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Using first-principles computational techniques, we have investigated the structural, vibrational, and
dielectric properties of a Ruddlesden-Popper-type layered oxide Ba,ZrO, subjected to a wide range of biaxial
strains emulating epitaxial thin-film environment. Under compressive strains, this compound experiences an
incommensurate distortion characterized by planar displacements of individual perovskite slabs away from their
high symmetry positions. On the other hand, under increasing epitaxial tension, the original centrosymmetric
structure becomes unstable—first, with respect to antiferrodistortive oxygen cage rotations and then also with
respect to in-plane polar distortions. Both the incommensurate-to-commensurate and the nonpolar-to-polar
phase transformations are accompanied by anomalies of the static dielectric response, however, only in the
latter case a divergence of the in-plane dielectric constant is observed. Remarkably, even after the transition
into the ferroelectric state (with polarization of up to 0.12 C/m? at 3.5% tension) dielectric permittivity of
Ba,ZrO,4 remains unusually high, which is explained by an emergence of a Goldstone-like excitation in the
system manifested through an in-plane libration of the polarization vector. Since Ba,ZrO, displays a yet poorly
understood tendency to absorb small molecules, such as water and CO,, acquiring better insights into the physical
underpinnings of its behavior can produce more efficient functional materials for applications in advanced

technologies for carbon sequestration.
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I. INTRODUCTION

ABO; perovskite oxides are well known for the wide
range of useful dielectric, electrical and magnetic properties,
encompassing ferroelectricity, ferromagnetism, ionic and elec-
tronic conduction, and superconductivity. In many instances,
such properties are also functional, i.e., can be controlled
by changes in chemical composition and microstructure,
or tuned by applied electric, magnetic or elastic fields.
Extensive theoretical and experimental investigations have
been dedicated to mapping out the compositional space of
perovskite oxides and establishing the associated structure-
property-performance correlations. As a part of these efforts,
the behavior of perovskite-oxide surfaces and, in particular,
their interactions with a variety of different molecular species
were evaluated for catalytic [1] and other advanced appli-
cations. For example, for a generic perovskite ferroelectric
PbTiO3, it was discovered that phase transitions and functional
properties of its thin films could be influenced by controlling
the nature and chemical potential of adsorbates deposited
on their surface [2—4]. However, it was also recognized
that, depending on the ambient and other environmental
conditions, perovskite-oxide surfaces exhibit a dizzying array
of complicated reconstructions [5—7] that are often challenging
to quantify and control. The resulting stoichiometric changes
greatly affect surface chemical properties, such as location
of preferred adsorption sites, their energetics, atom exchange
kinetics between the surface and the ambient, as well as any
outcomes of surface-mediated chemical reactions.

Layered variations of the ABO; perovskite structures
not only inherit the functional traits of their parents, but
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also possess a number of additional channels for property
modification and fine-tuning. These materials are usually
made up of quasi two-dimensional perovskite slabs stacked
on top of each other, sometimes with other types of structural
blocks sandwiched in between. Well-known homologous
series of layered oxides based on slabs with (001) perovskite
surfaces include Ruddlesden-Popper (RP; structural formula
An41B,03,41), Aurivillius, and Dion-Jacobson compounds
[8,9]. Families based on other surface cuts, such as (110)
and (111), have also been reported. Layered oxides properties
can be modified by the choice of the cut and the chemical
composition of the perovskite slab, which may in turn be
single- or multicomponent (e.g., a superlattice), as well as
by the adjustment of its thickness. Furthermore, although the
individual slab surfaces in these materials are internal and no
longer exposed to the ambient, their stoichiometry and func-
tional characteristics can be manipulated via a wide variety
of topochemical reactions. These reactions involve passage of
ionic or molecular species through the interlayer spaces—also
called interlayer galleries—as depicted in Fig. 1 foran“n = 17
A, BO4 RP compound [10,11]. Such remarkable flexibility of
layered perovskites towards chemical manipulation (a trait that
their ABOj3 counterparts do not possess in the same degree),
combined with the wide variety of possible functionalities,
makes these compounds especially attractive building blocks
for the rational design of advanced materials for a variety of
technological applications including, e.g., energy harvesting,
storage, and conversion.

Layered-oxide compounds have been evaluated as catalysts
in the photochemical splitting of water [12—17], which is
currently the most promising technology to produce hydrogen
fuel directly from such renewable sources like water and solar
light [18]. They also show interesting behavior in the combined
removal of particulate and NO,, low-temperature oxidation of

©2015 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.91.134103

LYDIE LOUIS AND SERGE M. NAKHMANSON

Interlayer
gallery

2
A r'j N
- -0 - 2 ©
'Q,ga‘é o8° . | ¥
° (010]

e
1

FIG. 1. (Color online) Schematics of the RP Ba,ZrO, geometry.
O and Ba atoms are shown as small red (medium gray) and large blue
(black) spheres, respectively, while ZrOq cages are represented by
semi-translucent octahedra. (a) Centrosymmetric /4/mmm phase;
lattice parameters a and c for the tetragonal unit cell used in the
calculations are also shown. (b) Attachment sites for small molecules
within the interlayer gallery are indicated by ivory spheres.

CO and methane oxidative coupling [19]. Specific advantages
of utilization of these materials for photocatalysis stem from
their highly-tunable electronic properties and the possibility
to use their interlayer galleries for reaction sites, where
electron-hole recombination processes could be retarded by
physical separation of electron and hole pairs. A number of
different layered perovskite-like oxides derived from SrTiO3
and LaTiO; were probed in order to elucidate the structural
and chemical parameters governing their efficiency in water
splitting. It was found that some layered perovskites, such
as SrpNb,O7, SryTayO7, and La,Ti,O7, exhibit much higher
photochemical activity, compared to their A BO; counterparts,
while other layered structures, such as Sr3Ti, O, could be quite
inactive [20].

RP-type nickelates, cobaltates, ferrites, and cuprates are
also being investigated as advanced electrode or cathode
materials for solid-oxide fuel cells [21] and metal-air batteries
[22,23]. The propensity to reversibly absorb unusually large
quantities of water molecules was also discovered in RP
Ba,ZrO, [24] and in homologous oxifluorides [25,26], as well
as in a more complicated RP PrSr3Co; sFe;5010_s system
[27]. The same tendency with respect to CO, absorption
was observed in a variety of perovskite-type or stoichio-
metrically related oxide compounds, such as RP Li,SrTa,0;
and LiHSrTa,07, B-K,SO,4 orthotitanate Ba,TiO4 structure
[28-30], or a 6H phase of Ba;Sb,Og [31]. These materials can
be utilized as templates for the design of new functional-oxide
membranes that could potentially greatly reduce the high
energy costs associated with the process of CO, capture and
storage [32], contributing to the already substantial efforts
aimed at developing more advanced technologies for CO,
sequestration.

In this work, a first-principles method, based on density-
functional theory (DFT), is utilized to investigate electronic,
vibrational, and dielectric properties of the RP Ba,ZrO4
structure, as well as its phase transformations under applied
biaxial strain emulating epitaxial thin-film environment. We
find that, for compressive strains ranging approximately
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from 1% to 3%, the system undergoes an incommensurate
(IC) distortion characterized by the planar displacements of
individual perovskite slabs away from their high symmetry
positions. On the other hand, at tensile strains of above 3%,
in-plane polar vibrational modes become unstable inducing a
ferroelectric phase transformation that is accompanied by a
divergence of the static dielectric response. It is remarkable,
though, that after the transition into the ferroelectric state
the in-plane dielectric permittivity remains unusually high
(on the order of 300), which is explained by the presence
of a Goldstone-like polarization-rotational excitation [33] in
the system. Finally, we identify another, smaller anomaly in
the in-plane static dielectric permittivity, which occurs near
1% compression, marking the transition between the IC and
commensurate states of the Ba,ZrO, structure.

II. METHODS

All the DFT-based first-principles calculations discussed
below were performed using the QUANTUM ESPRESSO package
(QE) [34]. The exchange correlation energy was evaluated
within the local density approximation (LDA), using the
Perdew-Zunger parametrization [35]. Electronic wave func-
tions (density) were expanded in plane waves up to a kinetic
energy cutoff of 30 Ry (300 Ry), while core and valence
electrons were treated with Vanderbilt ultrasoft pseudopoten-
tials [36]. Integrations over the Brillouin zone (BZ) of the
RP Ba,ZrOy structure were approximated by sums over the
6 x 6 x 2 (shifted) Monkhorst-Pack (MP)[37] k-point mesh.
In order to investigate the material structural stability and
identify unstable phonon branches, phonon dispersions were
computed across the BZ with the help of density-functional
perturbation theory (DFPT) approach within QE [38], utilizing
the 6 x 6 x 4 (unshifted) MP mesh. All calculations, including
lattice parameter and internal ionic position optimization, as
well as the DFPT-based evaluation of phonon bands, were
carried out for the tetragonal P4/mmm cell containing two
Ba,ZrO, structural units (s.u.). In all cases, ionic forces were
relaxed to less than 0.2 x 107> Ry bohr™! (~0.5 x 107 eV

Afl) and the appropriate stress tensor components o, (v and
B are Cartesian directions x, y and z) were converged to values
below 0.2 kbar. Ionic Wyckoff positions for the body-centered
RP Ba,ZrOy structure (space group 14/mmm) are provided in
Table I. Calculations for cubic perovskite BaZrO; (space group
Pm3m) were performed under the same conditions, with the
exception of the involved MP meshes that were rescaled along
the z direction.

Epitaxial thin-film constraint on a cubic (001)-oriented
substrate was simulated by varying the in-plane lattice constant
a of the tetragonal cell and allowing the out-of-plane lattice
constant ¢ to relax (by converging the normal stress in this
direction to a small value), while preserving the imposed
P4/mmm unit-cell symmetry. The associated biaxial misfit
strain is defined as &; = (a — ag)/ap, where ay is the in-plane
lattice parameter of the free standing Ba,ZrO;, structure with
all the normal stress tensor components relaxed to less than
0.2 kbar. In order to evaluate long-range dipolar contribution
to the lattice dynamics of the system, Born effective-charge
tensors Z;‘jaﬁ, where i is the ion number, and high-frequency
dielectric permittivity tensor eg5 were calculated by utilizing
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TABLEI. Structural parameters of the RP Ba,ZrO, (space group
14/mmm) computed for various biaxial strains &,. Potential substrate
assignments are indicated where possible.

Atom Wyckoff positions Symmetry Coordinates
Zr 2(a) 4/mmm 0,0,0
O,, O, 4(c) mmm %,0,0; O%,O
o, 4(e) 4dmm 0,0,%z0,
Ba 4(e) 4dmm 0,0, £ zga
g (%) a (A) cla Substrate
-2.0 4.048 3.317 Mg, AlO,
-1.0 4.090 3.261
-0.5 4.110 3.234
0.0 4.131 3.207 BaZrO5?
0.5 4.152 3.180 BaZrO5?
1.0 4.172 3.154
2.0 4214 3.103 MgO
3.0 4.255 3.053
3.5 4.276 3.029
Experimental values (/4/mmm structure at 500 °C) [24]
a (A) c/a
4.2046 3.232
Perovskite Pm3m BaZrO;
Ref. [44] (exp.) This work Refs. [45,46]
a(A) 4.191 4.1542 4.166

the DFPT approach. These data were then used to compute
phonon plasma frequencies 2, ,, (here index m enumerates
phonon modes) and static dielectric permittivity tensor 62
following the schemes described in Refs. [39-42]. For all
polar structures, a linearized approximation [43] involving
products of Z;faﬁ and ionic displacements away from their
centrosymmetric positions was used to estimate the total

electric polarization.

III. RESULTS AND DISCUSSION

A. Structural properties

In Table I, we list structural parameters for the high-
symmetry (centrosymmetric) [/4/mmm phase of the RP
Ba,ZrO, under varying degrees of biaxial strain &;. Parameters
computed at &, = 0 correspond to the case of the unit cell
optimized for absent applied stresses, i.e., 04 —> 0 (04 =0
for o # B by symmetry). Experimental lattice constants for
the ceramic sample at 500°C obtained by Shpanchenko and
coworkers [24] are also shown for comparison and are, on
average, underestimated by our DFT-based results by ~2%.
Finally, at the bottom of Table I, structural parameters for
the perovskite BaZrO; are also presented. The calculated
lattice constant for its cubic Pm3m phase is 4.154 A and
underestimates the experimental value (4.191 Aat2 K) [44]
by ~1%, which is typical for DFT-LDA. This information
shows that both experimentally and computationally estimated
in-plane lattice constants of stress-free RP Ba,ZrOy4 and cubic-
perovskite BaZrOj are very close. Since the latter compound
is nonpolar over a wide range of temperatures (that is, under
no applied stress—but predicted to develop polar distortions
under either tension, or compression) [47], it may potentially
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FIG. 2. (Color online) Phonon bands calculated for (a) 14/ mmm
Ba,ZrO4 (calculation for the two s.u. cell of P4/mmm symmetry) and
(b) Pm3m BaZrOj;. Imaginary frequencies associated with unstable
phonon modes are plotted below the zero line.

be utilized as a substrate material for the growth of Ba,ZrO4
thin films.

B. Vibrations and structural instability analysis

Phonon dispersion curves calculated for the stress-free
I4/mmm RP Ba,ZrO4 and Pm3m perovskite BaZrO; are
depicted in Figs. 2(a) and 2(b), respectively. The phonon bands
of the RP Ba,ZrOy4 show no existing lattice instabilities—same
asin RP Sr,TiOy; see, e.g., Fig. 2 in Ref. [48]—suggesting that
this structure is stable as a bulk solid, which is in agreement
with available experimental data for ceramic samples [24-26].
This is not the case for cubic perovskite BaZrO;, which
exhibits an instability around the R (%,%,%) point at the
BZ boundary. This instability is antiferrodistortive (AFD) in
character, with the octahedral cage rotation described by the
a°b~ ¢~ Glazertilt pattern [49]. Our results, shown in Fig. 2(b),
are in good agreement with previous calculations [44—46,50—
52] that also predict the condensation of the soft R,s phonon.
However, experimental evidence of this instability is lacking,
with perovskite BaZrO; remaining cubic and paraelectric
down to the temperature of 2 K [44]. It was suggested
that the source of this discrepancy may be due to quantum
fluctuations that destroy the long-range order in rotational
distortions of the oxygen octahedra and therefore prevent
the freezing-in of the AFD instability [44]. An alternative
explanation outlined in Refs. [45,46] proposes the existence
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FIG. 3. (Color online) Phonon-band dispersions along some high-symmetry BZ directions in the tetragonal P4/mmm unit cell of RP
Ba,ZrO, under 1% compression in (a), 1%, 2.5%, and 3.5% tension (b), (c), and (d). Imaginary frequencies associated with unstable phonon
modes are plotted below the zero line. BZ intervals M A and I" Z are not shown in proper scale to other intervals (unlike in Fig. 2) to show band

dispersions along the z direction in greater detail.

of a variety of (dynamically stable) phases with different
octahedral rotation patterns that form a glassy state, which
looks cubic in diffraction, upon cooling.

Calculated phonon dispersion curves for the epitaxially
strained /4/mmm RP Ba,ZrO,4 are shown in Fig. 3, including
1% biaxial compression in panel (a) and 1%, 2%, and 3.5%
biaxial tension in panels (b), (c), and (d), respectively. The
BZ path along which the phonon bands are depicted in the
figure is chosen to highlight the changes in the structure’s
vibrational spectrum under varying strain, rather than for the
sake of computational completeness. The omitted data do not
change the conclusions presented in this section.

Under 1% to 2% compression, the dominant unstable
phonon band is found in the vicinity of the Z(0,0,%) point
and along the I'-Z BZ direction [see Fig. 3(a)], although
other, weaker instabilities are also present along the I'-X and
I'-R lines (not shown here). Visualization of the eigenvectors
of the unstable modes at Z identifies them as sliding of
individual Ba,ZrO, slabs with respect to each other in the
xy plane that may also be accompanied by distortions within
the outlying (rocksalt) BaO monolayers. Remarkably, the
maximum strength (indicated by the largest value of the
imaginary frequency ~32i cm~!) of the lowest unstable
band is attained at a q point within the I'-Z interval, rather
than at the BZ edge or center. Since such q points do not
usually correspond to an integer number of Ba,ZrO4 unit
cells, this mode describes an IC modulation of the I4/mmm
high-symmetry state of the RP compound. The nature of
the IC distortions that occur in the RP Ba,ZrO4 in biaxial
compression is discussed in detail below, in Sec. ITII C.

Under epitaxial tension, lattice instabilities emerge at the
M point at g >~ 1% and then deepen as the degree of
strain increases [see Figs. 3(b) and 3(c)]. At &5 >~ 2.5%,
other instabilities appear at the I' and A point and persist
for higher tensile strains. At 3.5% tension, large instability
regions form along the '-A—M-I"-Z path in the BZ [see Fig.
3(d)], as well as—Iless prominently—along other directions.
Most of these instabilities are AFD in character, while others
are ferroelectric. The AFD distortion at the M point can
be described as a combination of the a~5h°c? and a®h~c°
Glazer tilt patterns that occur within the two neighboring
Ba,ZrO, perovskite slabs, respectively. The distortion at
the A-point includes the a=b~c® Glazer tilt pattern within
one of the two neighboring slabs and no rotations (a’h°c®)
in the other. Atomic-level animations for these vibrational
modes at different levels of epitaxial strain are included as
a Supplemental Material [53]. The influence of the latter on
the functional properties of Bay,ZrO; is further discussed in
Sec. IlIID.

C. Incommensurate distortions

In this discussion, we follow the outline established in
Ref. [48], where we have investigated the emergence of
IC distortions in (as of now, fictitious) RP-type Ba,TiOy,
also presenting a brief history of the studies of IC phases
in insulators. Such states had been observed in a variety
of dielectric materials, including a few compounds that are
ferroelectric [54-56]. General theory elucidating the origins
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FIG. 4. (Color online) Evolution of the low-lying I'-Z phonon bands in the epitaxial /4/mmm RP Ba,ZrO, structures with respect to
varying biaxial strain ;. Imaginary frequencies associated with unstable modes are plotted as negative numbers below the horizontal zero line.
See Table II for the band symmetry assignments. Phonon bands for the polar structures at &, = 3.5%, with polarization along [110] and [100]

directions, are shown in the two rightmost panels.

of IC distortions in insulators is due to Heine and McConnell
[57,58]. For the sake of completeness, here we reiterate its
most important conclusions.

IC distortions arise from interactions between two or more
different transformation modes—displacive (i.e., phonons) or
otherwise in character—in the undistorted state of the system
at the temperature above the IC phase transition. For an IC
ground state to become possible, the mode symmetries should
be different at a high-symmetry q point q (e.g., BZ center or
edge), prohibiting mode interaction at this point, but become
the same at more generic points within the vicinity of q, which
allows the modes to interact. Similarly to hybridized electronic
states of the same symmetry, such interaction bends the upper
phonon band up and the lower band down, with the shape of
the latter developing a downward “hump” with a minimum
at a generic value of q # . For close mode frequencies, this
effect may be strong enough to push the minimum of the lower
band below the zero line, producing an IC structural instability,
such as the one shown in Fig. 3(a). The most simple connection
between the interacting modes symmetries requires them to be
either even, or odd with respect to some operation (e.g., an
inversion center) belonging to the symmetry group of q.

In Fig. 4, we present the evolution of the low-frequency
phonon bands along the I'-Z path within the (P4/mmm)
BZ of the I4/mmm RP Ba,ZrO,4 as a function of epitaxial
strain, ranging from 2.0% compression to 3.5% tension.
Other BZ regions containing weaker instabilities are not

shown, but their behavior could be analyzed following the
same procedure. Atomic-level animations for some vibrations
(or combinations thereof) belonging to the phonon bands
considered here are included as a Supplemental Material
[53]. In the accompanying Table II, we show the symmetries
of the phonon bands identified in Fig. 4 at q points T,
Z, and A € (I',Z). From this table and Fig. 4, the pair of
doubly degenerate phonon bands denoted as a and ¢ can
be identified as the one satisfying the symmetry relation of
Heine and McConnell for the formation of an IC state, which
occurs under biaxial compression of more than 1%. The

TABLE II. (Color online) Phonon band symmetries along the
I'-Z path in the in the Brillouin zone of the P4/mmm unit cell of the
RP BaZZrO4.

@000  A@©008€  Z(00.,3)
Bands in Fig. 4 4/mmm 4mm 4/mmm
a (teal) (—) E, E E,
b (light teal) (—) Ay, Ay Ajg
¢ (cyan) ( ) E, E E,
d (blue) —) E, E E,
e (sky blue) ( ) E, E E,
f (light blue) ( ) E, Ay Agy
g (red) (_) E, E E,
h (navy) () E, E E,
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associated phonon modes transform according to irreps E,
and E,, respectively, at Z, and irrep E at A. Visualization of
phonon-mode eigenvectors at Z shows that these distortions
correspond to individual Ba;ZrO, slabs sliding against each
other in the xy plane, with displacement patterns that are
either odd (branch a), or even (branch c¢) with respect to
an inversion through the center of the tetragonal P4/mmm
unit cell doubled along the [001] direction. Mode eigenvector
analysis for commensurate values of & (see BZ-path markings
on top of both panels in Fig. 3), equivalent to supercells made
up of three, four, and five unit cells stacked along [001],
produces displacement motifs that resemble mixtures of the
pure E, and E, modes at Z. At g, > —1%, the lower phonon
branch a remains unstable for every nonzero value of £ along
the A—Z path, forming a minimum at &, = % +6(G >0
for all strains), while the upper branch c is stable throughout
the same interval, with the exception of the vicinity of q
point Z.

The other pair of phonon branches g and h that also
satisfies the symmetry criteria of Heine and McConnell
becomes unstable at biaxial tensions of above 3.0%. Their
associated phonon modes transform in exactly the same
fashion at point Z, and along the A-Z path, as those of
the already considered branches a and c¢ (see Table II).
Examination of the phonon-mode eigenvectors of branches
g and h at ' point reveals that their displacement motifs
are dominated by planar off-centrings of Ba ions within their
cuboctahedral oxygen cages. Although Ba displacements are
not accompanied by any significant off-centrings of Zr in their
respective cages, we can still quantify these modes as polar
distortions of the two Ba,ZrO4 slabs within the P4/mmm
unit cell, which are parallel (ferroelectric) for branch g and
antiparallel (antiferroelectric) for branch h. At & > 3.5%,
the lower branch g forms a shallow minimum at the value
of &nin that is close, but not exactly equal, to %, which may
potentially correspond to an IC modulation of the underlying
I14/mmm crystal structure. However, as shown in panel (d)
of Fig. 3, at large tensile strains polar instabilities are weaker
than the AFD ones at M and A points, and, therefore, without
further considerations it is unclear whether or not the low-T
ground state of the system is going to have any IC-polar
character.

The rightmost panels of Fig. 4 depict the I'-Z
low-frequency phonon bands in the RP Ba,ZrO,4 structure
under 3.5% tensile biaxial strain where the [4/mmm
symmetry is broken by allowing planar polar distortions.
These configurations were obtained by introducing the ionic
distortions corresponding to the (doubly degenerate) phonon-
mode eigenvectors of branch g at I point along the [110] and
[100] directions, resulting in Amm2 and Pmm?2 symmetries,
respectively, and then relaxing the ionic forces and cell stress-
tensor components under the same epitaxial strain constraint.
The examination of the phonon bands reveals that the
preferred polarization direction in plane is along [100], as the
Pmm?2 structure exhibits only a shallow instability (that may
possibly be an artifact of the BZ sampling), while the Amm?2
structure polarized along [110] remains highly unstable.

Summarizing the results discussed in this and in the
previous subsections, we can establish a tentative phase
diagram for the RP Ba,ZrOy structure with respect to varying
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FIG. 5. (Color online) Soft vibrational modes frequencies w at I'
and various BZ-boundary q points as functions of epitaxial strain &
for Ba,ZrO,.

epitaxial strain &;. This diagram, presented in Fig. 5, shows
the evolution of soft vibrational-mode frequencies w at I" and
various BZ-boundary q points under changing &;.

We can separate the phase space for the system into four
main regions according to the values of &;: (I) high com-
pressions of above 0.8%—1.0%, dominated by IC distortions;
(IT) moderate compressions and tensions, where the nonpolar
14/mmm structure is stable; (IIT) intermediate tensions rang-
ing from 0.5 to ~3.0%, dominated by combinations of AFD
distortions; (IV) high tensions of above 3.0%-3.5%, with polar
distortions being of similar or greater strength than the AFD
ones. Naturally, more work (currently in progress) is needed to
unequivocally establish the stable structural configurations for
Ba,ZrOy for the specific values of epitaxial strain. However,
comparing this situation to the case of the RP Ba,TiO,4 that
was studied before [48], we point out the greater complexity
of the latter, with IC distortions persisting throughout the
whole interval of considered strains and different kinds of IC
distortions being possible, as well as their mixing with polar
distortions.

D. Dielectric properties

The data presented in Fig. 5 indicates that the /4/mmm
configuration is stable only within a narrow interval of epitaxial
strains (region II). Furthermore, the polar Pmm?2 configuration
is unstable with respect to AFD distortions (in region IV). We
further attempt to trace the evolution of the dielectric properties
of the RP Ba,ZrQ, structure for all the strain states included
in this tentative phase diagram. According to the prescriptions
for evaluating the (electronic and vibrational contributions to)
static dielectric permittivity tensor 62/3 [39-42], the required
ingredients include ionic Born effective-charge tensors Z, 8>
high-frequency dielectric permittivity tensor €5 and the set of

the dynamical matrix eigenvalues and eigenvectors {2 ,7,,}
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FIG. 6. (Color online) In- and out-of-plane components of the
static dielectric permittivity tensor €2, computed for the RP Ba,ZrOy4
structure with respect to varying biaxial strain &,. For all compressions
and for tensions of less than 3.0%, the dielectric tensors are computed
for the nonpolar /4/mmm configuration, while for larger tensions
they are computed for the polar Pmm?2 configuration (where €°_and
e(v)v are no longer equal by symmetry). Connecting lines are used to

guide the eye.

at the BZ center, i.e.,

cop =€t Y_ Nemap, (1)

m

where Ag,, is the contribution from vibrational mode m:

92
Aey ~ —5= )
a)m
and
(Qpmda ~ D Zf a1, 3)
iy

These equations remain valid even for systems with
structural instabilities as long as there are no unstable (i.e.,
®? < 0) modes at the I' point that have substantial plasma
frequencies €2, ,. Therefore, omitting the influence of IC

PHYSICAL REVIEW B 91, 134103 (2015)

or AFD distortions, the static dielectric permittivity can be
evaluated for the 74/mmm structure for all the considered
compressive strains and for tensile strains of up to ~3%.
At larger tensile strains, when the I'-point polar distortions
become unstable in the /4/mmm structure, the polarized
Pmm?2 structure that contains no I'-point instabilities (see
rightmost panels in Fig. 4) can be used for the same
purpose.

The in-plane and out-of-plane components of the static
dielectric permittivity tensor ega computed for the RP Ba,ZrO4
structure under these conditions are presented in Fig. 6. At
~3% biaxial tension, where the tentative 14/mmm to Pmm?2
transition occurs as the vibrational frequency of the FE,,(I")
mode goes to zero (see Fig. 5), there is a divergence of the
in-plane component of the dielectric permittivity tensor, while
its out-of-plane component remains continuous. Furthermore,
at the boundary between regions I and II (¢, ~ —0.9%), we
observe another, more mild anomaly in the in-plane dielectric
permittivity tensor component behavior, which happens due to
a lock-in transition out of the IC state. For all the considered
epitaxial conditions, with the exception of tensions greater
than 1.5%, the values of both in- and out-of-plane dielectric
permittivity tensor components remain very similar to those of
BaZrOj;, which usually range from 40 to 60 [44,45,47,51,59].

Table III displays the diagonal components of the Born
effective charge tensors and the high-frequency dielectric
permittivity tensors € calculated for the /4/mmm Ba,ZrO,
configuration under a variety of biaxial epitaxial strains.
Furthermore, in Table IV, we present the same information
for the polar Pmm?2 and Amm?2 Ba,ZrO4 configurations at
& = 3.5%, as well as for the relaxed Pm3m cubic BaZrO;. In
all of the BayZrO, structures, we observe anomalously large
effective charges, compared to their nominal values. This effect
is especially pronounced for the Z7, and Z§, components of
the charge tensors of Zr and equatorial oxygens, but tends
to diminish slightly under increasing tensile strains. Similar
results for the Born effective charges behavior under applied
epitaxial strain were obtained for BaZrOj; [47].

The plasma frequencies, €2, ,,, and contributions to the
static dielectric tensor, Ag,, for the IR-active vibrational
modes, w,,, computed for the RP Ba,ZrO, structure under
changing biaxial epitaxial strains are collected in Table V.
The polar, Pmm?2, configuration was used at high tensions,
while nonpolar, /4/mmm, was employed for all other strains.
At moderate strains far away from the nonpolar-to-polar phase
transition (regions I through III) individual mode contributions

TABLEIIL. lonic Born effective-charge tensors Z7 ; and high-frequency dielectric permittivity tensors g, computed for the /4/mmm RP
Ba,ZrO, structures at various values of biaxial strain &;. Here, i is the ion number, « and 8 are Cartesian directions x, y, and z.

& (%) ~1.0% 0.0% 1.0% 2.0% 3.5%

Atom  ZT. Zy, Z Zy  Zy, Zp Ly %y, Zn Zyn Ly, 2 Iy Zy, I
Zr 600 600 508 592 592 517 585 585 526 577 577 533 566 566 546
(o} 472 —2.07 —184 —4.65 -2.09 —183 -459 211 —18 -453 214 —181 —445 -2.17 -178
Ba 254 254 297 252 252 300 250 250 302 248 248 3.04 245 245 3.08
0. 220 -220 -373 -2.16 -216 -381 -2.12 -212 -389 -2.08 -208 -396 -2.02 -202 -4.08
€ (4.53,4.53, 4.66) (4.51,4.51,4.67) (4.48,4.48,4.68) (4.46, 4.46, 4.70) (4.42,4.42,4.72)
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TABLEIV. lonic Born effective-charge tensors Z? ; and high-frequency dielectric permittivity tensors €5, computed for the relaxed Pm3m
BaZrO; and polar configurations of RP Ba,ZrO, structures at 3.5% biaxial tensile strain. Here i is the ion number, o and § are Cartesian
directions x, y and z. For the polar Ba,ZrOQy structures, components P, of the total polarization vector P, given in C/m?, are presented in the

last row of the table [60].

Atom BaZrO; (Pm3m) Ba,ZrO4 (Pmm?2) Ba,ZrO4 (Amm?2)
Z AN Z; Z z Z, Z Z, Z

Zr 6.09 6.09 6.09 5.65 5.60 5.38 5.63 5.63 5.39
0O, —2.05 —4.81 —2.05 —4.44 —-2.17 —1.78 —4.43 —-2.17 —1.78
Ba 2.74 2.74 2.74 2.47 2.45 3.06 2.46 2.46 3.06
0, —2.05 —2.05 —4.81 —2.04 —-2.01 —4.03 —-2.02 —-2.02 —4.04
€ (4.90, 4.90, 4.90) (4.43,4.41,4.69) (4.42,4.42,4.70)

P, (0.000, 0.121, 0.000) (0.076, 0.076, 0.000)

to the dielectric tensor remain modest. On the other hand,
the observed large (~100 and above) contributions from
polar modes in the Pmm?2 structure at large tensions are
surprising. Typically, such contributions are encountered in
the nonpolar centrosymmetric configuration close to the polar
phase transition, which is accompanied by freezing-in of the
FE(I") structural distortion that has high plasma frequency. But
after transitioning into the polar state this distortion becomes
strongly locked along some crystallographic direction and
thus cannot easily change its phase or amplitude. As a result,
the associated high-plasma-frequency vibrational modes that
change the direction and/or amplitude (or modulus) of the
polarization vector are stiffened considerably and cannot
contribute much to the static dielectric constant [see Eq.
(2) above]. Remarkably, we find this not to be the case in
the Pmm2 Ba,ZrQ, structure at & >~ 3.5%. As shown in
Fig. 6, the in-plane component of the dielectric tensor does not
diminish following the transition into the polar configuration
with the frozen-in FE,,(I") distortion.

E. The mystery of high dielectric response in the polar phase

To investigate the issue, we have sampled the energy
landscape of the system under high tensions (g5 > 3.0%)
with respect to this distortion. Since the FE,(I") vibrational

mode is doubly degenerate (transforms according to the E,
irrep), potentially any linear combination of the two associated
eigenvectors, nfE = 0,¢&, and nf,E = (Q,&,, could condense
during the transition from the paraelectric /4/mmm phase to
a polar phase with reduced symmetry. Taking the 14/mmm
structure as a starting point, we computed the energies of
configurations with frozen in combinations of ntt and nfE
distortions whose amplitudes Q. and Q, were varied on a
15 x 15 square grid. The resulting energy surface is shown
in Fig. 7. Its minima are located at |Q| = Q, =~ 6.0%a along
the [100] and symmetrically equivalent crystallographic direc-
tions, which is consistent with the Pmm?2 polar configuration
being most stable. On the other hand, it also has saddle

points at approximately the same value of |Q| = /Qf + 02,

Ox = Oy, along the [110] and symmetrically equivalent
crystallographic directions, i.e., for the frozen-in distortion
that results in the emergence of the unstable Amm2 polar
structure. The linearized estimate for the total polarization[43]
produces similar values for both highly-symmetric polar states:
P(Pmm2) =0.121C/m?> and P(Amm2) =0.108C/m>. A
closer examination of the shape of the energy minima for
the surface in Fig. 7 shows that they are rather shallow—
|[E(Pmm?2) — E(Amm?2)| = 0.44 meV, while |E(Pmm?2) —
E(14/mmm)| = 1.67 meV—and elongated, or trenchlike in

TABLE V. Phonon plasma frequencies €2, ,, and contributions to the static dielectric tensor A¢,, in RP Ba,ZrO, at various values of biaxial
strain &,. Both vibrational and plasma frequencies are given in cm~!. Mode symmetry assignments on the right refer to the polar Pmm?2
configuration at &, = 3.5%, while those on the left are valid for the nonpolar /4/mmm configuration used in the calculations for all the other
strain states presented in this table.

&5 (%) —1.0% 0.0% 1.0% 2.0% 3.5% (Pmm?2) & (%)
Mode On Ly A€, W Qpm A€, W Qpm A€, [ Qpm A€, W, Qpm Ag,, Mode
E, 102 676 43.65 112 608 29.28 94 609 4225 67 613 104.62 39 637 267.93 B
Ao 171 666 1523 171 648 13.73 172 646 14.15 170 643 14.41 59 628 113.56 Ay
E, 209 642 947 217 611 7.86 223 579 6.72 226 572 6.36 169 616 13.24 B,
Ay 307 858 7.83 324 851 6.89 338 838 6.15 350 816 532 225 560 6.19 B
Ao 435 543 1.56 441 568 1.66 446 595 1.78 451 628 1.98 233 570 5.98 Ay
E, 585 659 1.27 550 604 1.21 516 569 122 484 523 1.15 365 748 4.20 B
ega (58.9, 58.9, 29.3) (43.0, 43.0, 26.9) (54.9, 54.9, 26.8) (96.3, 96.3, 26.5) (279.9, 126.3, 25.6) ega

134103-8



STRUCTURAL, VIBRATIONAL, AND DIELECTRIC ...

e

/,

77775%

BBy eVl

FIG. 7. (Color online) Energy landscape for the /4/mmm RP
Ba,ZrOy structure under 3.5% epitaxial tension with a frozen-in
doubly degenerate FE,, distortion. Q, and Q, are the amplitudes
of the mode eigenvectors n}* and n}* polarized along the x and
y axes, respectively. The energy of the paraelectric /4/mmm
phase is taken as zero and a is the value of the in-plane lattice
parameter.

the direction perpendicular to the one of the polarization
vector. Animation of the ionic displacements produced by the
vibrational mode that contributes the most to the dielectric
permittivity tensor in the Pmm?2 configuration at &, = 3.5%
(B, mode with w =39 cm ™! and Ae = 268; see rightmost entry
in Table V and Ref. [53]) reveals that this mode corresponds
to in-plane libration of the polarization vector within the
trenchlike energy landscape. Therefore we can conclude
that, while after the transition into the Pmm?2 configuration
the amplitude of the polarization vector becomes fixed, its
direction (or phase) can still be easily changed, which gives
rise to the observed large value of the dielectric constant. This
behavior is very similar to the one we have observed before
in the RP PbSr,Ti,O; (PSTO) superlattice, which exhibits an
in-plane Goldstone-like (or a phason) [61,62] polar excitation
[33]. Although the shape of the presented energy surface for
Ba,ZrQy is not as round as in PSTO (compare with Fig. 2(a) in
Ref. [33]), we could still speculate that by further fine-tuning
the value of applied epitaxial strain the energy difference
between the Pmm?2 and Amm?2 states can be minimized,
resulting in a better “mexican hat” energy landscape.
Recognizing the outlined common trends in transitional
behavior of RP Ba,ZrO4 and PSTO, it is, nevertheless, even
more interesting to consider the differences between these two
systems. Although the Goldstone-like excitation in PSTO was
predicted to occur at low epitaxial strains, due to its structural
complexity, as of now this material has yet to be synthesized.
Molecular beam epitaxy has been identified as the most likely
technique capable of producing this superlattice, however, the

PHYSICAL REVIEW B 91, 134103 (2015)

presence of lead still poses a great challenge to achieving
successful growth of PSTO [63]. Furthermore, our previous
investigations [33,64] identify the relative insensitivity of
Pb?t energetics towards a particular direction of the polar
distortion as an essential component required for inducing
Goldstone-like excitations. On the other hand, RP Ba,ZrO,
has been already produced as a ceramic [24-26]. There should
be, in principle, no unsurmountable obstacles to fabricating it
in the thin-film form, although the predicted Goldstone-like
behavior requires high tensions on square substrates with a
spacing of about 4.2—4.3 A, which may be hard to achieve, both
due to the absence of suitable substrates and very low critical
thickness for the coherent film growth under such high strain.
In addition, special measures will have to be taken to control
the influence of AFD instabilities that may compete against
the FE distortions, swaying the ground state of the system
towards a nonpolar one. Finally, Ba;ZrO4 contains no lead
or other lone-pair active ions, and thus it is currently unclear
exactly what kind of mechanism—on the level of underlying
electronic structure—is actually responsible for the emergence
of Goldstone-like excitations in it.

IV. CONCLUSIONS

We have employed a first-principles approach based on
DFT to study electronic, vibrational and dielectric properties
of the RP-type layered oxide Ba,ZrO,, as well as its phase
transformations under applied biaxial strain emulating epitax-
ial thin-film environment. Since this compound exhibits a yet
poorly understood affinity for trapping small molecules, such
as water and CO, [24-26], it may be valuable to achieve a
better understanding of its functional behavior, with an aim
of creating novel materials where processes of molecular
absorption and desorption could be controlled on nanoscale.

Our investigation shows that the tentative phase space
for the epitaxial RP Ba,ZrO4 can be separated into four
main regions according to the values of the applied strain
gs: (I) IC distortions at high compressions of above 0.8%—
1.0%; (II) centrosymmetric /4/mmm structure at moderate
compressions and tensions; (III) structure modulated by AFD
oxygen-cage rotations at intermediate tensions ranging from
0.5% to ~3.0%; (IV) structure modulated by both AFD and
FE distortions at high tensions of above 3.0%-3.5%.

Remarkably, though, after the transition from the cen-
trosymmetric state into the polar Pmm?2 state, the in-plane
dielectric permittivity remains unusually high (on the order
of 300). We explain that by the predisposition of the polar
configuration towards developing Goldstone-like excitations
that are manifested through easy librations of the in-plane
polarization away from its minimum-energy crystallographic
direction. Although at the strains considered so far the circular
groove in the energy landscape is not as pronounced here as in
the case of PbSr,Ti,O; RP superlattice [33], we still observe
shallow energy minima that are extended in the direction
perpendicular to that of the minimum-energy polarization
vector ([100] and symmetrically equivalent directions in the
Pmm?2 structure) that allow for the emergence of polar-phason
instabilities. The nature of such excitations in the RP Ba,ZrO4
structure—which, unlike the previously studied one, does not
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contain lead or other lone-pair active ions—is currently unclear
and the work to elucidate their origins, as well as to find
ways to tune out the competing AFD instabilities, is currently
underway.

PHYSICAL REVIEW B 91, 134103 (2015)
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