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ABSTRACT

Utilization of the switchable spontaneous polarization of ferroelectric materials offers a
promising avenue for the future of nanoelectronic memories and logic devices, provided
nanoscale metal-ferroelectric-metal heterostructures can be engineered to maintain a bi-stable
polarization switchable by an applied electric field. The most challenging aspect of this approach
is to overcome the deleterious interface effects which tend to render ferroelectric polarization
either unstable or unswitchable and which become ever more important as ferroelectric materials
are produced thinner and thinner. Here we use first-principles density functional calculations and
phenomenological modeling to demonstrate that a BaO/RuQO; interface termination sequence in
SrRu0;/BaTi0O3/SrRuOs epitaxial heterostructures grown on SrTiO; can lead to a non-switchable
polarization state for thin BaTiO; films due to a fixed interface dipole. The unfavorable interface
dipole at the BaO/RuO; interface leads to a strong preference for one polarization state and, in
thin-film structures, leads to instability of the second state below a certain critical thickness,
thereby making the polarization unswitchable. We analyze the contribution of this interface

dipole to the energetic stability of these heterostructures. Furthermore, we propose and



demonstrate that this unfavorable interface dipole effect can be alleviated by deposition of a thin
layer of SrTiO; at the BaO/RuO, terminated interface. Our first-principles and phenomenological
modeling predict that the associated change of the interface termination sequence to SrO/TiO; on
both sides of the heterostructure leads to a restoration of bi-stability with a smaller critical
thickness, along with an enhancement of the barrier for polarization reversal. These results
demonstrate that interface engineering is a viable approach to enhance ferroelectric properties at

the nanoscale.
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I. INTRODUCTION

Ferroelectric materials are promising for a variety of technological applications such as
non-volatile random access memories and high-density data storage devices.' This is due to their
spontaneous polarization which can be switched between two (or more) stable polarization states
and thus can be used a memory state variable. Continuing demand to further miniaturize
electronic devices brings up a problem of ferroelectric polarization stability at the nanometer
scale.””? In particular, one of the promising research directions involve ferroelectric tunnel
junctions,*> which rely on the existence of polarization in the ferroelectric barrier layers with
thicknesses of just several unit cells. Switchable polarization of the tunnelling barrier allows for
a giant change in resistance in such junctions, known as the tunneling electroresistance effect,”
and control of the transport spin polarization if the electrodes are ferromagnetic.”'%!!'>!>!* Thys,
maintaining and controlling a stable and switchable electric polarization in ferroelectric thin
films down to the nanometer thickness range at room temperature is essential for exploiting the
functionality of these materials for nanoelectronics applications.

In thin-film structures with perpendicular-to-the-plane ferroelectric polarization the
polarization charges accumulated on the two surfaces of the film produce a depolarizing field.
This depolarizing field is largely responsible for determining thin-film ferroelectric stability. The

depolarizing field can be reduced by formation of screening charges at the film-electrode
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interfaces and/or by forming a non-uniform domain structure. In some cases,
however, the screening provided by conductive electrodes in metal-ferroelectric-metal structures
appears to be insufficient, resulting in unstable ferroelectric polarization. For example, it was

found that high-quality ultrathin StRuO3/BaTiOs/SrRuOs capacitors exhibit severe relaxation of



BaTiO; polarization within a few microseconds.” This effect is a consequence of strong
effective depolarizing fields due to incomplete screening or the reduced interface capacitance
effect.”® These effects can smear out the ferroelectric phase transition and make ferroelectricity
unstable at room temperature. In addition, the presence of asymmetric interfaces may lead to a
built-in electric field whose direction is independent of polarization orientation, resulting in two
non-equivalent polarization states.”” In fact such asymmetry may even destroy the stability of
one of the polarization states, making the system only monostable in zero applied field and
therefore non-ferroelectric. ** Addressing these detrimental effects is critical both for the
fundamental understanding of the ferroelectric behavior at the nanoscale and related device
performances.

Recently, first-principles calculations have predicted that interface atomic structure and
chemical bonding at the interface may significantly impact a thin-film ferroelectric state.”” The
local chemical environment at the interfaces affects thin-film ferroelectricity through the
electrode-oxide bonds which may enhance or reduce ferroelectric displacements. In particular, it
was found that interfaces formed between AO-terminated perovskites and simple metals may
produce interfacial ferroelectricity which enhances ferroelectricity of the whole film.*® These
findings open an efficient way to stabilize and even enhance ferroelectricity in nm-thick films
through interface engineering.

In this work, we exploit this approach to enhance ferroelectricity in thin BaTiOs films
sandwiched between two SrRuO; electrodes. Using first-principles calculations and
phenomenological modeling we demonstrate that introduction of a very thin layer of SrTiO; at
the BaTi03/SrRuQs; interface eliminates an unfavorable built-in electrostatic dipole at BaO/RuO;

terminated interfaces, leading to smaller critical thickness for a stable and switchable



ferroelectric polarization even at room temperature. Our theoretical predictions have recently

been confirmed by the experiment.’'

II. FIRST PRINCIPLE CALCULATIONS
A. Method
Density functional theory calculations of atomic and electronic structures are performed
using the plane-wave projector-augmented-wave (PAW) method implemented in the Vienna Ab
Initio Simulation Package (VASP).** A plane wave cutoff energy of 500 eV and the local density
approximation (LDA) for the exchange and correlation functional were used in all calculations.
Atomic relaxations were converged using an 8x8x1 Monkhorst-Pack k-point sampling of the

Brillouin zone until forces were less than 20 meV/A.

B. Structures

We study a series of several related heterostructure supercells of the form
[SrRuO3]4/[BaTiOs],/[StRuOs]s or [STRuO;]4/[BaTiOs],[SrTiOs],/[STRuOs]s with n = 8, 6, 5, 4
and m = 1, 2. SrTiO;, BaTiO; and SrRuOs; belong to the same pseudocubic perovskite-oxide
family with formula unit ABOs;. To simulate coherent epitaxial growth on a (001) oriented
substrate of SrTiOs; we constrain the in-plane structure of each bulk material component of the
heterostructure to a 1x1 cubic perovskite cell with lattice constant @ = 3.871A consistent with the
calculated LDA lattice constant of cubic SrTiO; and perform full relaxation of the internal z-
coordinates and tetragonal out-of-plane lattice constant c. For the metallic StRuO; we find a
centrosymmetric tetragonal structure with ¢/a = 1.013 and for ferroelectric BaTiO3; we find a

polar structure consistent with previous calculations and c/a ratio 1.055. For SrTiOs the structure



remains cubic with ¢/a = 1. The supercells are then constructed by stacking these structural unit
cells along the [001] direction (which we consider the z-axis) and performing full internal
relaxation and overall ¢/a ratio of the supercell subject to the same in-plane constraint. Figures
I(a) and 2(a) show schematic side views of the SrRuOs;/[BaTiOs]s/StRuOs; and
SrRuO3/[BaTiOs]¢[ SrTiO3]»/SrRuO; supercells, respectively. Due to computational limitations
we ignore the antiferrodistortive tilts and rotations of the oxygen octahedra, which are known to
occur in some perovskite oxides,”® which would require a doubling of the in-plane size of the cell,
and therefore double the number of atoms in the system. These octahedral distortions occur at
34,35

low temperatures and suppressing them, as has been done in other first-principles studies,

should not appreciably affect the stability of ferroelectricity in BaTiOs.

C. Polarization Stability of SrRuQO3/[BaTiO3],/SrRuQO;

The presence or absence of two different stable polarization states in each of the
asymmetric StRuO;3/[BaTiO3],/SrRuOs heterostructures with n = 8, 6, 5 or 4 is tested by careful
construction of the initial (pre-relaxation) supercell. During the first step of constructing each
supercell the BaTiO; is assumed to have only a small deviation from its non-polar
centrosymmetric state, i.e. with small relative displacement of Ti and Ba atoms with respect to
their in-plane oxygen neighbors either along +z or —z. The polarization state with polarization
pointing away from the BaO/RuQO, interface was easily established for all BaTiOs thicknesses
tested. In this case, the polarization is pointing along —z, and we denote this state as the P- state.
For the opposite polarization state in these structures, however, this procedure did not always
lead to a stable polarization. In this case, the polarization is pointing along +z, and we denote this

state as the P, state. In the n = 8 structure both polarization states are stabilized, as can be seen



from the layer-by-layer metal-oxygen relative z-displacements in Fig. 1(b). The n = 6, 5 and 4
structures, however, always relaxed to the opposite, P- state. In these cases exhaustive tests were
performed with different starting polarization structures in an attempt to find a stable P; state,
but to no avail. This indicates that the n = 6, 5 and 4 structures are only mono-stable, with

polarization pointing away from the BaO/RuO interface.
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FIG.1. (a) Atomic structure of the SrRuOs;/[BaTiOs]s/SrRuOs supercell with the BaO-RuO,

termination at the top (right) interface. (b) Layer-by-layer profile of the polar metal-oxygen (M-



O) relative z-displacements for the two polarization states. Squares and triangles correspond to
the P, and P- states, respectively. Open symbols correspond to Ba-O and Sr-O displacements;
closed and open symbols correspond to Ti-O; and Ru-O, displacements, respectively. (c) Total
energy per Ti atom calculated form first-principles (symbols) and phenomenological modeling
(curves) as a function of z-averaged polarization of BaTiOs; for SrRuOs;/[BaTiOs],/SrRuOs
heterostructures with different number of BaTiOs unit cells: n=8, 6, 5 and 4 (squares, circles, up-
triangles, down-triangles). The solid curve for n = 8 is a fit to the phenomenological model (see
section III). The dashed curves for the thinner structures use the thickness-independent fitting

parameters derived from n = 8 fit.

The origin of this preference for the P- state can be discerned by examination of the
metal-oxygen displacements of the n = 8 structure shown in Fig. 1(b). The first point to notice is
that the Ba-O and Ti-O; relative displacements all maintain the same sign and roughly the same
magnitude throughout the BaTiOs layer, indicating that the ferroelectric polarization is more-or-
less uniform. Second, we note that there are also Sr-O and Ru-O, displacements whose
magnitude decay away from the interfaces into the bulk of the SrRuO3; metallic electrode. For the
most part these polar displacements in the SrRuO; follow the ferroelectric polarization in the
BaTiOs. This follows from the fact that the electrodes possess a finite screening length and
electric fields can penetrate them to cause an ionic polar response of the structure. This effect
plays an integral role in the electrostatic properties of heterostructures containing metallic oxides

2636 and experimentally®’ in different materials systems.

and has been studied both theoretically
The exception in our case, however, appears to be at the BaO/RuO, terminated interface for the

P, state where the polar displacements in the first two RuO; layers of the electrode are opposite



to the ferroelectric polarization. The signature of this built-in distortion at the BaO/RuO,
interface also appears in the P- state as an enhanced negative polar displacement on the first
interface RuO; layer in Fig. 1(b).

The interface dipole arises due to a mismatch between ionic radii: the Sr-Ti interface can
be viewed as one cell of SrTiOs, whose cationic radii complement one another so that it has a
preference to be centrosymmetric, and will therefore only develop off-centering in response to an
electric field. At the Ba-Ru interface, however, Ba has a larger ionic radius than Sr and, just as it
does in BaTiOs, leads to off-centering of the B-site cation (Ru*" in this case) with respect to the
co-planar oxygen ions. The asymmetric environment of the interfacial Ru, however, strongly
favors only one orientation (negative in our case). In addition, BaRuQOs, which is essentially what
we have at the Ba-Ru interface, only assumes the pseudo-cubic-perovskite structure similar to
SrRuOs; at high pressures due to the larger A-site cationic radius.*® The presence of a built-in
interface dipole at the BaTiO3/SrRuOs interface with this termination has been noted in previous

34,10

works. We note however that this dipole forms due to fixed interface displacements and

hence has a different origin compared to the charge mismatch effect * or the effect of a polar
interface. **

The question remains as to what role, if any, this built-in dipole affects the polarization
stability. First, we note that the two polarization states in the n = 8 structure differ in energy by
E. — E = 2.15 meV/Ti, where E. is the energy of the P. state. In addition, the polar
displacements in the BaTiO; are slightly larger for the P_ state than for the P. state. Both are
consistent with the idea of a built-in electrostatic interface dipole pointing in the —z direction.

To gain a more comprehensive, though only semi-quantitative, picture of the interface

dipole effect on polarization stability we perform a series of calculations which interpolate



between these two polarized states. The two polarization states differ only in the atomic z-
positions, with atom m having z coordinate z,,” in the P. state. Using these positions we construct
a series of structures parameterized by the dimensionless constant A with z-coordinates

z,(A) = (1-2)z, + Az, (1)
and perform fully self-consistent calculations to obtain the energy of each structure, E(1). To
obtain the energy vs polarization we estimate the local polarization distribution within BaTiO;

using a model based on the Born effective charges*’ by computing the local polarization P(z) in

the BaTiO; as follows:*!
e .
P(z)= 52 Z 6z, . ()
m=1

Here N is the number of atoms in the primitive unit cell, dz,, is the displacement of the m™ atom
away from its position in the centrosymmetric structure, and Q is the volume of the unit cell. The
Born effective charges Z, are 2.77 and 7.25 for Ba and Ti, respectively, and -2.15 and -5.71 for
Oions in the TiO, and BaO planes, respectively.” Using these values the polarization of the
strained bulk BaTiO; is calculated to be 27uC/cm?, which is in excellent agreement with our
calculated value of 26 pC/cm?based on the first-principles Berry phase method.*

For the supercell heterostructure we then average this P(z) over the BaTiOs layer for each
intermediate scaled structure to obtain P(1) and therefore E(P), which is plotted as squares for
the n = 8 case in Fig. 1(c). [The curves in Fig. 1(c) correspond to the zero-temperature
phenomenological modeling discussed in Section III below.] It is seen that this double well
potential is asymmetric due to the presence of the built-in interface dipole. The two minima
correspond to the two stable polarization states, and the well depth with respect to P = 0 for each
minimum corresponds to an effective barrier for polarization reversal. This barrier height,

however, only corresponds to a very restricted path through the dense structural phase space for
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polarization reversal defined by (1). Instead we can view these barrier heights as an upper bound
on the minimum energy required for switching in real systems where reversal can occur through
a myriad of other routes: e.g. here we only consider a path where polarization remains more-or-
less uniform throughout the BaTiOs; during reversal, whereas, in reality, developing a non-
uniform polarization may significantly lower the barrier. Nevertheless, this energy profile
provides clear insight into how the interface dipole affects polarization stability.

We use the same procedure to explore the energetics of the n = 6, 5 and 4 structures,
which are also plotted in Fig. 1(c). For these structures, however, a stable P. state does not exist
and we use an artificial procedure to construct a state with which to compare the P_state. This is
done by taking the stable P; structure from the n = 8§ heterojunction, removing 2, 3 and 4 BaTiO3
unitcells from the center, and rigidly shifting the atomic positions to form a continuous structure
corresponding to the average c/a ratio for BaTiOs;. With this artificial P, state for the thinner
structures we then perform the procedure based upon Egs. (1) and (2) for scaling between the
two states and then construct the energy profiles shown in Fig. 1(c).

Again we find an asymmetric energy vs. polarization profile for each heterojunction. The
n = 4 structure shows no minima for a P state. For the n = 6 and 5 systems, however, we find an
apparent P, minimum along this parameterized reversal path. These minima should be viewed
with caution: they do not correspond to true metastable energetic minima, but instead correspond
to projections of unstable saddle-points in the phase space of possible structures. Nevertheless, it
is clear that the asymmetry induced by the interface provides a significant contribution to the
destabilization of switchable ferroelectricity in these junctions as BaTiOs thickness decreases.

It is known that the depolarizing effects due to the incomplete screening of bound

polarization charges at the interface between the ferroelectric and a metal electrode can lead to
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the suppression of stable polarization.® This effect, however, is expected to destroy polarization
symmetrically in ferroelectric capacitors with identical electrode materials, i.e. will decrease the
well depth of both polarization states, and therefore lead to the absence of both polarization
minima below a critical thickness. This effect is certainly present in our system, as can be seen
by the systematic decrease in well depth as thickness decreases [see Fig. 1(c)]. In our case,
however, the presence of a stable P_ state indicates that the interface dipole effect suppresses the
useful switchability of each structure at a higher critical thickness than the one associated with

incompletely screened depolarization fields, which would destabilize the P_ state as well.

D. Polarization Stability of SrRuQO3/[BaTiO3],2[SrTiOs]2/SrRuQO;

The results reported above provide clear evidence of the detrimental effect of the
RuO,/BaO termination on the formation of switchable ferroelectric polarization in
SrRu0;/[BaTi0Os],/SrRuOsheterostructures. To alleviate this effect, a natural course of action is
to eliminate the detrimental BaO/RuO, termination in favor of the apparently more stabilizing
TiO,/SrO interface. This may be achieved by depositing a thin SrTiOs interlayer at the
BaO/RuQ; terminated interface. Below we focus on a two unit-cellSrTiOslayerbetween the

BaTiOs and SrRuOs electrodes, as shown in Fig. 2(a).
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FIG. 2.(a) Atomic structure of the StTRuO3/[BaTiOs3]e[SrTiO;],/SrRuO; supercell with the SrTiO;
additional layer at the top (right) interface. (b) Layer-by-layer profile of the polar metal-oxygen
(M-O)relative z-displacements for the two polarization states. Squares and triangles correspond
to the P; and P- states, respectively. Open symbols correspond to Ba-O and Sr-O displacements;
closed symbols correspond to Ti-O, and Ru-O, displacements. (¢) Total energy per Ti atom
calculated form first-principles (symbols) and phenomenological modeling (curves) as a function
of z-averaged polarization of BaTiO; for SrRuO3/[BaTiOs],2[SrTiO3],/SrRuO; heterostructures

with different number of BaTiOs unit cells: » = 8, 6 and 5 (squares, circles, up-triangles, down-
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triangles).

Calculations of the SrRuO;/[BaTiOs3],.»[SrTiOs3],/SrRuO; structures confirm the
stabilizing nature of the SrTiO; interlayer. In particular, we find that the P. states are nearly
degenerate for the n = 8, 6, 5 “interface engineered” structures. The layer-by-layer atomic metal-
oxygen relative displacements for the n = 8 structure are plotted in Figure 2(b). In contrast to the
pure BaTiO; system [Fig. 1(b)], we find that the sign of the polar displacements in every layer
(including in the SrTiO3; and SrRuO3) follows the ferroelectric polarization of the BaTiO; layer,
indicating that there are no detrimental built-in interface dipoles which oppose polarization
stability in either polarization state.

Following the same procedure as in Section II-C above, we calculate the energy profiles
for each junction. As seen from Fig. 2(c), all the energy profiles consist of a nearly symmetric
double-well, with each corresponding to a stable polarization state. In addition to the recovered
switchability of these junctions, we find surprisingly that the insertion of the SrTiOs layer has
increased the energy well depth and the effective barrier height for each stable state, even for the
P_ state. This may indicate that the screening of the depolarization field may actually be
enhanced by the presence of the SrTiOs.

We would like to emphasize the fact that the enhanced ferroelectric properties of the
heterostructure are obtained by replacing two layers of a ferroelectric BaTiOs by a paraelectric
SrTiOs. Given the fact that SrTiO; is unstrained in the system considered, the ferroelectric
polarization of the SrTiOs is not due to strain but induced by the adjacent BaTiOs layer. The
overall enhancement of ferroelectric properties of the heterostructure results from elimination of

the unfavorable interface termination. This behavior is different from the enhanced
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ferroelectricity found in layered ferroelectric/paraelectric heterostructures induced by strain,****

Our calculations for a thinner SrTiO; layer of one unit cell thickness predict similar
behavior: changing the interface termination from BaO/RuO, to TiO,/SrO results in dramatic
enhancement of ferroelectric properties and leads to switchable polarization for thinner BaTiO3
layers. We note that the system with one unit cell SrTiOs at the BaO/RuQ; interface is identical
to a system where BaTiO; layer has the TiO, termination at the two interfaces. Finally, our
calculations for a SrTiOs layer deposited at the SrO/TiO, interface, i.e. the
SrRuOs/[SrTi0s],[BaTiOs],2/StRuO; heterostructure, do not predict enhanced ferroelectric
properties. This result is expected due to the unfavorable BaO/RuQO; termination remaining in

this system.

III. PHENOMENOLOGICAL MODEL OF POLARIZATION STABILITY
A. Stability of SrRuQO3/[BaTiOs],/SrRuQOj; at finite temperatures

To obtain further insight into the effect of interfaces on ferroelectric polarization stability
and explore this effect at finite temperatures we employ a phenomenological model developed
by Gerra et al.** This model is based on the Ginzburg-Landau theory of ferroelectrics applied to
thin films *® that includes explicitly the term which depends on the interface polarization.””** We
consider a short-circuited ferroelectric film sandwiched between two electrodes. The Landau free
energy includes a bulk term proportional to the film thickness and interface terms which are
assumed to be different for the two interfaces. Specifically, for the SrRuO;/BaTiO3;/SrRuOs
heterostructure with asymmetric interfaces SrO/Ti0O, and RuO,/BaO, the free energy @ per unit

surface area of the ferroelectric for two polarization states, P, and P_, is given by equations
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©(P,)=(4,P> +BP ) by + X P} +CP,

+

3)
®(P.)=(4,P* +BP*)hy, + X_P* +CP..

Here 4y and B are parameters determined by the bulk properties of BaTiOs;, and /4, is the

BaTiO; layer thickness corresponding to » unit cells of BaTiO;. The parameters X. and C
correspond to interface contributions to the free energy, so that X. = 5, + 7, + Ai/gp and C = A,
— A + § — G. Here ;2 and 1 are first- and second-order coefficients in the Taylor expansion
of the free energy in terms of P near interfaces (indices 1 and 2 denote left and right interfaces);
A = (7»1i + 7»2*)/2, where A" and A," are the effective screening lengths of the two interfaces
corresponding to P.; Ag; and A@, are work function steps at the two interfaces, as defined in
Refs. [34, 49]. A2 and (;» are independent of the direction of P and therefore C is chosen the
same for both polarizations. By fitting the energy of bulk BaTiO; as a function of ferroelectric
displacements we find 4y = —1.318-10° C?m*N and B = 6.071-10° C*m°N. By fitting the n = 8
energy data in Fig. 1(c) to Eq. (3) we find the surface parameters C = 0.11V, X, = 1.437 m*/F,
and X_ = 1.966 m*/F consistent with the respective parameters reported for the identical system
in Ref. [34]. Using these parameters we find that the phenomenological model is able to describe
almost perfectly our first-principles results not only for the n = 8 structure but also for the thinner
n = 6, 5 and 4 structures, as is seen from the dashed curves in Fig. 1(c). Therefore, the
phenomenological model, combined with first-principles calculations, is effective to study
ferroelectricity of the heterostructures considered in our work.

The calculations presented so far have assumed zero temperature. In the spirit of the
Ginzburg-Landau approach, however, finite temperatures can be taken into account by replacing
the quadratic parameter 4, of the bulk with 4 = Ay(T. — T)/T., where T, = 900 K is an

approximate ferroelectric transition temperature of BaTiO3; under ~2% compressive strain as on
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SrTi0s.”"" Assuming room temperature, 7 = 300K, we can therefore predict the thickness
dependence of ferroelectric stability of the SrRuOs/[BaTiOs],/SrRuQOs heterostructures even for
larger thicknesses as plotted in Fig. 3(a). The interface effect caused by the built-in dipole is still
present as demonstrated by the fact that the double well potential is asymmetric, and that the P+
state is less stable than the P- state.

To estimate the critical thickness for the stability of the P. state, and therefore a
switchable ferroelectric state, we employ the following criteria to these energy profiles: (i) An
energy minimum with P > 0 must exist; (ii) If an energy minimum does exist for P > 0, such a
minimum is only considered stable if the energy minimum is less than -4 meV/Ti, i.e only if the
well depth is larger than 4 meV/Ti. This second criterion stems from the fact that the energy
profiles in Figs. 2 and 3 correspond to the restricted reversal path discussed in Section II-C.
Since we find in Fig. 1(c) that the well depth of the n = 6 structure is apparently ~4 meV along
this path, but is not in fact stable when taking into account the possibility of a non-uniform
polarization (as is true in the first-principles relaxation) we estimate that the well depth for
reversal along our restricted path is overestimated by the same amount, 4 meV. Applying these
criteria to the energy profiles at 7= 300 K in Fig. 3(a) we find that when the BaTiOj3 thickness is
below a critical thickness of about 16 unit-cells (dashed curves in Fig. 3(a)), the P polarization

state is no longer stable.

B. Stability of SrRuQ3/[BaTiO3],-2[SrTiO;],/SrRuQ; at finite temperatures
The phenomenological modeling of the “interface engineered” structure with the SrTiO;
layer inserted proceeds in a similar manner. The new termination on interface caused by SrTiOs,

however, must be carefully considered. Geometrically, this structure can be viewed as
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SrRuO3/[BaTi03](s-1.5[SrTi0s3]; 5/StRuO3 with BaTiO3 terminated by TiO, on both sides and one
monolayer of SrO in SrTiOs can be viewed as part of SrRuO;. Because we now have the same
termination on both sides, the parameter which describes asymmetry can be considered

negligible, i.e. C=0. Based on our first-principles calculations predicting induced ferroelectric
polarization in SrTiO3, we introduce an additional term, (A*Pf +B'P, ) hg, » to the free energy to
describe the SrTiOs interlayer. Taking all the above into account, we modify Egs. (3) as follows:

®(7,)

+

(AP +BP ) hypo + X P2 +(A' P2+ B! gy
®(P)=(AP’ +BP* ) hy, + X' P* +(A'P> +B'P* ) by,

where now /,,, is the BaTiO; layer thickness corresponding to (n — 1.5) unit cells of BaTiOs,

hero 1s the SrTiO; layer thickness corresponding to 1.5 unit cells of SrTiOs, and Xe=n'1+n,+

A'/eo are the new interface parameters. Just as in the case of the pure BaTiO; system, the
additional parameters are obtained by fitting the energy data in Fig. 2(c) for the n = 8
SrRuO3/[BaTi0O3],.1.5[StTiO3]; 5/StRuO;s  heterostructure. In this process, however, due the
accuracy of the polarization calculation, we simply assume that the spontaneous polarization P,
of the system is the average polarization only within the 6 BaTiO; unit cells. Fitting reveals that
(A" hsro+ X)) = 1.156m*/F, (4" hsro+ X ) = 1.173m*/F and B" = 7.571-10° C*m°N.

Calculations for other thicknesses of BaTiOj; are performed using the above parameters
fixed and only n being varied. We find that at zero temperature the phenomenological expression,
Eq.(4), matches the first-principles calculations very well, as is evident from Fig. 2(c). To
consider the effect of finite temperatures we include temperature dependence in the quadratic
bulk term for bulk BaTiO; as we did for the system without the SrTiOj; interlayer. The results are
shown in Fig. 3(b) for room temperature and indicate the enhanced ferroelectric stability of the
interface engineered system. With the substitution of 2 unit cells of BaTiOs; by SrTiO;, the
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critical thickness (determined by the same criteria described in Section III-A above) with stable
and switchable ferroelectric polarization is reduced by a factor of 2 from the system without
SrTiO;, demonstrating clear bi-stability down to an » = 8 unit-cell structure. This is apparent

from Fig. 3(b) where solid and dashed lines distinguish stable and unstable polarization states.
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Fig. 3. Free energy per Ti atom as a function of average polarization predicted by
phenomenological modeling at finite temperature 7 = 300K for SrRuO;/[BaTiOs],/SrRuOs (a)
and SrRu0O3/[BaTiOs3],.15[SrTi03];.s/StRuOs (b) structure with different numbers of titanate unit
cells (u.c.), n. Solid curves correspond to those structures with both energy wells deeper than 4
meV/Ti, indicating switchable bi-stability according to the criteria described in Section III-A.

Dashed curves correspond to those structures with at least one energy well less than 4 meV deep,
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indicating the absence of switchability.

C. Comments on stability against the formation of domains

In addition to the stability of a non-zero polarization in a uniformly polarized film, the
stability of the monodomain state itself must be questioned. Below a certain critical thickness,
which is generally larger than the critical thickness for the existence of a non-zero and
switchable local polarization (as we have explored above), the polarization profile of the film
may break up into 180° domains with zero average polarization.'®'?2**12232% quch a
polydomain state is unswitchable, and therefore deleterious for applications. The question arises
as to how the asymmetry of interfaces affects the critical thickness for the formation of a
polydomain state. While a first-principles approach has previously been applied to explore a
polydomain state,” finding the critical thickness for such a transition to occur is a daunting task
due to the prohibitively large requirements on the size of the supercell. Instead, the problem is
generally more tenable in terms of the phenomenological theory of ferroelectricity. Such a
theoretical approach has been developed by Pertsev and Kohlstedt,” where the possibility of
asymmetric interfaces can be incorporated in a straightforward fashion. While a detailed analysis
of the interface dipole effect on domain formation is beyond the scope of this paper, a qualitative
description is easy to formulate in terms of the structures we study here. A monodomain,
uniform, polarization state has a propensity to lower its electrostatic energy due to the
depolarizing field by forming domains. In the case of asymmetric interface, the parameter C,
described in Section III-A, will effectively contribute a term to the depolarizing field of the form

-C/t, independent of the polarization direction. In the case of the P, state, this contribution will

effectively increase the depolarizing field, thereby increasing the critical thickness required for a
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stable and switchable monodomain state. Preliminary phenomenological modeling based on the
theory developed by Pertsev and Kohlstedt** does indeed agree with this qualitative prediction,

and further analysis will remain as the subject of a future study.

IV. SUMMARY AND CONCLUSIONS

In conclusion, based on the first-principles calculations and phenomenological modeling,
we have established the importance of interface termination effects on ferroelectric stability of
ultrathin BaTiO; films with SrRuO; electrodes. We showed that the presence of the BaO/RuO,
termination sequence is detrimental to the switchable ferroelectric polarization due to an
associated built-in interface dipole. This interface dipole points in the direction from the interface
to the BaTiOs layer and, for thin BaTiOs layers, can completely suppress one polarization state,
thereby making the system unswitchable and thus non-ferroelectric. As a mechanism to alleviate
this effect we demonstrate that ferroelectricity can be stabilized by replacing one or two unit
cells of BaTiOs3 with SrTiOs; at this interface, which essentially removes the detrimental interface
dipole due to the BaO/RuO, termination in favor of the more stabilizing TiO,/SrO interface. This
method of alleviating unfavorable interface structures should be an efficient route to realize

stable and switchable polarization in ferroelectric thin film heterostructures.
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