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The rhombohedral BiFeO; (BFO), as a star multiferroics, has been of particular interest, but yet it exhibits
zero magnetization, which limits its practical application. Remarkably, net magnetization and magnetoelectric
(ME) coupling was reported in orthorhombic BFO at room temperature in a recent experiment. However, the
underlying mechanism of its ME coupling has not been fully understood. Here, we systematically investigated
magnetic structures and ME coupling of the orthorhombic BFO using density functional theory and symmetry
analysis. We find it can host large electric polarization and weak ferromagnetism simultaneously, the possible
coupling between them is w - (L x M). More interestingly, its polarization P and magnetization M can be
switched simultaneously under an electric field, and it shows a linear ME effect when an external magnetic field
is applied. Thus, our study provides a substantially deeper understanding of the ME effect of the orthorhombic
BFO and confirm it is a multiferroic with the linear ME coupling.

DOLI: 10.1103/PhysRevB.102.224416

I. INTRODUCTION

Magnetoelectric (ME) multiferroics simultaneously pos-
sess polarization and magnetization, which has attracted more
attention recently [1-7]. The coupling between the polariza-
tion and magnetization is a key ingredient to realize ME
cross control. The ME coupling shows that the ME multifer-
roics not only have profound physics, but also have potential
applications in multifunctional devices, such as low-power
electronic devices and high-density memories [8,9]. The key
factor to achieve ME cross control depends on the existence
of ME coupling. Therefore, exploring the ME coupling ef-
fect has been an active topic in the field of multiferroics
[10,11].

Up to now, it is well known that the celebrated room
temperature multiferroic material is the thombohedral [R3c
space group (SG)] BiFeOs; (BFO), the ferroelectric transi-
tion temperature Tc and magnetism transition temperature
Ty of which are 1100 and 640 K, respectively. Until now,
tremendous progress on BFO has been made in both theories
and experiments, such as weak Dzyaloshinskii-Moriya (DM)
interactions and single ion anisotropy (SIA) [12—15], ME cou-
pling [16—19], photovoltaic effect [20,21], spin dynamics and
structural phase transitions [21]. Generally speaking, the ME
coupling mainly focuses on the interaction between polariza-
tion P, magnetization M and antiferromagnetic (AFM) order
parameter L [16-19]. Since the paraelectric phase of BFO
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has both inversion symmetry and time reversal symmetry, the
ME coupling of the rhombohedral BFO may take the form of
fourth-order coupling P2M? and P>L? [17].

In 2011, Diéguez et al predicted that doped BFO
might have a stable orthorhombic structure based on
the first-principles calculations [22]. Since then, a re-
cent experiment [23] indicated that the complex ox-
ide (1-x)BiTi(1y)2Fe,Mg(_y) »O3—(x)CaTiO3 with the SG
Pna2; is an ME multiferroics, the polarization and magne-
tization of which can be switchable. Moreover, a linear ME
coupling effect at room temperature can be observed, when
x =0.15 and y = 0.80, suggesting that the polarization is
tunable by an applied magnetic field [24]. Additionally, the
phase transitions of the R3¢ BFO also was studied by Ra-
man spectroscopy [25], where a more stable orthorhombic
Pna?2, structure was reported with a weak ferromagnetism
under a hydrostatic pressure of 3.5 GPa. As mentioned above,
research has mainly focused on the structural stability, phase
transitions, and magnetic structures of R3¢ BFO. However,
few studies on the orthorhombic phase of BFO have been
reported so far. Especially, to our best knowledge, a systematic
theoretical study about the magnetic order and (linear) ME
coupling properties is still lacking. As we know, one main
difference between Pna2; and R3c phases is that the former
one hosts the linear ME effect, while the latter one does not.
The reason for that is the cycloidal magnetic structure in the
R3c one suppresses the linear ME effect [17]. Therefore, it is
urgent to explore the ME coupling effect of the orthorhombic
BFO, which cannot only deepen our understanding of the
microscopic mechanism, but also provide theoretical guidance
to design the ME cross control devices.

©2020 American Physical Society
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The paper is organized as follows. In Sec. II, we introduce
the technical details of density functional theory (DFT) calcu-
lations. In Sec. III, the crystal structure of the orthorhombic
BFO is presented and the corresponding polarization is cal-
culated. In Sec. IV, the magnetic model and magnetic ground
state of the orthorhombic BFO are provided. In Sec. V, we
discuss the P-L-M coupling in orthorhombic BFO with the
aid of magnetic group analysis. In Sec. VI, we study linear ME
effect in the orthorhombic BFO. In Sec. VII, we summarize
our results.

II. METHODS AND CALCULATIONS

In this paper, the Vienna ab initio simulation package
(VASP) [26,27] based on DFT [28] is used to optimize the geo-
metrical structure and to calculate the electronic structure. The
electronic wave function adopts the plane wave basis set, and
the pseudopotential (PP) part adopts the projector augmented-
wave scheme [29]. For Bi, Fe, and O, 15 valence electrons
(5d'°65>6p*), 14 valence electrons (2p°3d®4s?), and six
valence electrons (2s22p*) PP are used, respectively. The
exchange-correlation functional uses the generalized gradi-
ent approximation (GGA)—Perdew-Burke-Ernzerhof scheme
[30]. For the 3d orbital of Fe, the GGA + U scheme [31]
is used to treat the strong correlation properties of Fe’s 3d
electrons. The on-site Coulomb repulsion energy U and the
Hund exchange parameter J are set to 5.0 and 1.0 eV, re-
spectively. The adopted U value is close to that adopted for
R3c BFO [19]. For lattice optimization, the energy cutoff is
set to 550 eV to ensure the reliability of the stress tensor
calculation during lattice relaxation; for structural relaxation,
the force convergence criterion is that the Hellmann-Feynman
force per atom is less than 0.001 eV/A~!. The Brillouin zone
(BZ) is sampled using a Monkhorst-Pack scheme [32] with
a 6 x 6 x 4k-point mesh for the BZ integration. The ferro-
electric polarization is computed with the Berry phase method
[33]; the magnetic field is implemented by introducing the
Zeeman term [34] in VASP. The Heisenberg exchange inter-
action parameter J, DM interaction vector D, and SIA A are
obtained by the “four-state method” [35,36] within the frame-
work of first-principles calculations. The phonon spectrum
reflecting the structural dynamics stability is calculated with
the PHONOPY [37] software package.

III. BASIC STRUCTURE PROPERTIES AND MAGNETIC
GROUND STATE OF BFO

The structure of the orthorhombic BFO with Pra2; SG
is shown in Fig. 1(a). Each unit cell contains 20 atoms, i.e.,
four BFO formula units (f.u.). The Fe** ions occupy the 4 a
Wyckoff position, so four Fe** ions in the unit cell are sym-
metrically equivalent. The cubic Pm3m phase is deformed
to the orthorhombic Pna2, phase, and the entire distortion
process contains three steps. Firstly, two adjacent FeOg oc-
tahedrons are tilted along the [110] direction with antiphase
rotation, the corresponding phonon mode is Ry . Secondly,
the two adjacent FeOg octahedrons are tilted along the [001]
direction with in-phase rotation, the corresponding phonon
mode is M2+ . At last, the Fe** (B site) ions move along the
[001] direction, and the phonon mode is I, . The two rotation
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FIG. 1. (a) Structure of the orthorhombic Pna2; BFO; (b) Side
view of the Fe—O octahedron rotation. The in-plane two octahedrons
have out-of-phase rotation; (c) Side view of the Fe-O octahedral
rotation. The out-of-plane two octahedral have in phase rotation. The
dashed square denotes the unit cell of the Pm3m parent structure.

angles are different, so the entire distortion can be written as a
compact Glazer symbol a; a; ci [38]. During this distortion,
symmetry reduction is Pm3m — Imma — Pnma — Pna2;.
Note that the we use two sets of coordinate systems {abc} and
{xyz} in Fig. 1 to represent the relationship between the lattice
vector of orthorhombic phase and the cubic phase, namely
a= (x—y)/~/2,b = (x +y)/+/2 and ¢ = z. Unless otherwise
stated, the global coordinate system {xyz} is adopted in the
text.

The geometrical structure and lattice constant of four typ-
ical magnetic configurations, i.e., A—type, C—type, G-type
AFM state and F—type ferromagnetic (FM) state, are opti-
mized by the DFT + U scheme. The calculation results show
that the Prna2, BFO prefers the G-type AFM configuration,
since the other three magnetic configurations of A—type, C—
type, and FM have 128.06, 53.53, and 200.05 meV/f.u. higher
energies than the G-type AFM. In our calculation, the lat-
tice constants are 5.699, 5.511, and 8.064 A, respectively.
In particular, the average bond angle of Fe—O-Fe, average
bond length Fe—O and the energy difference between the two
magnetic states (FM and G-AFM) are 150.94°, 2.06 /0\, and
200.05 meV/f.u., which is very close to Diéguez’s results
(150°, 2.13 A, and 200 meV/f.u) [22]. If U= 5 eV and
J =1 eV are adopted, the band gap is predicted to be 2.0 eV.
The polarization is computed to be 41.40 £C/cm? along the
z direction, which is also consistent with the experimental
value [39]. In order to discuss the stability of Pna2; BFO,
we compute the energy of the thombohedral phase and the
orthorhombic phase under different pressure. Under ambient
pressure, the R3¢ phase has a 46 meV/f.u. energy lower than
that of Pna2; phase. As the hydrostatic pressure increases,
Pna2, phase gradually becomes the ground state at 4.2 GPa,
see Fig. 2(a), which is close to the experimental value of
3.5 GPa [25]. On the other hand, as shown in Fig. 2(b),
phonon dispersions without imaginary frequencies indicate
that Pna2; BFO is dynamically stable. Our results show that
phase transition from R3c to Pna2; takes place under high
pressure and the orthorhombic phase is stable under ambient
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FIG. 2. (a) The evolution of enthalpy as the function of hydro-
static pressure for two different BFO phases. (b) Phonon dispersion
of BFO for the Pna2; phase. There are no imaginary frequencies
indicating that the Pna2, structure is stable. The phonon dispersion
is calculated using the PHONOPY code based on a supercell approach,
where the force constants are obtained by GGA + U calculations.

pressure, ensuring that Pna2; BFO has potential application
in spintronics.

IV. MAGNETIC PROPERTIES OF BFO

To further study the magnetic interaction in Pna2; BFO,
the four-state method is used to calculate the effective Heisen-
berg exchange constant J and DM interaction vector D. Since
the magnetic interaction is short-range, only Fe—Fe ion pairs
with a distance less than 6 A are considered. The symmetry
of orthorhombic phase is much lower than that of the cu-
bic phase, so the originally degenerate interaction paths in
the cubic structure split. There are nine inequivalent Fe—Fe
exchange interaction paths in Pna2; BFO. The first three
paths are nearest neighbors (NN) shown in Fig. 3(a). The
Fe—Fe ion pair sharing an oxygen anion forms a Fe—O-Fe
super exchange interaction pathway; the remaining six pairs
are next nearest neighbors (NNN), corresponding to the Fe—
O---O-Fe super-super exchange pathway shown in Fig. 3(b).
The calculated results show that all exchange interactions

FIG. 3. Spin exchange interactions in BFO. (a) The nearest
neighbor superexchange paths; (b) The next nearest neighbor super-
superexchange paths.

TABLE I. The nearest-neighbor Heisenberg interaction parameters.

Jxn dFe-Fe (A) dFe;—-O(A) dFe,—~O(A) £Fe-O-Fe (°) Jegr (meV)

1 3.963 2.013 2.047 150.76 37.123
2 3.965 2.038 2.077 148.89 35.544
3 4.032 2.148 1.997 153.18 33.658

are AFM, and the NN pairs have the largest exchange pa-
rameter (Jnn > 34 meV). The exchange parameters Js, Fe—O
bond lengths, and the Fe—O-Fe bond angles are listed in
Table I. The magnitude and sign of the superexchange interac-
tion are consistent with the Goodenough-Kanamori-Anderson
rule [40,41], i.e., the shorter the bond length, the closer
the bond angle is to 180° (about 150°), the stronger AFM.
Since the NNN pairs have relatively weak AFM interactions
(JNNN < 2 meV), far less than the NN pairs interaction, we
may neglect them. Therefore, the magnetic moments (MM)
of the NN pair are arranged in antiparallel manner, the system
has the lowest energy. This checkboard alignment is dubbed
as the collinear G—type AFM.

The magnetic anisotropy calculation demonstrates that the
MM along the y direction has the lowest energy (i.e., 0.75 and
0.50 meV lower than the MM along the x and z directions,
respectively). The spin-orbit coupling (SOC) calculation man-
ifests that Pna2, BFO is a weak FM with a 0.100 ug MM
along the z direction. This weak (or canting) ferromagnetism
originates from DM interactions [42,43]. To identify the
ground state magnetic structure of BFO, Monte Carlo (MC)
simulation is carried out at low temperature (~3 K) based on
the following magnetic Hamiltonian:

Hyn =3 Jy8i- 83 Dy (8 x 8))+4y 3 (81),
(i i) @

ey
where (ij)/{{ij)) denotes the NN/NNN interactions and A,,
(—0.19 meV) is the single ion anisotropy. The MC simulation
shows that at low temperature the MMs along the y direction
adopt the G-type AFM (G, ) with large magnitude, the MMs
along the x direction form the A—type AFM (A, ) and the MMs
along z direction form F-type weak FM (F,), respectively.
The net MM is about 0.160 up, along the z direction, which is
completely consistent with the DFT + U + SOC calculation.
Therefore, the Pna2; BFO displays weak ferromagnetism.

V. MAGNETIC GROUP ANALYSIS AND COUPLING
BETWEEN POLARIZATION AND MAGNETISM

The magnetic symmetry of aforementioned four magnetic
structures (FM, A—AFM, C-AFM, G-AFM) are different in
Pna2; BFO. We use the group theory method to classify the
irreducible representations (IRs) of the four magnetic orders.
The point group of the Pna2, SG is C,,, which has four IRs.
Therefore, the Pna2, has four possible magnetic SG (Pna2;,
Prn'a'2y, Pn'a2,’, Pna'2,’). Since four Fe*" ions are equiva-
lent through the symmetry operation, we may choose one of
four Fe** ion (we label it as “17”) to perform the projection
operation [see Eq. (2)], it is easy to identify the magnetic SG
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TABLE II. The nonzero linear magnetoelectric tensor associate with magnetic order and magnetic point group.

IR 1 2,[001] n[001] a[010]
Al 1 1 1 1
A, 1 1 —1 -1
B, 1 —1 —1 1
B, 1 -1 1 -1

Magnetic orders

Magnetic point group(SG) Linear ME tensor

G.A,C, mm?2 (Pna2,) Oy, Oty
A.GF, m'm'2 (Pn'a'2,) Qs Qlyy, Ol
C,F,G, m'm2' (Pn'a2,") Oy, Uy
F.C,A, mm'2' (Pna'2,") Oy Oy

corresponding to four possible magnetic orders:

4
PriMy o ~ Y X[ (R))M )

j=1

where T is the ith IR of the C;, point group, X; ‘(R ) is the
character of the jth symmetric operation of the ith IR and
M, , represents spin magnetic moment along the o direction
(¢ = x,y, z). In our calculation, the ground state of BFO has
G, magnetic order, which belongs to the A, IR, therefore
the corresponding magnetic SG is Pn'a’2;. Here, R’ is the
joint symmetry operator TR (T is time reversal operation).
Interestingly, A, and F, magnetic orders also belong to the A,
IR, indicating that the ground state of BFO may exhibit a weak
ferromagnetism in the z direction. The IRs of four magnetic
orders are list in Table II.

After discussing the magnetic symmetry, we now explore
the coupling between polarization and magnetism in Pna2;
BFO. With symmetry analysis, we find that there are 12
domains for Pna2; BFO. Here we consider four domains
with polarization along z or —z directions. We define the
FM order parameter M = M| + M» + M3 + M4 and the AFM
order parameter L = M| — M, — M3 + M4, where M; is the
MM of the ith Fe** ion in the unit cell. Its geometry, fer-
roelectric mode I';, rotation mode Ry, tilt mode My, Xg"

(c)
R «
M
X >
LO

X7«

mode, AFM order parameter L, and FM order parameter M
are shown in Figs. 4(a), 4(b), 4(c), and 4(d), respectively. For
each ferroelectric domain, the FM order M is always parallel
or antiparallel to the polarization P, while the AFM order L is
always perpendicular to the polarization P. For a perovskite,
one possible ME coupling mechanism is @ - (L x M) as pro-
posed by Bellaiche et al. [44,45], where w is the direction
of Ry mode. This suggests that if one reverses the Ry mode
(e.g., from clockwise to anticlockwise) and keeps the AFM
order parameter L invariant, the FM order parameter M will
be reversed (note that changing M is easier than changing L
as the canting ferromagnetic moment is small). The reversal
of the Ry mode may be associated with the reversal of the
I’y FE mode, as can be seen from Figs. 4(a) and 4(b). This
is consistent with the quadralinear coupling [see Fig. 4(e)] in
the Pna2; perovskite system first pointed out by Lou et al.
[45]. Therefore, the w - (L x M) and the quadralinear cou-
pling might result in the reversal of the ferromagnetism by
an electric field. The schematic diagram of this ME coupling
is shown in Fig. 4(f). The domain I (P//c, L//b, ®//-a, and
M //c) has the same energy as the domain II (P//—c, L//b,
w//a, and M //—c). Since P and M may be flipped simultane-
ously in Pna2; BFO, this 180° flip brings the convenience of
practical application, which is completely different from R3c,
e.g., 71° or 109° magnetization switching [46].
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FIG. 4. (a), (b), (c), and (d) Magnetic structures of the four nonequivalence domains of BFO with the polarization along ¢ or —c. The
directions of the structural phonon modes I’y , Ry, M5 and X.", antiferromagnetic order parameter L and ferromagnetic order M are indicated
for these domains, where 1 ({) represents the c(—c) direction, — (<—) represents the b(—b) direction, and © (®) represents the a(-a)
direction. (¢) The quadralinear coupling between the FE mode and the other three normal modes. Ay = %1 depicts Q(R;) = £1, QM) =
+1, and Q(X;") = +£1, and illustration of the ME coupling in BFO. As an example, we show a possible 180° switching of the ferroelectric
domains of the BFO by the external electric field associated with the reorientation of the magnetization.
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VI. LINEAR ME EFFECT IN BFO

ME multiferroic materials have potential applications in
magnetic field detectors, such as electrically switchable per-
manent magnets, magnetic memory, and magneto-optical
devices, as well as wireless energy transfer and energy saving
technologies [47], in which linear ME coupling is the key
point. Note that the linear ME effect to be discussed in this
part is different from the ME effect discussed in the previous
part as the electric field is so large that the electric polarization
is switched in the latter case. When the external fields are
applied, the free energy F is the coupling between the electric
field E and the magnetic field H in Pna2; BFO [24]:

1 1
F(E.H)= —P’E; — M;H; — 5805ijEiEj - EMOIU«ijI'IiHj

1 1
- aijEiHj_EﬁijkEiHij_EViijiEjEk+ e
3)

Differentiating the free energy F with respect to the mag-
netic field H or the electric field E, one obtains the induced
electric polarization P or magnetization M, proportional to
the applied magnetic field H or electric field E, which can be
expressed as P = oH or M = «E, and the linear ME coupling
coefficient o is the second rank tensor. Since the electric
field E and the magnetic field H change their sign under the
spatial inversion / and the time reversal T', respectively, the
linear ME coupling tensor & must maintain invariant under
the compound transformation of time reversal and spatial in-
version. The nonzero components of tensor « is related to the
magnetic orders and the IR of the point group [48]. According
to Neumann’s principle [49], the linear ME component o;;
under symmetric operation R is o = |I§|0Ri;R imQim, Where
IR| = 1 or —1 for proper or improper rotations and # = 1 or
—1 for absence or presence of time reversal. For orthorhombic
phase BFO, the linear ME coupling tensor « can be further
simplified under the Pn’a’2; magnetic SG, and the nonzero
components are listed in Table II. For the A,, G,, and F,
magnetic orders, the linear ME coupling free energy F g has
a simple form:

Five = —o ExH, — Olny_va —ay EH,. (€]

Equation (4) shows that the i direction (i = x, y, z) magnetic
field induces the polarization along the i direction. The group
theory method can only determine the nonzero element of the
linear ME tensor (i.e., oy, oy, and a;;) but not the magnitude
of the nonzero components. Since the net canting MM of
orthorhombic phase BFO along the z direction is small, when
the applied magnetic field is in the y direction, the generated
spin torque is also small and can be neglected. That is to say,
the y direction magnetic field only hardly changes the electron
density and induces the y direction polarization, therefore a,
is approximated to be zero. Based on above analysis, we only
need to calculate oy, and «,. Hence, the ME coupling tensor
« originates from the deformation of the electronic cloud and
ions displacement, i.e., @' = o + ' for xx and zz compo-
nents. We first calculate the electronic ME contribution with
frozen ions. To compute the changes in the ionic polarizations,
ionic relaxation is performed in the presence of external
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FIG. 5. The change in the polarization of the BFO as a function
of the magnetic field. (a) The electronic and ionic polarizations when
the magnetic field is along the x axis. (b) The electronic and ionic
polarizations when the magnetic field is parallel to the z axis.

magnetic fields. The forces induced by external magnetic field
are very small, therefore, very rigorous convergence criterions
of the energy and ionic forces are needed. The energy and
jonic forces are reduced to 107'%eV and 10~7 eV/A with
respect to a much larger plane wave cutoff energy (700 eV)
in our calculations. The change in the polarization is defined
as AP(H) = P(H) — P(0), where P(H) is the polarization in
the presence of magnetic field and P(0) is the polarization at
zero field, and the electric and ions polarization are calculated
by the Berry phase approach [33]. When the magnetic field is
along the x axis, the polarization changes are shown as open
square, open circles and circles for electronic, ionic, and total,
respectively, in Figs. 5(a) and 5(b). From Fig. 5(a), we see that
the ME response contains linear and nonlinear components
[50] and the linear components dominate. The calculated o®.
and /¥ are —0.32 and —2.27 ps/m, respectively. When
the magnetic field is along the z axis, the calculated /@' is
3.37 ps/m and Fig. 5(b) shows that ajé is much smaller than
that of aé?” . Therefore, ozfé can be ignored here. Our results
show that the || and ' of BFO are both larger than that
of Cry03 (o = 1.45 ps/m) [34].

At last, we compare the linear ME coupling coefficients of
rhombohedral and tetragonal BFO with that of orthorhombic
BFO. In the absence of incommensurate spin modulation,
the rhombohedral phase exhibits a smaller linear ME re-
sponse (¢ = 1.67 ps/m) [51] than the orthorhombic phase
(otyy = 2.59 ps/m), while the tetragonal phase has a larger
ME response (¢ > 5 ps/m) [52] than the orthorhombic phase
(ot = 3.37 ps/m).

VII. CONCLUSIONS

The DFT calculations show that the orthorhombic BFO
has the same order of polarization as the rhombohedral phase
and has a small net magnetic moment, which provides a
prerequisite for the application of the orthorhombic BFO as an
applicable multiferroic material. Landau free energy, domain,
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symmetry analysis show that P and M in Pna2; BFO may
be flipped simultaneously. This possible ME coupling mech-
anism indicates that when the polarization is reversed from z
to —z, the magnetization may also be reversed by 180°. The
symmetry analysis shows that the linear ME tensor of the or-
thorhombic BFO has a diagonal form, and the polarization can
be induced by applied magnetic field in the x and z directions.
Hence, the orthorhombic BFO is a magnetoelectric multifer-
roic material that can directly realize the cross controlling of
magnetoelectricity under room temperature.
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