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Controlling the direction of the magnetization by an electric field in multiferroics that are both
ferroelectric and strongly ferromagnetic will open the door to the design of the next generation of
spintronics and memory devices. Using first-principles simulations, we report that the discovery that the
PbTiO3/LaTiO; (PTO/LTO) superlattice possesses such highly desired control, as evidenced by the
electric-field-induced rotation of 90° and even a possible full reversal of its magnetization in some cases.
Moreover, such systems also exhibit Jahn-Teller distortions, as well as orbital orderings, that are switchable
by the electric field, therefore making PTO/LTO of importance for the tuning of electronic properties too.
The origin for such striking electric-field controls of magnetization, Jahn-Teller deformations, and orbital
orderings resides in the existence of three different types of energetic coupling: one coupling polarization
with antiphase and in-phase oxygen octahedral tiltings, a second one coupling polarization with antiphase
oxygen octahedra tilting and Jahn-Teller distortions, and finally a biquadratic coupling between antiphase

oxygen octahedral tilting and magnetization.

DOI: 10.1103/PhysRevLett.122.247701

Introduction.—Multiferroic materials hold promise for
use in next-generation memory devices in which, e.g., the
electric field controls magnetism [1,2]. Such materials
are rare owing to a typical incompatibility between
ferroelectricity and magnetism [3]. This incompatibility
has provided motivation for an extensive search for new
multiferroic materials [4-9] in which an electric-field
control of magnetism was also investigated. For instance,
the weak ferromagnetism and Dzyaloshinskii-Moriya
(DM) vector in BiFeOs can be switched by 180° under
an electric field by a two-step sequential rotation of the
polarization [10]. Moreover, the weak ferromagnetism
of hybrid improper ferroelectric superlattices, such as
BiFeO;/NdFeO; [11] and BiFeO;/LaFeO5 [12], and of
Ruddlesden-Popper oxides with B-site cation ordered
A3;BB'O; [13] was also predicted to be controllable by
an electric field because the polarization is coupled with
other nonpolar lattice distortions. However, all of the latter
multiferroics possess a predominant antiferromagnetic
alignment; that is, they “only”” have weak ferromagnetism
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and/or are ferrimagnetic [14,15]. On the other hand,
strong ferromagnetism has been found or predicted in
EuTiO; [16], BiMnOj; [17], La,NiMnOg/R,NiMnOg [7],
and A?TTiO;/R3**TiO5 [18] multiferroics, but electric-
field control of such ferromagnetism has not been
documented there. As a result, we are not aware that
strong ferromagnetism has ever been reported to be
controllable by an electric field in any single phase of
any multiferroics.

Moreover, Jahn-Teller (JT) distortion [19] and orbital
order (OO) [20] are common phenomena in oxides, and
they are considered to be the origin of many physical
behaviors. For instance, JT distortion and OO effects are
intimately linked to electronic properties and lead to
removing electronic degeneracy, opening band gaps,
and affecting magnetic properties. Furthermore, JT dis-
tortion and OO effects play an important role in colossal
magnetoresistance phenomena in manganites [21], super-
conductivity [22], polarization in perovskites [23,24],
and strong electronic correlation [25]. It is also highly
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desirable for functionality to tune JT distortions, OO, and
corresponding electronic properties by an electric field.
Note that Varignon and co-workers [24,26] showed that
JT distortions can influence magnetic and orbital order-
ings, and suggested that the magnitude of JT distortions
can be tuned by the electric field in some perovskites;
however, the switchability of JT distortions and OO is
unknown.

Here, by means of first-principles calculations, we
investigate electrical, electronic, and magnetic properties
of PbTiO;/LaTiO; (PTO/LTO) superlattices as well as
their change under an electric field. These simulations show
that PTO/LTO superlattices are magnetoelectric ferro-
electrics, similar to those in Ref. [18], and they possess
a strong magnetization that can be switched by 90° under an
electric field that is perpendicular to the initial polarization—
consequently leading to a possible electric-field-induced
reversal of ferromagnetism via a two-step process. This
control of magnetization originates from a biquadratic
energetic coupling between magnetization and antiphase
oxygen octahedral rotations, with the latter quantities also
being coupled with polarization via trilinear couplings.
We additionally found that an electric field can also switch
the JT and OO vectors when the electric field is antiparallel to
the initial direction of the polarization. These new phenomena
for controlling strong ferromagnetism, Jahn-Teller distortion
and orbital ordering, provide a new avenue to tune magnetic
and electronic properties, in particular, and functionality, in
general, in perovskites.

Structural, electronic, and magnetic properties.—
Density-functional calculations were performed on PTO/
LTO superlattices. Technically, [PTO],/[LTO], superlatti-
ces are investigated here, for which one unit layer of
PbTiO; successively alternates with one unit layer of
LaTiO; along the pseudocubic [001] direction.
Structures, electric, and magnetic properties without apply-
ing an electric field and under an electric field are
investigated. More details about the method are given in
the Supplemental Material [27]. PbTiO5; bulk possesses a
tetragonal polar ground state (space group P4mm) with a
polarization pointing along c¢. On the other hand, the
ground state of LaTiOj5 is an orthorhombic nonpolar phase
(space group Pbnm) with an in-plane antiphase oxygen
octahedral tilting and an out-of-plane in-phase oxygen
octahedral tilting [which constitute antiferrodistortive
(AFD) motions having the a~a~c¢" pattern in Glazer’s
notation [37] ]. We numerically found that the PTO/LTO
superlattice adopts a monoclinic phase (space group P2)
with a similar a“a~c™ AFD pattern as LTO. The lattice
constants of this superlattice (a = 5.58 A, b=5.63 /OX, and
c=1791 A) are close to the averages of those of cubic PTO
(a;vV2 =556 A, a,v/2 =5.56 A, and 2a; = 7.86 A) and
LTO (a =5.61 A, b=5.71 A, and ¢ =7.87 A) bulks.
Note that the predicted lattice constants of PTO and LTO
agree rather well with the experiments (the difference is less
than 1.5%) [38,39].

FIG. 1.

Geometry and major structural distortions of the ground
state of the studied PTO/LTO superlattice. (a) Polarization
distortion P about the in-plane a axis ([—110] direction).
(b) Antiphase oxygen octahedral rotations @,, about the in-
plane a axis ([110] direction). (c) In-phase oxygen octahedral
rotations ®, about the out-of-plane ¢ axis ([001] direction).
(d) O Jahn-Teller lattice distortion.

We further found that the charge order between Ti** in
PTO and Ti** in LTO induces striking structural features
and electronic properties in the PTO/LTO superlattice.
More precisely, there are two Ti d' and two Ti d° ions in
our supercell, with these two types of Ti ions being
arranged in a rocksalt configuration within the B sublattice.
In other words, the nearest neighbors of Ti d' ions in the B
sublattice are Ti d° ions, and vice versa. This d'-d° charge
ordering generates a breathing distortion of oxygen octa-
hedral cages (Bqc), for which the Ti** d' orbital occupa-
tion expands the corresponding oxygen octahedral cage,
while the Ti** 4% orbital occupation shrinks the corre-
sponding oxygen octahedral cage. Note that, in order to
investigate the orbitals of Ti ions in details, we studied the
projected density of states on Ti ions. We found that the
Ti** ions have an almost empty d orbital, while the Ti**
ions display a mixed d, +d,, or d,, +d,, character.
The latter strong hybridizations of two d orbitals lead to
an insulating character in the PTO/LTO system, similar to
the case of ferromagnetic A>*TiO;/R3**TiO; superlattices
(A = Sr,Ca,Ba; R = Sm, Y, Tm, La, Pr, Lu) [ 18], in which
similar charge and orbital orderings are found. As a matter
of fact, these hybridizations of two orbitals d,, + d,, or
dy, +d,. result in the presently considered system being
ferromagnetic semiconductor on the basis of intrasite
Hund’s rules [18]. Practically, the computed band gap is
0.5 eV and the energy of the ferromagnetic configuration is
lower than that of the A-type antiferromagnetic configura-
tion by 10 meV per Ti** ion. Moreover, from our non-
collinear magnetic configuration calculations, the PTO/
LTO system has mainly ferromagnetism lying along the in-
plane b direction with a magnetic moment of about 0.99up
per Ti*T accompanied by a weak ferromagnetism being
along the out-of-plane ¢ direction and of about 0.03up
magnitude per supercell. The PTO/LTO superlattice has
also a polarization oriented along the —a direction with a
magnitude of 16.9 4C/cm?, which has the character of
hybrid-improper ferroelectricity, as discussed below [7,40].

Moreover, the P2, ground state of PTO/LTO consists
of a combination of several lattice distortions of the
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FIG. 2. Dependence on the total energy on amplitude of
distortion in the investigated PTO/LTO superlattice. (a) Energy
with respect to the amplitude of the main four lattice distortions,
P, ®,,, 0, and Q.. (b) Energies as a function of amplitude of P
when fixing @, and ©_ (black squares), as well as those when
fixing ®,,, ©,, and Q, (red circles), to their values in the ground
state.

high-symmetry (P4/mmm) double perovskite. Such a
ground state possesses four main phonon modes having
large magnitude: (1) a ferrilike polar A-cation motions [41],
where Pb and La ions move in opposite direction and with
different amplitude, which results in a polar mode (P), as
depicted in Fig. 1(a) [11]; (2) an antiphase tilting of oxygen
octahedra about the a axis [®,,; see Fig. 1(b)]; (3) an in-
phase tilting about the ¢ axis [®,; see Fig. 1(c)]; and (4) the
Boc breathing motion that is related to the charge order
between Ti** and Ti** ions and that expands or contracts
oxygen octahedra. In the ground state of PTO/LTO
superlattice, there is another mode, which is of a Jahn-
Teller nature [Q.; see Fig. 1(d)] and which has an amplitude
much smaller than the other four aforementioned modes,
but the Jahn-Teller mode plays a key role in electronic
properties and may couple to polarization and other
distortion modes.

We then perform an energy expansion in terms of these
lattice distortions and identify the following couplings
[18,26,42-44]:

F xP,®,06,P,00,P o0, 6 PO, (1)

where the x, y, and z subscripts refer to Cartesian
components along the corresponding axis.

We project out the contribution of each @, ®, O, and P
modes to the P2; ground state structure and calculate the
energy surface around the P4/mmm reference structure by
individually condensing each mode. Figure 2(a) displays
the resulting total energy as a function of the amplitude of
each distortion for these four modes. One can clearly see
that the P mode, by itself, is stable, whereas large energy
gains occur for ®@,, and ©_—resulting in characteristic
double-well potentials. Though the potential surface of Q,
is very flat with the magnitude of this mode, the inset of
Fig. 2(a) indicates that the Q. mode in P4/mmm structure
is barely unstable. The black squares (red circles) in

Fig. 2(b) display the total energy of the state as a function
of the amplitude of P, but with freezing ®@,, and O, (®,,,
©,, and Q,) distortions to those of the ground state. In
contrast to the single minimum of P at P = 0 in Fig. 2(a),
when the other modes are null, polarization in Fig. 2(b)
becomes unstable and its minimum shifts to a nonzero value.
The resulting energy gain when freezing ®,,, ©_, and Q. is
more than that obtained when freezing only @, and ©,. The
energy as a function of amplitude of P when freezing ®,, and
Q. (not shown here) also exhibits a single well, similar to that
shown in Fig. 2(b), but with smaller energy gain. These
features are direct indications that trilinear couplings POO
and P®Q of Eq. (1) are both in play here. These trilinear
couplings lead to a polarization of 16.9 uC/cm?.

Properties under an electric field.—These observations
of two types of trilinear couplings between P, @, ®, and QO
also suggest that the switching of polarization by an electric
field may induce the switching of ®, or the switching of
both ® and Q. We first consider the case of switching the
polarization by 90°, by applying an electric field along —b
that is perpendicular to the initial polarization lying
along —a. Figure 3(a) represents the energy difference
(AEgp,-pv,) between the ferromagnetic spin configura-
tions along a and b, as well as the polarization (P) and AFD
angles (®, ©) as a function of this applied electric field.
Under an electric field ranging from 0 to 0.062 V/ A, the a
component of the polarization keeps a value of about
—16 uC/cm?, while its b component increases in magni-
tude from about zero to —33 uC/cm?. Under this electric
field range of 0-0.062 V/A, the AFD (antiphase) angles
®, and @, both keep a value of about 7° and the AFD (in-
phase) ®, remains at about —7.4°. The magnetic easy axis is
along b or —b (the two opposite directions are symmet-
rically equivalent), as indicated by the energy difference
shown in top panel of Fig. 3(a). At an electric field of
0.063 V/A, the polarization P, the in-plane antiphase
oxygen octahedra tilting @, and the magnetic easy axis
are all switched by 90° with respect to the case under no
field. More precisely, polarization is switched to —b, @, is
reversed from 7° to —7° (resulting in the axis of rotation
of the antiphase tilting switching from a to b), and the
magnetic easy axis is now aligned along a. When the
electric field along b further increases to 0.085 V/ A,
the polarization further increases in magnitude from 71
to 79 uC/cm?, while the x, y, and z components of the
AFD tilting are now about —6.5°, 6.2°, and —7°, respec-
tively. Meanwhile, the AEgy _py, energy difference
between the magnetic easy axes a and b is always negative,
and its magnitude slightly increases when the electric field
increases, therefore stabilizing even more an easy magnetic
axis along a.

Furthermore, when the electric field is released [see the
black open symbols in Fig. 3(a)], P, ®,, ©, and AEgy;, _py,
do not change their signs. In other words, after removal
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FIG. 3. (a),(b) Physical quantities as a function of the electric

field applied along —b, i.e., perpendicular to the initial direction
of the polarization, and (c),(d) applied along a, i.e., antiparallel to
the initial direction of the polarization, in the studied PTO/LTO
superlattice. (a) Energy difference between ferromagnetic con-
figurations along a and b; oxygen octahedral tilting angles, ®,,
®,, and ©,; and polarization P. (b) Schematization of the spin
configurations on Ti** ions, which can be switched by 90° via the
application of electric fields oriented along the —b axis or the —a
axis. (c) JT distortion Q, and oxygen octahedral tilting angles and
polarization. (d) Charge density of states near the Fermi level in
energy range from —0.5 to O eV. The black open symbols in (a)
and (c) represent the same quantities when the electric field is
released.

of a large enough electric field, P, ®@, and the magnetic easy
axis all undergo a switching by 90° with respect to the
initial zero-field state. These promising switching of strong
ferromagnetism shown in Fig. 3(a) have never been found
in any material [10-13,45].

It is known, from the knowledge of magnetic space
group and group theory [12], that antiphase oxygen
octahedral rotation controls the orientation of the magneti-
zation. To better understand the mechanism of the afore-
mentioned switching of strong ferromagnetism, we also
determined couplings between AFD and magnetism order
parameters, which are found to be of the form

F « ®,O MM, (2)

where ®,, @, are antiphase oxygen octahedra tiltings along
the pseudocubic [100] and [010] directions, respectively,
while M, and M, are the components of the magnetization
along the [100] and [010] directions, respectively. The
ground state of Fig. 3(a) under zero electric field possesses

a magnetic moment given by M, = —1.41up and M, =
1.41pup per 20 atoms (which is therefore mostly along the b
orthorhombic axis), and an antiphase tilting quantified by
®, = 7°and @, = 7°. We found that this phase transforms,
under the application of an aforementioned large enough
electric field applied along —b, followed by a removal of
such field, to another energetically degenerate phase having
amagnetic moment given by M,, = M, = 1.41up (which is
mostly along a), and an antiphase tilting given by ®, =
—7° and @, = 7°. According to Eq. (2), such a change of
sign of M, originates from the electric-field-induced
reversal of @,.

We thus found that a large enough electric field applied
perpendicularly to the initial direction of the polarization
can transform PTO/LTO from adopting a phase I [M;,®,,,
P_,] to another phase II [M,, ®,, P_,]. As schematized in
Fig. 3(b), applying an electric field along —a to this phase II
should then make the system come back either to its initial
phase I [M,,, ®,, P_,] or to another phase with [M_,,®,,
P_,] since changing the magnetization from M, to M _,, has
no effect on the biquadratic energy of Eq. (2). Moreover,
following Egs. (1) and (2) also implies that applying now
an electric field along a to this phase II [M,, ©,, P_,]
should then transform it into a phase III characterized by
M_,, d_,, P,]orinto a phase IV for which [M,, D_,, P,].
As a result, this two-step process opens the door to
reversing a strong ferromagnetic moment by application
of electric fields, which is a possibility unheard of. Yet,
from our calculations, we can say only that the switch has
only a 50% chance to occur.

We next consider the situation of applying electric fields
to phase I along the opposite direction of its polarization
(that is, we apply an electric field along +a). Under such
electric fields with a magnitude ranging from zero to
0.034 V/A and as shown in Fig. 3(c), the polarization
smoothly changes its a component from (negative)
—17 uC/cm? to (positive) +12 uC/cm?, while the anti-
phase in-plane tilting ®, and ®, keep almost the same
value of 7.5° and the out-of-plane in-phase tilting reduces
its value from —7° to —4.1°. To better describe the Jahn-
Teller distortion of oxygen octahedra, we define its Q,
order parameter as the length difference between the Ti—O
bond along the x axis [called /, in the inset of Fig. 3(c)] and
the Ti—O bond along the y axis [denoted as [, in the inset of
Fig. 3(c) and belonging to the same oxygen octahedron as
[,]. Negative Q, corresponds to shrinking in the x direction
and expansion in the y direction, while positive Q, implies
expansion along x and shrinking along y. From Fig. 3(c),
one can see that oxygen octahedra slightly expand in the x
direction under such electric field varying from zero to
0.034 V/A. At a field of 0.035 V/A, the polarization
suddenly jumps from 12 to 54 uC/cm?, the oxygen octahe-
dral in-phase tilting ®, switches from —4.1°to +6.4°, and Q,
changes from about 0.02 to —0.04 A. The polarization P,
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in-phase tilting ©, and JT distortion Q, therefore all revert
their directions with respect to the case of null field. Under a
larger electric field, P, ®, ©®, and JT distortion nearly retain
their values associated with the 0.035 V/ A field. We also
found that, when removing these large fields [see Fig. 3(c)],
P, ©, and JT distortion Q do not have a change of direction
(while their magnitude can be modified). In other words, JT
patterns can be reverted by applying and then removing a
large enough electric field to a PTO/LTO superlattice [the
inset of Fig. 3(c) schematizes the two JT distortion patterns
that are switchable by such electric fields] [19,46].

Furthermore, Fig. 3(d) depicts the corresponding charge
density of orbitals in the two phases which are switchable
by an electric field parallel (or antiparallel) to a. The four Ti
ions of our supercell are denoted by Ti;, Ti,, Tiz, and Tiy.
Ti; and Ti; are +4 ions with essentially empty d shells,
while Ti, and Ti, are 43 ions with one electron in d shell
(also see Fig. S3 in the Supplemental Material [27]). In the
left panel of Fig. 3(d) (which corresponds to the initial zero-
field ground state), the main orbitals on Ti, are d,, + d,,
versus d,, + d,, for Tiy. When the JT distortion is reverted
and is as displayed in Fig. 3(d), the main orbitals are now
d.. +d,, on Tiy, and d,. +d,, on Tiy. The d,, and d.
orbitals are therefore switched between Ti, and Ti, under
such an electric field. A change of Jahn-Teller distortion
patterns [see the inset of Fig. 3(c)] leads to a specific
change of the corresponding orbitals (d,, +d,, versus
dy, + d,, for that specific Ti** ion). Consequently, switch-
ing the Jahn-Teller pattern by an electric field [as a result of
a trilinear coupling indicated in Eq. (1)] subsequently
results in the switching of orbital ordering. Such an orbital
effect may provide us a new way to modulate electronic
structure and thus affect magnetism, superconductivity,
topological properties, etc. [24,26].

In summary, we demonstrated electronic control of
strong ferromagnetism, JT distortion, and orbital ordering
in the multiferroic PTO/LTO superlattice. Interestingly, the
lattice parameters of PTO/LTO (a = 5.58 A, b=563A)
are close (namely, less than 1%) to those of commercial
substrates such as DyScOjs, TbScO;, GdScO3, SmScO3,
NdScO3, and PrScO;. Growing epitaxial PTO/LTO films
on these substrates, via, e.g., pulsed laser deposition and
molecular beam epitaxy techniques, should thus be practi-
cally achievable. Note also that A>T TiO5/R3*TiO; super-
lattices (A = Sr, Ca, Ba; R = Sm, Y, Tm, La, Pr, Lu) have
similar ferroelectric and ferromagnetic properties to our
PTO/LTO studied system [18]. We thus expect that the
presently determined electrically induced switching of
ferromagnetism, JT distortions, and orbital ordering should
also be realizable in A>*TiO;/R3*TiO; superlattices.
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