but
the amplitude and direction of the rotation depends on the
termination type: 6 = 4.3° for the FeO termination (direction:
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(a) Bulk (inside)

z[110]

E

x[001]

FIG. 2. (Color online) The local polarization vectors P for (a) the
bulk and the surface with (b) O termination, (c) FeO termination, and
(d) Bi termination. The dashed red arrows in (b)—(d) represent the
polarization vectors for the bulk.

TABLE III. Each component of the polarization P for the bulk and the BiFeO; (110) surfaces with O, FeO, and Bi terminations, the
rotational angle 6 of P from the bulk, and the direction of P. Since the surface layer consists of two unit cells, cells A and B, the local
polarization in each unit cell is also listed. The x, y, and z directions correspond to [001], [110], and [110], respectively.

P, (uC/cm?) P, (uClcm?) P, (uC/cm?) 0 (deg) Direction
Bulk (inside) Cell A 53.1 75.4 0.0 [111]
Cell B 53.1 75.4 0.0 [111]
Total 53.1 75.4 0.0 [111]
O termination Cell A 35.5 56.2 4.8 5.1 [655]
Cell B 43.6 74.8 24.8 16.7 [845]
Total 39.6 65.5 14.8 11.7 [855]
FeO termination Cell A 56.2 72.9 —21.5 13.4 [2%3]
Cell B 59.6 67.0 20.7 14.5 [211]
Total 57.9 70.0 —0.4 43 [667]
Bi termination Cell A 42.8 71.8 —6.2 6.2 [454]
Cell B 56.3 77.3 —31.6 18.3 [497]
Total 49.6 74.6 —18.9 12.0 [475]
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TABLE IV. Each componentof the magnetic moment M for the bulk and the BiFeO; (110) surfaces with O, FeO, and Bi terminations, the
canting angle ¢ of Mg, from the ideal G-type AFM, and the direction of the total magnetic moment M. The x, y, and z directions correspond

to [001], [110], and [110], respectively.

M, (uB/Fe) M, (uB/Fe) M, (uB/Fe) @ (deg) Direction

Bulk (inside) Fe A —0.055 0.039 3.89 1.0

Fe B —0.055 0.039 —3.89 1.0

Total —0.055 0.039 0 [112]
O termination Fe A —0.210 —0.238 3.81 4.8

Fe B 0.042 0.237 —-3.77 3.7

Total —0.084 —0.001 0.02 [116]
FeO termination Fe A —0.037 —0.066 3.72 1.2

Fe B —0.018 0.046 —2.80 1.0

Total —0.028 —0.010 0.46 [110]
Bi termination Fe A —0.244 —0.132 3.89 4.1

Fe B 0.114 0.194 —3.89 33

Total —0.065 0.031 0.00 [113]

[667]) and & = 12.0° for the Bi termination (direction: [475]).
The difference in the polarization of cells A and B (and the
resulting AFE state) is also observed in the case of the FeO
and Bi terminations. These surface effects gradually decrease
with increasing distance from the surface, and starting with
eight to nine layers beneath the surface, they disappear for
all the surfaces. As a whole, the magnitude of spontaneous
polarization tends to decrease at the (110) surfaces because of
the low coordination number and the appearance of an AFE
state. This theoretical result could correspond to experimental
observations that the spontaneous polarization of (110) BiFeO3
thin films is smaller than those of bulk and (111) thin films,
suggesting that the (110) surfaces of thin films may reduce
the observed spontaneous polarizations [37,38]. Note that the
effects of surface charges and the resulting depolarizing field at
BiFeOs; (110) surfaces are quite low due to the small canting of
polarization. In contrast, BiFeOj3 thin films with (001) or (111)
surfaces are expected to possess much larger surface charges.
This may lead to the significant suppression of polarization or
the emergence of ferroelectric polydomains. This issue may
be left for future papers.

Table IV and Fig. 3 show the magnetic moment M for
BiFeOs3 (110) surfaces and its visualization, respectively. The
surface layer contains two Fe atoms, Fe A and B. Thus, the
local magnetic moment Mg, of each Fe atom and the total
magnetic moment M, of the two Fe atoms are listed. For the
bulk, M. lies almost along the out of plane z direction and
has a small value for the in plane M, and M, owing to spin
canting (canting angle ¢: 1.0°). The total magnetic moment
M, of the two Fe atoms is on the x-y plane and its direction
is [112]. For the O-terminated surface, the in plane M, and
M, of the local magnetic moments are several times larger
than those for the bulk. This indicates that the spin canting of
M. is much larger at the surface than in the bulk: The canting
angles ¢ for Mg of Fe A and B are 4.8° and 3.7°, respectively
(see also Fig. 3). Due to the enhancement in the canting of Mg
at the surface, the direction of the total magnetic moment M
changes to [116]. A similar trend can be seen in the case of
the Bi-terminated surface. The canting of M, is considerably
enhanced at the surface compared to the bulk, resulting in a

(a) Bulk (inside)

z[110]

x[001]

FIG. 3. (Color online) (a) The local magnetic moment vectors
M. for (a) the bulk and the surface with (b) O termination, (c) FeO
termination, and (d) Bi termination. The dashed green arrows in
(b)—(d) represent the magnetic-moment vectors for the bulk.
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TABLE V. The structural distortion modes observed for O-, FeO-, and Bi-terminated (110) BiFeOj; surfaces. The components of I'; and
R; represent the amplitude in the (x, y, z) directions, which correspond to [001], [1 TO], and [110], respectively.

I, (FE) (A)

R} (AFD) (A) Additional distortions

Bulk (inside) (0.14,0.19,0.00)

O termination (0.12,0.09,0.03)

FeO termination (0.19,0.13,—0.01)

Bi termination (0.13,0.19,—0.05)

(0.28,0.40,0.00)
X (AFE)
X (AFE)
(0.25,0.44,—0.06)
X (AFE)
X7 (AFE)
RI(AFE)
X; (AFE)
X3 (AFE)
R, (AFE)
M (FE)

(0.31,0.15,0.02)

(0.31,0.48,0.01)

different My direction. For the FeO-terminated surface, ¢ is
the same as in the bulk, but M, is much larger compared to
the other terminations. These surface effects on the magnetic
moments diminish as the distance from the surface increases,
disappearing about 11 layers beneath the surface. Thus, the
magnitude of total magnetic moment at the (110) surfaces
tends to increase due to rotation of the local spin moment of
Fe. This theoretical result also corresponds to experimental
facts that the observed magnetic moment tends to increase
as the size of the BiFeOs; nanoparticles decreases (i.e., the
surface area with respect to the volume increases and thereby,
the effect of the surface becomes dominant [39]).

To summarize, BiFeO3 (110) surfaces cause the polariza-
tion and magnetic moment to rotate in ways different from
those in the bulk, depending on the type of termination. This
can lead to the distinct anisotropies in the magnetoelectric
response.

C. Structural distortion modes at the surfaces

Table V shows the structural distortion modes observed in
the BiFeOs (110) surfaces. The mode analysis was performed
using the software ISODISPLACE [40]. For the rhombohedral
BiFeOs3 bulk, the perovskite lattice exhibits only two types
of structural distortions, namely, the ferroelectric I'y mode
and the antiferrodistortive Rj mode as shown in Fig. 1(a).
The amplitudes of the I'; and R; modes represent the
sum of the distortions of all three atoms and the distor-
tion of oxygen, respectively. For the O-terminated surface,
the amplitude of each component of I'y is different from
the bulk due to symmetry breaking at the surface. The in
plane x and y components of I'; are smaller than those
in the bulk. The out of plane z component, on the other
hand, has a positive value at the surface, whereas there is
no z component in the bulk. These clearly correspond to the
behavior of polarization at the surface. Thus, the rotation of
polarization at the surface is primarily caused by the change in
the I';’ mode due to the symmetry breaking at the surface. A
similar trend is observed in FeO- and Bi-terminated surfaces:
The amplitudes of I, roughly correspond to the polarizations
at the surfaces. Moreover, symmetry breaking at the surface
generates several additional distortion modes, which can affect
the ferroelectricity. These additional distortion modes are not

dominant factors (the amplitudes are about 10%-30% of
the I, mode) but have a significant effect on the surface
ferroelectricity. The X;” and X3 modes are the two main modes
generated in the case of the O-terminated surface. These two
modes show opposite displacement directions in cells A and B
(see Fig. 4), resulting in the AFE state described in the previous
section. Additional distortion modes that induce AFE patterns
can also be seen at FeO- and Bi-terminated surfaces, but the
types of modes are different from those of the O-terminated
surface. This indicates that the symmetry-breaking pattern
depends on the type of termination, leading to a variety of
polarization distributions at surfaces.

In the bulk, the RI mode induces the canting of the local
magnetic moment and a concomitant weak ferromagnetism.

(a) O termination

y[110]
X[001]

FIG. 4. (Color online) Schematic of the additional distortion
modes for (a) O-terminated, (b) FeO-terminated, and (c) Bi-
terminated surfaces.
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FIG. 5. (Color online) (a) Polarization P and (b) total magnetic moment M as a function of epitaxial strain &, for a BiFeO3 (110) surface
with the O termination. P and M for the bulk are also shown for comparison. The x, y, and z directions correspond to [001], [l TO], and

[110], respectively.

The canting angle ¢ is roughly proportional to the am-
plitude of R} . Compared to the bulk, ¢ is 3.7-4.8 times
larger for the O-terminated surface, whereas the amplitudes
of RI are not that different from each other. Therefore,
the markedly enhanced spin canting at the surface cannot
be explained by the change in R; alone. We believe that the
main cause of the large spin canting at the surface might be the
magnetocrystalline anisotropy. Magnetocrystalline anisotropy
is related to crystal symmetry, which determines the unique
easy axis of the magnetic moment in the bulk. At surfaces, the
magnetocrystalline anisotropy affects the magnetic moment
differently, owing to the symmetry breaking and the resulting
structural anisotropy, which may lead to a distinct rotation
of the magnetic moment. Indeed, we additionally performed
the noncollinear DFT calculations of the O-terminated surface
with different magnetic orientations from what we obtained
in the precious section (its direction is [110]). The magnetic
orderings of these states are energetically equivalent in the
bulk because their magnetic moments are on the same (111)
easy plane, i.e., [011] and [101] directions, but these are
not the same as [110] at the (110) surfaces due to the
symmetry breaking. By taking the energy difference between
the two magnetic states of [110] and [011]/[101] directions,
we have obtained the magnetocrystalline anisotropy energy by

0.16 meV/Fe, although it is completely zero in the bulk. This
clearly shows that the magnetocrystalline anisotropy is largely
enhanced at the surface. Furthermore, another noncollinear
DFT calculation without SOC results in no spin canting, i.e.,
almost no effect from the surface. Since inclusion of the
SOC effect induces magnetocrystalline anisotropy, canting
of the magnetic moment at the surface is predominated by
magnetocrystalline anisotropy.

D. Strain effect on ferroelectric and magnetic properties
at the surface

Finally, we briefly discuss the influence of epitaxial strain
on the polarization and magnetic moment at the most favorable
O-terminated surface. Figure 5(a) shows the polarization P at
the surface and in the bulk as a function of epitaxial strain &ep.
In the bulk, P increases (decreases) gradually under increasing
tensile (compressive) strain. In contrast, for the O-terminated
surface, the response of the polarization to the strain differs
markedly between the cases of tensile and compressive strains.
Under compressive strain, P decreases sharply, dropping to
almost zero, whereas under tensile strain, it gradually increases
as in the bulk. For all of the strain points, we again performed
the mode analysis. As a result, it has been revealed that the
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change in the I'; mode at the surface with respect to the strain
corresponds well to the behavior of the surface polarization.
This shows that the I';’ mode mainly determines the surface
polarization even under the effect of strain. Figure 5(b) plots
the total magnetic moment M at the surface and in the bulk
as a function of &cp. For the bulk, each component of M
changes continuously with the epitaxial strain, leading to a
small decrease (increase) in M,y as a result of the tension
(compression). For the O-terminated surface, on the other
hand, My falls rapidly, reaching zero under compressive
strain, whereas it changes continuously under tensile strain.
The mode analysis has revealed that the behavior of the
RI mode at the surface with respect to the strain does not
correspond to the surface magnetization. For example, the R}
mode at g, = —0.025 is not so much different from that at
gep = +0.000, although M rapidly drops to 0. This indicates
that the R} mode is not the dominant factor for the surface
magnetization even under the strain, but magnetocrystalline
anisotropy predominates. In conclusion, the strain responses
of P and M, are markedly enhanced at the surface, especially
under compressive strain.

IV. CONCLUSION

In this study, the ferroelectric and magnetic properties of
BiFeO; (110) surfaces with three possible nonstoichiometric
terminations (O, FeO, and Bi) were investigated using ab

PHYSICAL REVIEW B 89, 245437 (2014)

initio (first-principles) DFT 4 U calculations. We have
identified the O-terminated surface to be most likely to
appear on the basis of energy cost of surface formation,
i.e., surface energy. At the surfaces, both the polarization
and the magnetic moment rotate in different ways from in
the bulk, and these rotational characteristics strongly depend
on the type of termination. Such local rotations induce a
distinctly anisotropic magnetoelectric coupling at the BiFeO3
surface. The surface effects continue as far as about 11 layers
(approximately 15 A) beneath the surface. The detailed lattice
distortion mode analysis has further revealed that the change in
the structural distortion modes due to the symmetry breaking
at the surface determines the rotation of the polarization. The
rotation of the magnetic moment at the surface, on the other
hand, is predominantly governed by the magnetocrystalline
anisotropy. We simultaneously carried out a strain analysis
and found that the strain responses of the polarization and the
magnetic moment are markedly enhanced at the surface.
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