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Properties of epitaxial (110) BaTiOj; films from first principles
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A first-principles-based effective Hamiltonian approach is used to simulate the temperature-versus-misfit strain
phase diagram of epitaxial (110) BaTiO3; (BTO) thin films. Unusual features are discovered that significantly
differ from those found in BTO films grown along the “usual” [001] direction. Examples include the independency
of the Curie temperature with compressive strain and the existence of specific monoclinic and triclinic phases
near room temperature. These low-symmetry phases are associated with a rapid strain-induced rotation of the
polarization and possess large piezoelectric and dielectric responses. Our atomistic technique provides an insight
into these novel features, as well as other predicted phenomena.
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I. INTRODUCTION

Ferroelectric (FE) thin films have gained a lot of attention
because of their potentials in devices design, such as high-
frequency capacitors and FE random-access memories. '
Of many factors that can affect their properties, epitaxial
strain has been the most investigated one. In particular,
there have been a lot of calculations and experimental works
devoted to epitaxial thin films made of the prototype BaTiO3
(BTO) FE.3> As a result, novel features have been reported
in these nanostructures. For instance, FE thin films under
short-circuitlike electrical boundary conditions (for which the
depolarizing field vanishes or is rather small, as a result of a
large screening of the polarization-induced surface charges)
exhibit different directions for the spontaneous polarization
and different resulting crystallographic phases, depending on
the misfit strain arising from the substrate on top of which the
film is grown.*® Another example is the large sensitivity of
the Curie temperature with misfit strain in BTO and in other
FE films.>:1°

Interestingly, all the aforementioned breakthroughs concern
FE thin films that are grown along the [001] pseudocubic
direction. On the other hand, studies aimed at determining and
understanding the effects of the growth direction on properties
of FE epitaxial films are rather scarce.!'~'* For instance, to the
best of our knowledge the (fundamentally and technologically
important) temperature-versus-misfit strain phase diagram has
never been revealed for any FE film grown along the [110]
direction, despite the fact that (110) FE films have been exper-
imentally realized'>~!” and that this special growth direction
has been recently shown to generate unusual phenomena.'®

The general aim of this paper is to address such an issue by
performing simulations on epitaxial (110) BTO films. Novel
features are predicted to occur in these films. For instance, the
Curie temperature, T¢, is nearly independent of compressive
strain, unlike in (001) BTO films.>® Moreover, an unexpected
triclinic phase and three distinct monoclinic phases emerge
in the temperature-versus-misfit strain diagram. Such latter
phases allow (i) the polarization to easily rotate with strain,
which generates large piezoelectric and dielectric responses
near room temperature; and (ii) the (110) BTO film to easily
switch its polarization’s direction via a transition between
different low-in-symmetry phases, by applying in-plane and
out-of-plane electric fields. Items (i) and (ii) are promising to
design miniaturized and lead-free devices.
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The paper is organized as follows. Section II describes
the effective Hamiltonian scheme presently used to simulate
epitaxial (110) BTO films. Section III provides and analyzes
our results. Finally, a summary is given in Sec. IV.

II. METHOD

We use the first-principles-based effective Hamiltonian'®

approach of Ref. 20, combined with Monte Carlo (MC)
simulations. Its total internal energy, E\y, possesses two
degrees of freedom: (i) the local FE soft modes in unit cell
i, {u;} (which is proportional to the electric dipole centered
on site i'%); and (ii) the strain tensor (that contains both the
homogeneous and inhomogeneous parts). E includes 5 main
parts: ' the self-energy associated with the u;’s; the long-range
dipole-dipole interactions; the short-range interactions be-
tween local FE modes; the elastic energy; and the interactions
between strains and the u;’s. Three-dimensionally periodic
12x12x12 BTO supercells (8640 atoms) are generated to
get well-converged results. Two different coordinate systems
are used: the “usual” (xyz) system for which the x-, y-,
and z-axis lie along the [100], [010], and [001] pseudocubic
directions, respectively, versus a new coordinate system
(x"y'z") chosen such as the x’-, y’-, and z’-axis are along the
[001], [1-10], and [110] pseudocubic directions, respectively.
The mimicking of finite-temperature properties of BTO films
that are grown along the [110] pseudocubic direction, z/,
under various epitaxial strains is accomplished by imposing
the following conditions for the homogeneous strain tensor
(in Voigt notation): m = n' = (@uw — Aalar)/Aalat = 0,
ne¢ = 0, while n3’, n4’, and ns’ can relax. Here, the prime
() is used to denote the values in the (x'y’z’) coordinate
system. agyp is the in-plane lattice constant of the substrate.
As for auy, we assign it to the value of the lattice constant
of cubic paraelectric BTO bulk interpolated to O K. & is the
misfit strain. We cool down the system for each selected
§ from high temperature to low temperature with a 5 K
temperature step and using 300 000 MC sweeps. We also use
the correlation functions of Refs. 21 and 22 to compute the
dielectric susceptibility and the piezoelectric coefficients. As
detailed in Ref. 20, all the parameters of the presently used
effective Hamiltonian are derived by performing first-principle
calculations on relatively small supercells. This effective
Hamiltonian has been shown to yield properties of BaTiO3
and (Ba,Sr)TiO3 (BST) systems that are in excellent agreement
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with measurements and/or first-principles calculations.?%-23-28

Examples include Curie temperatures,’’ temperature gradient-
induced polarization,>* and electrocaloric®® effects in BST
materials, as well as the existence of two modes contributing
to the THz dielectric response of BTO materials.*>” We also
checked that the effective Hamiltonian approach of Ref. 20
correctly reproduces the different phases obtained by previous
first-principles techniques*> in (001) BTO films, when varying
the misfit strain.

III. RESULTS

Figure 1 displays the predicted temperature-versus-misfit
strain phase diagram for epitaxial (110) BTO. The investigated
epitaxial strain ranges from around —3.5% to around +3.0%,
in order to cover a strain window that is typically reachable
in experiments. Notations similar to those defined in Refs. 4,
29, and 30 are used for the states appearing in Fig. 1. The
general direction of the polarization in the (xyz) frame is also
indicated there for each of these states. The paraelectric phase,
labeled as p, occurs at high temperature for any §, while
six other phases, all being FE, can be seen in Fig. 1. They
differentiate themselves by the hierarchy between the x-, y-,
and z-components of the supercell average of the local mode
(which is directly proportional to the spontaneous polarization)
to be denoted by u,, u,, and u_, respectively. They are (i) the
c state, with u, = u, = 0, u; # 0, for tensile strain at high
temperature; (ii) the aa state, withu, =u, # 0, u; = 0, which
is the ground state for large compressive strain; (iii) the 7, state
occurring in the tensile strain region at low temperature, and for
whichu, =-u, #0,u; #0withu, > u,; (iv) the r,, phase that
is the ground state for relatively small compressive strain and
is characterized by u, =u, #0,u, #Owithu, <u,;(v)theab
state, with u, # u, > 0 and u, = 0, that happens at relatively
small compressive strain below the Curie temperature, 7¢; and
(vi) the abc phase that is centered around the zero-misfit strain
just below Tc. In this latter phase, u,, u,, and u_, are different
from each other and are finite, with u, changing its sign from
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FIG. 1. (Color online) Predicted temperature-versus-misfit-strain
diagram in epitaxial (110) BTO film. The direction of the polarization

for each phase is indicated in the (xyz) coordinate frame near the
phases’ names.
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positive to negative when crossing the compressive-to-tensile
border. The space groups of these phases are obtained from
the use of the “FINDSYM” program®! and are indicated in
Ref. 32.

The phase diagram shown in Fig. 1 is significantly different
from that of BTO films grown along the “conventional” [001]
direction.*> For instance, parts of the diagram for (110) BTO
films appear to have swapped from left to right (and vice versa)
with respect to parts of the diagram for (001) films: the aa
and r,, phases exist for compressive strains, and the ¢ and r,
states are in the tensile strain region in (110) BTO films, while
it is exactly the opposite situation in (001) BTO films. Such
swapping can be understood by the fact that compressive strain
favors the formation of out-of-plane polarization while tensile
strain favors in-plane components of the polarization,*>2° and
that the out-of-plane direction is different between (001) and
(110) films.

Another major difference between (001) and (110) BTO
films is that T¢ is basically independent of the compressive
misfit strain in these latter films: the transition temperatures
from p to aa but also from p to ab occur at the same temper-
ature of around 385 K for any § ranging between 0.0% and
—3.6%. Interestingly, 385 K is nearly our predicted 7¢ of BTO
bulk,”® which is very close to its experimental value.>* The FE-
to-FE c-to-abc and c-to-r, transitions are also found to occur
near 385 K, independently of the value of the fensile strain.

To understand these latter features, Figs. 2(a) and 2(b)
show the three Cartesian components of the local modes at
5 K with respect to § along the x, y, z directions and x’,
y', 7’ directions, respectively. Figure 2(a) reveals that the x-
and y-components of the local modes stay nearly constant
for any studied compressive strain (these two components
are equal to each other, which also renders the out-of-plane
z'-component of the polarization to be nearly independent
of compressive strain). This insensitivity is correlated with
the aforementioned independency of the p-to-aa and p-to-ab
transition temperatures with the compressive strain (since
these two transitions are characterized by the activation of x-
and y-components of the polarization), as consistent with the
fact that the so-called ¢* model predicts that T¢ is proportional
to the value of the spontaneous polarization at 0 K.3*3° Such
strain insensitivity of the local modes arises mainly from a
competition between various elastic-mode interactions'® and
the anharmonic part of the FE soft-mode self-energy'® in (110)
BTO films. For instance, in the aa phase, the interactions
between local modes and strains {5, 72, 13}, as well as
the soft-mode anharmonic intrasite interaction, lead to an
enhancement of the x- and y-components of the local modes
when increasing the magnitude of the compressive misfit
strain, while the interaction between local modes and the shear
strain 7 contributes in an almost precisely opposite manner
(note that the analytical expressions of these interactions are
provided in Ref. 19). This competition also leads to the
x- and y-components of the local mode being independent
of the strain, and equal to each other in magnitude, in the
tensile region (but with the sign of the y-component being
now negative, in order to have an in-plane, y’-component
of the polarization being strain-independent). As a result,
and as consistent again with the ¢* model, the c-to-abc and
c-to-r, transitions occur at nearly the same temperature for
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FIG. 2. (Color online) Dependency of properties with the epitax-
ial strain in the (110) BTO film at 5 K. Panels (a) and (b): the local
modes in the (xyz) and (xy’z") coordinate frame, respectively. Panel
(c): the total energy for the two stable phases having a polarization
lying along [uuv] and [u—uv]. The zero in energy corresponds to the
energy associated with the zero misfit strain.

any studied tensile misfit strain (since these two transitions are
also accompanied by the formation of x- and y-components
of the polarization).
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Note also that the fact that Fig. 1 further reveals that the
transition temperatures of aa-to-r,,, ab-to-abc, and p-to-c
strongly depend on the strain is associated with the large
strain sensitivity of the z (or equivalently, x) component of
the polarization depicted in Fig. 2. Such strong sensitivity
occurs, because, unlike for the strain independency of the x-
and y-components of the polarization, the different involved
energetic terms do not cancel each other.

Figure 2 also shows that the polarization of the r,, state
continuously rotates from [110] to [111] as the compressive
strain decreases in magnitude, therefore acquiring an increas-
ing in-plane, x’-component in addition to a nearly strain-
independent out-of-plane z’-component. Moreover, the strain-
induced r,,-to-r. transition is of first order and is associated
with a sudden change of the direction of the polarization from
the [111] to [1-11] pseudocubic direction around § = 0.0%.
Such change of direction allows the polarization to fully lie in
the epitaxial (110) plane. As the tensile strain increases, the
polarization of the r, state deviates more and more from the
[1-11] direction via an increase of its z-component but remains
in-plane. All these features are also found for any temperature
up to 250 K, but with the value of the local modes decreasing
as the temperature increases.

Moreover, Fig. 2(c) shows the total energy at 5 K versus
the misfit strain (for relatively small §) for the two stable
phases associated with a polarization lying along the [uuv]
and [u—uv] directions, respectively. It further confirms that a
polarization along [uuv] is more energetically favorable than
a polarization along [u—uv] for compressive strain (and vice
versa for a tensile strain). This is consistent with the fact
that compressive (respectively, tensile) strain favors out-of-
plane (respectively, in-plane) polarization.*>> Interestingly
and as confirmed by further calculations, Fig. 2(c) implies
that applying a relatively small electric field along the out-
of-plane direction to the r. state for a small tensile strain
will allow the (110) BTO film to reach the metastable state
for which the polarization is along a [uuv] direction, leading
to the appearance of the out-of-plane, z’-component of the
polarization. Then applying an electric field along the in-plane,
y'-direction will make the system go back to its r. ground
state, therefore vanishing the out-of-plane component of the
polarization. Such field-induced scheme can lead to the design
of memory devices using the occurrence and vanishing of the
7’-component of the polarization. Similar strategy can be used
in the compressive region but by applying first in-plane and
then out-of-plane electric fields. Figure 2(c) also shows that
the r,, and r. phases are degenerate for § = 0.0%, as consistent
with the fact that the polarization of the ground state of BTO
bulk can be along any of the eight different possible (111)
directions.

Direct density-functional theory® calculations were also
performed®” and confirmed all the aforementioned ground-
state properties of (110) BTO films, namely (i) the absolute
values of the x- and y-components of the polarization of the
rq4q and r. phases are nearly independent of the misfit strain;
(ii) the strain-induced change in hierarchy between the two
total energy curves depicted in Fig. 2(c), therefore further
demonstrating the first-order transition between the r,, and r,
phases; and (iii) the degeneracy of the r,, and r. phases at
8 =0.0%.
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FIG. 3. (Color online) Strain dependency of properties in the (110) BTO film at 300 K. Panels (a) and (b): the local modes in the (xyz) and

(x/y/
for subscript referring to the (xyz) frame.

As revealed by, e.g., comparing Fig. 1 and the results of
Ref. 4, another major difference between (001) and (110) BTO
films is the existence of the monoclinic ab and triclinic abc
phases in these latter systems with a polarization lying along
low-in-symmetry [#wO0] and [uwv] directions, respectively.
Such phases occur in a range of strain centered around 0.0%
for temperature varying between 285 and 385 K and therefore
exist at/near room temperature. Furthermore, Fig. 3 display
the 300 K strain-dependency of the components of the local
mode in the (xyz) and (x'y’z’) coordinate systems and of
some components of the piezoelectric and dielectric tensors.
u, considerably changes with strain in the ab state, resulting
in a polarization rapidly rotating from the out-of-plane [110]
direction to [100] (that contains both in-plane and out-of-plane
components), as § varies between —0.6% and —0.4%. At this
latter strain, the (110) BTO film acquires a z-component of
the polarization, undergoing a phase transition towards the
abc phase. Within this triclinic state, the y- and z-components
of the polarization rapidly vary with the epitaxial strain. In
particular, for a misfit strain around 0.0%, u, passes through
zero. The abc state then transforms into r. via a transition that
annihilates the out-of-plane component of the polarization.
Figures 3(c) and 3(d) reveal that the polarization rotation

7') coordinate frame, respectively. Panels (c) and (d): the largest piezoelectric and dielectric coefficients, respectively—with the notation

occurring along the aa — ab — abc — r, transition se-
quence generates huge dielectric and piezoelectric responses,
especially in the vicinity of the aa-to-ab and ab-to-abc
transitions, as consistent with the large responses found in
the monoclinic and triclinic phases in Pb(Zr,Ti)O; systems
under an electric field.*® The strains needed to induce these
aa-to-ab and ab-to-abc transitions in (110) BTO films are
rather small, which is promising for the desired development
of efficient (miniaturized) lead-free devices.?® Another feature
of Fig. 3(c) is also worth mentioning: the d,, piezoelectric
coefficient changes its sign when § goes from the compressive
to the tensile strain region (as analogous to the corresponding
change of the sign of u,), which may be useful for some
particular applications.**:*!

IV. SUMMARY

In summary we have employed first-principles-based effec-
tive Hamiltonian approach!%? to mimic the finite-temperature
properties of epitaxially grown (110) BTO films. BTO films
grown along this particular direction exhibit a significantly dif-
ferent phase diagram from that of (001) BTO films. Examples
of new features include: (i) the occurrence of phases occurring
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in the tensile (respectively, compressive) strain region in (110)
BTO films, while they appear in the compressive (respectively,
tensile) region in the “normal” (001) BTO films; (ii) the
discovery of novel monoclinic and triclinic phases [such
phases do not exist in (001) films]; (iii) these monoclinic
and triclinic phases have giant piezoelectric responses (around
10000 pC/N, see Fig. 3) and phenomenal dielectric responses
(over 20000, see Fig. 3) at room temperature; (iv) the Curie
temperature is independent of the strain in the compressive
strain region, unlike in (001) BTO films, and this independency
arises from the annihilation of various energetic terms; and
(v) one can easily switch between different polarized states by
applying in-plane and out-of-plane electric fields.
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