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Electric-Field-Induced Paths in Multiferroic BiFeO; from Atomistic Simulations
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Properties of BiFeO5 under an electric field are simulated using an ab initio-based approach. Complex
paths and anomalous phenomena occur, depending on the direction of the field. Examples of such
phenomena are the rotations of the polarization and of the axis about which the oxygen octahedra tilt;
isostructural transitions; disappearance and reappearance of the tilting of the oxygen octahedra; and
reentrance into specific crystallographic classes.The magnetic order parameter is not always perpendicular
to the polarization, especially when the tilting of the oxygen octahedra disappears. The governing “rule”
is that the magnetic order parameter remains orthogonal to the axis about which the oxygen octahedra tilt.
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Multiferroics can exhibit coupled magnetic order and
ferroelectricity [1,2], and are of huge interest [3—13] be-
cause of the possibility of controlling their magnetic prop-
erties by the application of an electric field. Pioneering
works [5—7] have investigated such magnetoelectric effect
in BiFeO5; (BFO). Such remarkable experimental studies
demonstrate that the direction of the magnetic order pa-
rameter can be switched from one (011) to another (011)
direction by applying an electric field along [001], through
a change in the direction of the polarization. Such switch-
ing is believed to occur because the magnetic order pa-
rameter desires to remain perpendicular to the polarization.

Despite these advances, many features related to the
effects of electric field on properties of BFO remain poorly
understood or even unknown. For instance, one may won-
der what are the precise crystallographic phases before and
after the change in the polarization’s direction occurs.
Another unanswered question is how this switching affects
the tilting of the oxygen octahedra—which is often over-
looked in BFO despite its large role [10—12]. It is also of
high importance to determine the complete structural path
of BFO under electric fields lying along [001]. In particu-
lar, can new phases possessing new directions of the po-
larization and of the magnetic order parameter (e.g., not
only along (011) directions for that latter) occur if one
applies fields of higher magnitude than those used in
Refs [5-7]? Similarly, the effect of applying an electric
field along other crystallographic directions on properties
of BFO is currently undocumented. Does such application
still result in a precise control of the magnetic sublattice
because of the orthogonality between the field-induced
direction of the polarization and the direction of the mag-
netic order parameter? Can it also lead to new phenomena?

In this Letter, we address the problems mentioned above
by using an ab initio-based approach. We reveal that the
interplay between polarization, tilting of the oxygen octa-
hedra, magnetic ordering and direction of the applied
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electric field results in complex paths and striking features,
such as (i) the joint rotations of the polarization and of the
axis about which the oxygen octahadra tilt; (ii) the exis-
tence of many different crystallographic states;
(ii1) isostructural phase transitions between monoclinic
phases; (iv) disappearance and then reappearance of the
oxygen octahedra tilting; and (v) re-entrance into some
symmetry classes. We also discovered that the common
belief that magnetic order parameter and polarization are
always rigidly coupled (such as to form an angle of 90°)
has to be revisited. In fact, we found that the governing
“rule” is that the magnetic order parameter rotates to
remain perpendicular to the electric-field-induced direc-
tion of the axis about which the oxygen octahedra tilt.
We use the recently developed effective Hamiltonian
scheme of Ref. [13]. This scheme yields finite-temperature
properties of relatively large systems, by using its total
energy, E,, into Monte Carlo (MC) simulations. Such
technique accurately reproduces the Curie and Neel tem-
peratures, as well as, the intrinsic magnetoelectric coeffi-
cients of BFO [13]. It also predicts a thombohedral R3¢
ground state that exhibits (i) a polarization P pointing
along the [111] direction, (ii) a tilting of the oxygen
octahedra about the [111] axis; and (iii) a (G-type) anti-
ferromagnetism characterized by a vector, L, being per-
pendicular to the [111] direction [14]. Those predictions
are consistent with both direct first-principles calculations
[4,5] and experiments [5,10,12]. Note that BFO bulk is in
fact nearly G-type antiferromagnetic (AFM), since it rather
exhibits a cycloidal arrangement of the magnetic moments
with a length around 640 A [6,15]. Such cycloid does not
exist in BFO films [8], and is not found in our simulations
for bulks (because it likely requires much larger supercells
than those used here or additional interactions to be in-
corporated into E,). Our results should thus be valid for
relaxed BFO films. They also should qualitatively apply to
BFO bulks, by making a one-to-one correspondence be-
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tween the field-induced directions of the AFM vector to be
predicted here and the directions of propagation of the
cycloid to be measured.

Our numerical results correspond to the use of a 12 X
12 X 12 periodic supercell (8640 atoms) under a dc elec-
tric field, E. The effect of an external static electric field on
physical properties is included by adding a P - E term in
the effective Hamiltonian [16,17]. We perform 500 000
MC sweeps to get converged results for all considered E.
Relevant outputs of the MC procedure are the local mode
ferroelectric (FE) vector u (which is directly proportional
to the electrical polarization); the G-type AFM vector, L;
and a vector, w, characterizing the tilting of the oxygen
octahedra, that is characterizing the antiferrodistortive
(AFD) motions associated with the R point of the cubic
first Brillouin zone [12,18]. Here, we apply an electric
field, with a magnitude up to 100 MV /cm, along different
directions at 10 K. All the chosen directions are not per-
pendicular to our initial L, which is along [011] [14]. Such
choice was made so that the AFM vector would have to
rotate if it still desires to be perpendicular to the polariza-
tion at high electric field (because P should be along the
field’s direction at high enough field [16,17], as a result of
the P - E term).

For instance, Figs. 1(a)-1(c) display the Cartesian com-
ponents of u, w, and L, respectively, as a function of the
magnitude of the electric field, when the latter is applied
along the [001] direction—as in recent experiments [5-7].
The x, y, and z axes are chosen along the pseudocubic
[100], [010], and [001] directions, respectively. Figure 1(a)
shows that applying such field with a magnitude ranging
between 0 and 14.2 MV /cm causes the z component of the
polarization to decrease with the field’s magnitude, E,
while the other two Cartesian components of P are nearly
unaffected. In other words, the polarization is along [uuv]
directions (with u larger than v) when E increases.
Similarly, Fig. 1(b) indicates that the axis about which
the oxygen octahedra are rotating follows the same direc-
tional trend, because of the coupling between FE and AFD
degrees of freedom. Such behaviors imply that the corre-
sponding field-induced space group is monoclinic Cc.
Interestingly, Fig. 1(c) reveals that the antiferromagnetic
vector rotates from [011] to [110] when increasing E
within this Cc phase, in order to maintain its orthogonality
with the polarization and with the axis about which the
oxygen octahedra tilt (see the inset of Fig. 1(c) showing the
angle between L. and P, and the angle between L. and w).
Moreover, at the critical field E,; = 14.2 MV /cm [19], a
first-order transition occurs, resulting in the sudden change
in sign of the z component (i) of the polarization, while the
other two components of P remain unchanged—as pre-
cisely observed in Ref. [7]; and (ii) of the AFD vector, w,
to allow the oxygen octahedra to continue to rotate about
an axis close (but not equal) to the polarization’s direction.
Note that, unlike commonly believed [5-7], P is not par-
allel to the [111] direction just after E,,, but rather lies
along a [uuv] direction with u now being smaller than v.
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FIG. 1 (color online). Local modes [panel (a)], AFD-related
quantity [panel (b)] and antiferromagnetic moment [panel (c)] of
BiFeO; at 10 K as a function of the magnitude of an electric field
applied along the [001] direction. Insets of panels (a) and (b)
show the angle between the polarization and the [111] direction,
and the angle between w and the [111] direction, respectively.
The inset of panel (c) displays the angle between L. and P (via
open squares) and the angle between L. and w (via open circles).

The resulting space group is therefore still monoclinic Cc,
implying that the phase transition occurring at E_; is iso-
structural—which is rather rare in nature (see Ref. [20] and
references therein). Moreover, at this critical field E{, L is
still perpendicular to P and is different from its initial
direction—as consistent with the measurements of
Refs. [5-7] for the direction of the AFM vector in BFO
films and for the direction of the propagation of the cycloid
in BFO bulks.

Having successfully compared our predictions with
measurements for low fields, we now focus on fields that
are higher than E,. Figure 1 further reveals that another
first-order transition occurs at a second critical field E,, =
22.8 MV/cm. Above that field, the AFD distortions com-
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pletely disappear while P is now parallel to E. This gen-
erates a PAmm tetragonal phase. Interestingly, Fig. 1(c) and
its insets indicate that L is not orthogonal anymore to P for
fields above E,;, which is against a common belief [5-7].
In fact, one can clearly see that, between E,; and E,, the
behavior of L is governed by its desire to remain orthogo-
nal to the axis about which the oxygen octahedra tilt, and
that LL is parallel to P above E,. Such unexpected findings
are in fact consistent with Ref. [11], which suggests that a
rigid and “perpendicular” coupling between magnetic
ordering and AFD degrees of freedom is responsible for
a weak ferromagnetism in BFO systems. Figure 1 thus
predicts that three different field regions, each correspond-
ing to different qualitative behaviors for the FE, AFD and
magnetic degrees of freedom exist in BFO when applying a
field along the [001] direction.

Let us now investigate fields applied along (111) pseu-
docubic directions that are not perpendicular to the initial
([011]) direction of L. Interestingly, these (111) directions
can be classified as belonging to two different classes,
depending on the angle they form with the initial ([111])
direction of w. Class 1 gathers the [111] and [111] direc-
tions that both exhibit an angle of 71° with respect to [111].
On the other hand, Class 2 is formed by [11 1] and [111],
which are directions having an angle of 109° degrees with
respect to [111]. Figures 2(a)-2(c) display u, w and L,
respectively, as a function of the magnitude of the electric
field, when the latter is applied along the [111] direction
(Class 1). Figures 2(d)-2(f) show similar data but when E
lies along [1 1 1] (Class 2). One can clearly see that apply-

AFD motions (a.u.

-4
6 E E
8 2

g L)
0 10 20 3 40 50 60 70 80 90 100
Electric field, MViom

$ig

Le
o

i

8

0O 10 20 30 40 50 60 70
Electric field, MV/cm

90 100

FIG. 2 (color online). Panels (a)-(c) and (d)—(f): Same as
Fig. 1 but for a field applied along the [111] and [1 1 1] direction,
respectively.

ing a field belonging to Class 1 and with a magnitude
ranging between 0 and 18.4 MV /cm induces a rotation
of both P and w from [111] towards a {101) direction, via
(uvu) directions—with u larger than v. The resulting
phase is of monoclinic Cc symmetry. Within this phase,
the AFM vector also rotates when E increases, in order to
remain orthogonal to w (and also to the polarization). The
situation dramatically differs for electric field above
18.4 MV /cm, which is the critical value at which a first-
order transition occurs between the Cc phase and a rhom-
bohedral R3c state. In this latter structure, P now points
along the field and increases in magnitude when E in-
creases, while the tilting of the oxygen octahedra also
occurs about the applied field’s direction but decreases in
magnitude with E—since an electric field favors polariza-
tion and that AFD and FE degrees of freedom fight each
other [21]. Within this field-induced R3¢ phase, the AFM
vector is now along the [101] direction, in order to continue
to be orthogonal to the induced w (but also to the induced
polarization).

Comparing Figs. 2(a)-2(c) with Figs. 2(d)-2(f) further
reveals that the most striking novel feature related to Class
2 (with respect to Class 1) is the appearance of a new,
intermediate phase in between the Cc state occurring at the
lowest fields and the R3¢ state happening for larger fields.
This intermediate phase is characterized by the complete
annihilation of the AFD vector while P is along a (uuv)
direction, with u smaller than v in magnitude. Such inter-
mediate phase is of monoclinic Cm symmetry. The anni-
hilation of @ in the Cm state is numerically found to
originate from the fact that FE and AFD degrees of free-
dom do not want to coexist when one component of the
polarization is much larger in magnitude than the other two
(note also that the magnitude of P is significantly increased
at the Cc-to-Cm transition because of the complete sup-
pression of the AFD motions). Increasing the magnitude of
the electric field lying along [11 1] up to a second critical
value of 61.2 MV /cm leads to the transition from this Cm
state to a R3¢ phase for which the three components of P
are equal to each other in magnitude, which therefore
allows the reappearance of the AFD vector. During this
whole complex path, Fig. 2(f) and its inset reveal that the
AFM vector once again adapts itself to remain perpendicu-
lar to @ (when the tilting of the oxygen octahedra exists),
rather than to P (see, for instance, that the angle between L
and P ranges between 120° and 160° in the Cm phase).
Figures 1 and 2 thus predict that BFO under electric fields
can follow a rather rich structural path as a result of the
interplay between P, w, L, and E.

This is even more pronounced, when looking at
Figs. 3(a)-3(c), that correspond to a field applied along
the [110] direction. As a matter of fact, four different
regions exist in that case, for E up to 100 MV /cm. They
are: (1) a monoclinic Cc region for which both P and w are
along (slightly different) [uuv] directions with u smaller
than v when E is less than 16.2 MV/cm; (2) another
monoclinic Cc region when 16.2 < E <42.6 MV /cm,
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FIG. 3 (color online). Same as Fig. 1 but for a field applied
along the [110] direction.

with all the Cartesian components of P having reversed
their sign with respect to the initial polarization; (3) an
orthorhombic Ima2 phase in which a polarization lying
along the field’s direction coexists with the rotation of
the oxygen octahedra about that field’s direction for 42.6 <
E < 55.0 MV /cm; and (4) the re-entrance to the mono-
clinic symmetry, but with a Pm phase, for which the AFD
distortions are completely annihilated while P lies along a
[ © 0] direction [22], when E > 55.0 MV /cm. During this
complex structural path, the AFM vector once again
evolves, in order to remain perpendicular to w (rather
than to the polarization) for fields below 55.0 MV/cm.
For higher fields, the tilting of the oxygen octahedra has
vanished, leading to L lying along [110] and thus forming
an angle of 120° with P.

We are confident that our findings are of high funda-
mental and technological importance, and deepen our
knowledge of the fascinating fields of multiferroics.
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