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. Introduction

Recently, remarkably rich strongly correlated electronic behav-
iours have been discovered at perovskite oxide interfaces or in
thin films, such as superconductivity," two-dimensional
conductivity,”> multiferroicity,*® emergent magnetism,’*** and
a metal-insulator transition.”"® Owing to the close energies
and mutual coupling between the lattice, charge, orbital, and
spin degrees of freedom in perovskite oxides, their ground-state
phases and properties can be modified by applying external
perturbations such as electric and magnetic fields, chemical
doping, and strain. This strategy can be applied to control the
magnetic order by an electric field and so on. For example,
recent work on EuTiO3, StMnO; (SMO), and SrCoO; has shown
that, under epitaxial strain, the bulk paraelectric (PE) phase can
be driven to a ferroelectric (FE) phase accompanied with
a change in the magnetic order.**

In the ideal cubic structure of ABO; perovskite compounds,
the energy can be tuned by certain distortions such as the polar
distortion responsible for the FE ground state and a non-polar
antiferrodistortion induced by oxygen octahedral rotation.'”
These distortions can yield complex phase diagrams with
intriguing electrical and magnetic properties.”® With the
development of technology for the preparation of epitaxial thin
films, the epitaxial growth of heterojunctions and superlattices
has become an important strategy for manipulating the
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direction. In contrast, a compressive strain could induce a transition from the antiferromagnetic insulator
phase to the ferromagnetic metal phase.

structural distortion and modifying the electrical and magnetic
properties. A superlattice provides an attractive pathway to
create new ‘interfacially engineered’ materials that do not exist
as bulk materials.” For example, the artificial PbTiO;/SrTiO;
superlattice, which has intrinsic ferroelectricity and para-
electricity, can exhibit improper ferroelectricity.” Hence,
tailoring the functionality of existing materials by selecting an
appropriate artificial superlattice system is of great significance.

Here, we focus on the ground-state phases of magnetic
perovskite SMO/BaMnO; (BMO) superlattices and the effects of
strain on these phases. Bulk SMO has a cubic perovskite
structure, and its magnetic order is G-type antiferromagnetic
(G-AFM) below Ty ~ 260 K.*° Previous theoretical research
predicted large spin-phonon coupling in SMO; that is, the
lowest-frequency polar phonon will dramatically change when
the magnetic order changes from G-AFM to the higher-energy
ferromagnetic (FM) order. Moreover, it can be driven into
a FM-FE multiferroic state by epitaxial strain, and large mixed
magnetic-electric—elastic responses have also been predicted in
the vicinity of the phase boundary.” In addition, recent experi-
ments have shown that an electric polarisation can be induced
by doping SMO with Ba ions,*** where the lattice constants are
increased by the substitution of larger Ba ions. This result
indicates that a tensile strain may also drive the transition from
a PE phase to an FE phase. For bulk BMO, the energy of the
perovskite structure is higher than that of the hexagonal
structure. However, recent theoretical research has revealed
that the hypothetical perovskite structure possesses ferroelec-
tricity without any epitaxial strain or chemical doping. More-
over, the perovskite structure can be in the ground state when
an epitaxial tensile strain is imposed.*® Therefore, it is expected
that the combination of SMO and BMO in a superlattice is likely
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to induce ferroelectricity and exhibit a wide variety of electrical
and magnetic properties under epitaxial strain.

In this study, we systematically investigated the ground-state
phases of and the effects of an epitaxial strain on an artificial
SMO/BMO superlattice by first-principles calculations. Our
results show that the SMO/BMO superlattice has a tetragonal
structure (P4mm space group) and A-type AFM order and
confirm the presence of ferroelectricity. A small tensile strain
can transform the ground state into another FE-AFM phase
(Amm2 space group) with a change in the direction of the
ferroelectric polarisation, and a subsequent FE-FM phase with
the same symmetry can be obtained with an increase in the
tensile strain. In contrast, the system transitions to an FM metal
phase under a compressive strain.

lI. Computational methods

We performed first-principles calculations using the projector
augmented wave (PAW)* Vienna Ab initio Simulation Package
(VASP) code*** with the generalised gradient approximation
(GGA) + U method® with the Perdew-Becke-Ernzerhof (PBE)*
parameterisation, an energy cutoff of 600 eV for the plane-wave
expansion, and 5 x 5 X 5 K-point Brillouin-zone sampling
within a /2 x /2 x 2 unit cell (a stacked structure consisting of
1 unit cell of SMO and 1 unit cell of BMO along the c direction,
which contains 20 atoms). The energy cutoff and K points were
thoroughly tested for convergence. We used the Dudarev
implementation® with the on-site Coulomb interaction U =
2.5 eV and the on-site exchange interaction Ji; = 1.0 eV to treat
the localised d-electron states in Mn. Each self-consistent
electronic calculation converged to 107° eV, and the tolerance
force was set to be 0.005 eV A~ for ionic relaxation. The
calculated equilibrium lattice constant for SMO is 3.845 A, and
the magnetic moment is 2.7up for Mn ions (G-AFM), which is
close to the values reported in previous experimental and
theoretical studies.>*® To simulate the epitaxial strain effects on
the SMO/BMO superlattices, we utilised the ‘strain-bulk’
method.**?** With the Berry-phase method,** we calculated the
FE polarisations for the relaxed structures at the given strain e.
By calculating the different energies of states with FM, G-AFM,
chain-type antiferromagnetic (C-AFM), and interplane antifer-
romagnetic (A-AFM) orders, we obtained the in-plane and out-
of-plane nearest neighbour coupling exchange constants and
then estimated the Curie or Néel temperature at the given e by
applying mean field theory.

[1l. Results and discussions

First, the calculated equilibrium lattice constants of the P4/
mmm structure for SMO/BMO superlattices with G-AFM and FM
orders are a = 3.901 and 3.918 A, respectively. It is 1.4% larger
than that of bulk SMO (G-AFM, 3.845 A) and may be related to
the larger radius of a Ba ion.?® To determine the phase diagram
of SMO/BMO superlattices, we followed the method used by
Bousquet et al.*® We started from the prototype PE structure
with the P4/mmm space group and then identified the
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instabilities of the highest achievable symmetry by inspection of
the phonon dispersion curves. According to the unstable mode
of the structure, we lowered the symmetry and performed new
structural relaxations. This was repeated until there were no
instabilities present. The frequencies of the high-symmetry P4/
mmm space group with the reference structures with FM and G-
AFM orders were computed using frozen phonon methods*® in
a v/2 x v/2 x 2 supercell at the T and M points of the primitive
perovskite Brillouin zone. The results are listed in Table 1, from
which two main results can be concluded. First, we can clearly
see that there is strong spin-lattice coupling from the dramatic
change in the phonon frequency with magnetic order (FM and
G-AFM) in SMO/BMO superlattices. Second, from the presence
of unstable modes (both the I" and M modes, corresponding to
polar distortion and octahedral rotation, respectively), we can
conclude that the computed high-symmetry P4/mmm structure
is not in the ground state. The dominant unstable G (I'sand
I';7) modes can reduce the symmetry of the P4/mmm structure
and produce a new state, which has a relatively lower energy
compared with the former. For the G-AFM order, it is found that
the energies gained from the I';™ and I's™ modes are 4.5 meV
f.u.”" and 8.1 meV f.u.”" respectively. These two modes can
drive the P4/mmm structure to the P4mm and Amm?2 structures
(see Fig. 1(a) and (b)). As for the FM order, the energy gains from
the I'; and I'; modes are up to 82.0 meV f.u.”" and 67.6 meV
f.u.”" (see Fig. 2(a)). Obviously, the energy gains of the FM order
are much greater than those of the G-AFM order. Owing to this
large energy difference, the FM structure will become a possible
ground state at a certain strain. Fig. 1(c) and (d) display the M,"
and M5  modes, indicating that the P4/mmm structure can
transform into the P4/mbm and Pmma structures by atomic
motion. On the basis of the above analysis, the following
structures will be discussed in detail: P4/mmm, PAmm (I3 ™), P4/
mbm (M,"), PAbm (T3~ + M,"), Pmma (M5 ™), Pma2 (M5~ + I';7),
Pmc2; M5~ + M, , M5~ + T, M5~ + M," + T's7), Amm2 (['s7),
and Pc (M5~ + M, + T3, M5~ + M, + T3~ +T'57).

For the structures of SMO/BMO superlattices mentioned
above with different magnetic orders (FM, A-AFM, C-AFM, and
G-AFM), the variations in their total energies of as a function of
the epitaxial strain e from —1.31% (compressive) to +3.82%
(tensile) are presented in Fig. 3. One can clearly see that there
are three possible ground states in the phase diagram: the
P4amm structure with A-AFM order, the Amm2 structure with C-
AFM order, and the Amm?2 structure with FM order. It is noted
that the magnetic moment of the FM Amm2 phase is 6uy f.u. .
The phase boundaries of the lowest energy states are located at e
= +0.52% and +1.90%. Moreover, when e < —1.31%, the energy
of the PAmm (A-AFM) structure is about 8 meV higher (at e =

Table 1 Calculated lowest phonon frequencies of SMO/BMO super-
lattices with the P4/mmm structure at the calculated equilibrium
lattice constants with FM and G-AFM orders for high-symmetry g
points, which include T" and M. All values have units of terahertz

s[110]  T,7[001]  M;[110]  M,"[001]
FM (3.918 A) 6.788i 6.039i 1.969i 0.623i
G-AFM (3.901 4)  5.266i 4.624i 2.908 3.468

n
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Fig. 1 Schematics of prototype P4/mmm unit cells of 1/1 SMO/BMO
superlattices and the atomic motions associated with the different
modes listed in Table 1 (represented by the arrows): (a) I's~ (out-of-
plane) mode giving rise to a polarisation along the [001] direction, (b)
I's~ (in-plane) mode giving rise to a polarisation along the [110]
direction, (c) M,* mode with oxygen octahedral rotation along the
[001] axis (out-of-phase), (d) Ms~ mode with oxygen octahedral
rotation along the [110] axis (in-phase). The green, olive, magenta, and
red spheres represent Sr, Ba, Mn, and O atoms, respectively.

(b)
1.803

© 1.963 °1.963 ©
2.130

000 0.5 0.10 015 020
displacement (A)

Fig. 2 (a) Evolution of the total energy (per 20-atom unit cell) as
a function of the displacement with the unstable modes listed in Table
1 for the P4/mmm structure with FM order. (b) Mn—O bonds of the
relaxed P4mm structure at e = —0.77% A with A-AFM order. (c) Mn-O
bonds of the relaxed Amm?2 structure at e = +2.43% with FM order.

—1.95%) than that of the P4mm (FM) structure, which is not
shown in Fig. 3. The other calculated structures also end up
with these three ground-state structures after the initial struc-
tures are fully relaxed. For example, the P4bm and Pma2 struc-
tures will end up with the P4mm structure, the Pmma and P4/
mbm structures will end up with the P4/mmm structure, and the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Total energies of various structures obtained with the GGA + U
method labelled by the space groups mentioned in the main text. The
epitaxial strain (e) is defined with respect to the equilibrium lattice
constant of the SMO/BMO superlattice with G-AFM magnetic order
(3.901 A), which is close to the equilibrium lattice constant of the P4/
mmm structures with FM and AFM orders. The energies of the struc-
tures with FM, G-AFM, C-AFM, and A-AFM orders are indicated by the
squares, filled circles, triangles pointing up, and triangles pointing
down. The vertical black arrows at e = —1.31%, +0.52%, and +1.90%
indicate the phase boundaries. FE, and FE,,, represent the directions of
FE polarisation.

Pmc2, and Pc structures will end up with the Amm2 structure.
From Fig. 2(a), one can clearly observe that the M modes cannot
lower the energy of the P4/mmm structure; thus, it is not
surprising that the M modes are absent for the lowest energy
structures after the initial structures (even the initial structures
with M modes) are fully relaxed. All of the possible ground
states displayed in Fig. 3 combine polar distortions (the [001]
direction for the P4mm structure and the [110] direction for the
Amm2 structure) with an insulator in our study. This epitaxial-
strain-induced ferroelectricity is analogous to that previously
observed for artificial PbTiO;/SrTiO; superlattices with the
P4bm ([001] direction) and Pmc2, ([110] direction) structures.*
Here, we should emphasise that compared with SMO thin
films,”> the SMO/BMO superlattice retains multiferroic proper-
ties regardless of whether or not an epitaxial strain is applied;
hence, it should be easier to realise in experiments. To further
understand the origin of ferroelectricity, the lengths of the Mn-
O bonds in the P4mm (A-AFM) and Amm2 (FM) structures are
shown in Fig. 2. We can clearly see that the Mn ions are dis-
placed from the centre of an O octahedron. For the P4mm
structure, the Mn ions are displaced along the [001] direction.
In contrast, for the Amm?2 structure, they are displaced along the
[110] direction. These displacements of Mn ions are the origin
of the FE polarisation. Another interesting fact is the magnetic
phase transition from C-AFM to FM at e = +1.9% for the Amm?2
structure. This may be attributed to the large deviation in the
Mn-O-Mn bond angles from 180° with the increase in tensile
strain, which weakens the AFM t,,~t;, superexchange and
introduces an FM double perovskite via enhanced Mn e,-O p
hybridisation.>***” This large deviation is caused by the
enhanced polar distortion, as is reflected in the increase in the
FE polarisation with the increase in tensile strain (Fig. 4).

RSC Adv., 2018, 8, 36407-36411 | 36409
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Fig. 4 Properties of SMO/BMO superlattices as a function of the
epitaxial strain computed using the GGA + U method: (a) lattice
parameter c for the possible ground state at each strain value, (b) band
gap, (c) critical temperatures for magnetic order estimated by the
mean field method, and (d) FE polarisation of the lowest energy
structure. The red dashed lines represent the phase boundary between
the P4mm structure with A-AFM order and the Amm?2 structure with
C-AFM order. The symbols are shown in Fig. 3.

In Fig. 4(a)-(d), we present the lattice parameter ¢, band gap,
critical temperatures (T¢ and Ty), and FE polarisation within
the range of strain from —1.95% to +3.82%. As the strain
increases, there are jumps in ¢ at e = —1.31% (from the ferro-
magnetic metal (FM-M) phase to the antiferromagnetic-
insulator-ferroelectric (AFM-I-FE,) phase) and e = +0.52%
(from the AFM-I-FE, phase to the AFM-I-FE,, phase), as dis-
played in Fig. 4(a). These jumps in ¢ lattice constant have a close
correlation with the phase transition. For example, the ferro-
electric polarization of the AFM-FE, phase has a positive
correlation with the c¢ lattice constant, and the ferroelectric
polarization of the Amm2 phases have a negative correlation
with the ¢ lattice constant, as shown in Fig. 4(a) and (d). In
Fig. 4(b), we can see that the AFM insulating phase can be
transformed into FM metal phase at e = —1.31%. This indicates
that an insulator-metal transition will occur in the vicinity of
the phase boundary when a suitable compressive strain is
applied. In addition, the band gap of the AFM-I (Amm2) state is
larger than other insulating phases (AFM-I and FM-I) and
increases with increasing epitaxial strain. The critical temper-
atures for magnetic order calculated by mean field method are
shown in Fig. 4(c). The critical temperatures of both the FM (7¢)
and A-AFM (P4mm) (Tx) phases are above room temperature.
The T of the FM phase (Amm2) is above 190 K at e = +1.90%
and increases with increasing e. Taking the centrosymmetric
phase as the reference state (Pnma structure), we calculated the
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electric polarisations of the three FE phases of SMO/BMO
superlattices, as shown in Fig. 4(d). Within the range of
epitaxial strain, both the AFM (P4mm) phase at e = —1.31% and
FM (Amm2) at e = +3.75% exhibit a highest electric polarisation
of 61 pC cm 2. The AFM (P4mm) phase shows an improved
electric polarisation with decreasing the epitaxial strain (e =
+0.52%), but the electric polarisation of both AFM (Amm2) and
FM (Amm2) phases increase with increasing the tensile epitaxial
strain (e = +0.52%). It indicates that a slight tensile epitaxial
strain can drive AFM (P4mm) phase to AFM (Ammz2) phase, this
may has a relationship with the change of the ferroelectric
polarisation from an out-of-plane direction to an in-plane
direction. It is should be noted that there are large jumps in
magnetic, electric, and elastic properties across the phase
boundaries. First, at —1.31%, the two phases in the vicinity of
the phase boundary are FM-M and AFM-I-FE,. Second, at
+0.52%, the two phases are AFM-I-FE, and AFM-I-FE,,. These
two phases have different values of ¢ (Fig. 4(a)) and different
directions and magnitudes of the electric polarisation
(Fig. 4(d)). Third, at +1.90%, the two phases are AFM-I-FE,, and
FM-I-FE,,. Based on the above discussions, one can expect
a strong magnetic-electrical coupling to exist in the vicinity of
the phase boundary, since applying external perturbations such
as electric or magnetic field tends to drive a phase transition
due to the close energy between two phases.>***®

IV. Conclusions

In summary, we have investigated the spin-phonon coupling
and the effects of the strain on the ground-state phases of
layered SMO/BMO superlattices by first-principles calculations.
The main results show that this system has AFM order and an
intrinsic FE polarisation with the P4Amm space group. A tensile
epitaxial strain can drive the ground state to another AFM-FE
phase and then to a FM-FE phase with the Amm2 space group
with a large electric polarisation (>53 uC ¢cm™?) and magnet-
isation (6up f.u.” "), accompanied by a change in the FE polar-
isation from an out-of-plane direction to an in-plane direction.
In contrast, a compressive uniaxial stress applied to the FM-M
phase could induce a metal-insulator transition.
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