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Abstract

Relaxor ferrolectrics are important in technological applications due to a strong electromechanical
response, energy storage capacity, electrocaloric effect, and pyroelectric energy conversion
properties. Current efforts to discover and design new materials in this class generally rely on
substitutional doping of known ferroelectrics, as slight changes to local compositional order can
significantly affect the Curie temperature, morphotropic phase boundary, and electromechanical
responses. In this work, we demonstrate that moving to the strong limit of compositional
complexity in an ABOs perovskite allows stabilization of novel relaxor responses that do not rely
on a single narrow phase transition region. Entropy-assisted synthesis approaches are used to
create single crystal Ba(Tio2Sno2Zro2Hfo2Nbo2)Os [Ba(5B)O] films. The high levels of
configurational disorder present in this system is found to influence dielectric relaxation, phase
transitions, nano-polar domain formation, and Curie temperature. Temperature-dependent
dielectric, Raman spectroscopy and second-harmonic generation measurements reveal multiple
phase transitions, a high Curie temperature of 570 K, and the relaxor ferroelectric nature of
Ba(5B)O0 films. The first principles theory calculations are used to predict possible combinations

of cations to quantify the relative feasibility of formation of highly disordered single-phase
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perovskite systems. The ability to stabilize single-phase perovskites with such a large number of
different cations on the B-sites offers new possibilities for designing high-performance materials

for piezoelectric, pyroelectric and tunable dielectric applications.

KEYWORDS: High entropy oxides, configurational disorder, relaxor ferroelectrics, dielectrics,
thin film epitaxy, perovskite oxides

1. INTRODUCTION

The effect of compositional disorder on order parameter coupling in ABOs perovskites is
broadly important to a range of fundamental and applied interests.X~ Disorder in these oxides has
been realized as a key concept to understand the underlying physics of exotic phenomena emerging
from complex interactions of order parameters—examples include, quantum critical behavior in
superconductors,® controlling magnetoresistance in double perovskites,® and stabilizing polar

nanoregions in ferroelectrics.’

The influence of local compositional or cation disorder on mesoscopic properties is not
well studied, but the existing examples are promising. As in the example of the relaxor
ferroelectrics (RFEs), where modifying the type and magnitude of disorder can significantly affect
the Curie temperature, morphotropic phase boundary (MPB), polar nanodomains, and
electromechanical properties.”® RFEs show disordered polarization, where the small ordered
‘polar nanoregions’ are individually polarize below a temperature known as the Burns
temperature.’>'* RFEs are characterized by a broad maximum in the temperature-dependent
dielectric permittivity, where a strong frequency dispersion in the dielectric response below the
temperature of maximum permittivity can be observed.”® RFEs are well known for their strong
electromechanical response,® energy storage capacity,®’ electrocaloric effect,'® and pyroelectric
energy conversion properties.'® The best-known member of the RFE family is the disordered ABO3

perovskite crystal. In particular, chemical heterogeneities or B-site randomness in RFEs is



commonly accepted to be intrinsic to the appearance of the relaxor state and have a notable impact
on the macroscopic properties.?’ The manipulation of local cation disorder in RFEs is a known
route to access hidden phases, structural phase transitions, and quantum critical point phase spaces

for both fundamental studies of emergent properties and a wide range of applications.??2

To create high-performance RFE perovskite oxides, chemical modification—as an
extrinsic substitutional defect—has been extensively used to introduce compositional disorder and
to manipulate relaxor behavior.?*2® Chemical modifications that include multiple dopants and
mixing of different perovskites in a solid-solution!®? are the most effective approaches to design
high-performance relaxors. However, the existence of phase segregation and the formation of
undesired impurity phases are significant disadvantages associated with a large number of
chemical dopants and the mixing of multiple perovskites.?®-3® With the complexity of the single
phase formation in multi-cation doped-RFE crystals, synthesizing single crystal RFEs with a large
number of different cations on the A- and/or B-sites without disrupting crystallinity or structural
phase would be an exceptional tool towards designing high-performance RFEs for piezoelectric,

pyroelectric, and tunable dielectric applications.*°

The development of an entropy-stabilization approach for synthesizing single crystal ABOs
perovskite films with 5 or more cations at the A- and/or B-sites**~* is a promising route to explore
how extreme levels of microscopic disorder perturb the polar ordering. These new high entropy
oxide materials conform to standard tolerance factor considerations, where multicomponent A- or
B-sites can be simply treated as the average ionic radii value.*®#” The selection of different cations
is centered on applying high configurational disorder where the random distribution of constituent
elements into the cation sublattice(s) enhances the configurational entropy in such oxide

solutions.*®>2 For relaxors, this approach can be especially beneficial as the role of different



cations (size, electronegativity) and their random cationic distribution in the lattice can hugely

impact the arrangement of polar order/disorder on multiple length scale.13%3

In this paper, our aim is to characterize the dielectric and ferroelectric properties of single-
crystal high entropy perovskite oxide epitaxial Ba(Tio.2Sno.2Zro.2Hfo.2Nbo.2)O3 [Ba(5B)O] films to
understand how the strong limit of compositional complexity can be used to create new candidate
relaxor dielectric and ferroelectric materials with tunable properties. The selection of the B-site
sublattice is motivated by the general trend that changes to size and charge disorder, as well as the
end-members with ferroelectric-and paraelectric-like phases can manifest complex ferroelectric
relaxor behavior in Ba(5B)O. We discuss how the local configurational disorder influences the
phase transitions, dielectric properties, mesoscopic domain structures, and Curie temperature in
this highly disorder relaxor perovskite oxide. Using first principles theory calculations, we propose
other possible combinations of cations to design new RFEs and quantify the relative feasibility of

formation of these highly disordered single-phase perovskites.

2. EXPERIMENTAL SECTION

2.1 Epitaxial film growth. A ceramic stoichiometric target of Ba(5B)O was synthesized using the
conventional solid-state reaction method. Pulsed laser epitaxy was used to grow Ba(5B)O thin
films on the SrTiOs (STO) (001) and MgO (001) substrates. A KrF excimer laser (A = 248 nm)
operating at 5 Hz was used for target ablation. Deposition optimization was performed and the
optimal growth conditions were found to occur with an oxygen partial pressure of 150 mTorr at a
substrate temperature of 1023 K. Same growth conditions were used to grow 7 nm conducting
SrRuOs (SRO) layer on STO, before growing Ba(5B)O layer on SRO/STO. The detailed growth

conditions were described elsewhere.*®



2.2 XRD measurements. The crystal structure and growth orientation of the films were
characterized by X-ray diffraction (XRD) using a four-circle high resolution X-ray diffractometer
(X’Pert Pro, Panalytical) (Cu Kaz radiation). X-ray reflectivity (XRR) measurements were carried

out to measure the thickness of the films.

2.3 HRTEM Analysis. Cross-sectional specimens oriented along the [100]STO direction for
scanning transmission electron microscopic (STEM) analysis were prepared using ion milling after
mechanical thinning and precision polishing. High-angle annular dark-field (HAADF) analysis
was carried out in a Nion UltraSTEM 200 operated at 200 kV. An inner detector angle of about 78
mrad was used for HAADF observation. For determining the B-site cation projected displacement
vectors, noise in the obtained HAADF-STEM images was reduced the average background
subtraction filter (ABSF).>* The projected atom positions were determined by fitting them as 2D
Gaussian peaks by using the StatSTEM software,* thus the projected B-site cation displacement
(6B) was deduced as a vector between each B-site cation and the center of mass of its four nearest

A-site neighbor cations.

2.4 Dielectric and ferroelectric measurements. For electric measurements, top circular platinum
(Pt) contacts (diameter ~ 250 um) were deposited onto the Ba(5B)O layers by using radio-
frequency sputtering through a shadow mask. To characterize the FE properties, room temperature
polarization—voltage hysteresis loops and switching current—voltage loops were recorded by using
an aixACCt Thin Film Analyzer 2000. Temperature dependent dielectric permittivity and loss
tangent were measured at several frequencies (100 Hz to 0.1 MHz) in the temperature range of
100-670 K with an oscillating voltage of 0.5 V, using an impedance analyzer (HP 4294A)
interfaced with a programmable Joule Thompson thermal stage system (MMR technology, model#

K-20, temperature stability of + 1 K).



2.5 Second harmonic generation (SHG) experimental set up. Far-field reflection SHG
measurements were performed with an 800 nm fundamental laser beam generated from a 250 kHz
femtosecond regenerative amplifier (RegA 9000, Coherent Inc.), producing 100 femtosecond (fs)
pulses. The 800 nm laser beam is incident onto the film sample at a 45°angle of incidence. We
measured the reflected SHG signal from the sample for output s- and p-polarizations while tuning

the polarization angle of the input fundamental 800 nm beam.

2.6 DFT calculations. The DFT calculations were carried out using the plane-wave-based Vienna
Ab initio Simulation Package VASP*%° version 5.4.4, within the local density approximation
(LDA) exchange—correlation functional.®® The energy cutoff for the plane-wave basis set was 700
eV, employing projected augmented wave potentials.>®%° An 8 x 8 x 8 k — point mesh was utilized
for sampling the Brillouin zone for a five-atom perovskite unit cell and scaled linearly with the
number of formula units present in the supercell. We have used a 2 x 2 x 2 supercells for
calculating mixing enthalpies of one and two component perovskites. The bulk geometry was
optimized with a force convergence criterion of 1 meV/A, and the individual components of the
stress tensor were converged to < 0.1 kB. Epitaxial strain in a thin film constrained on a cubic
(001)-oriented SrTiOs substrate was simulated by fixing the in-plane lattice constant a of the thin
film unit cell to the optimized lattice parameter of SrTiO3z and allowing the out-of-plane lattice

constant c to relax by converging the normal stress in the out-of-plane direction to < 0.1 kB.
3. RESULTS AND DISCUSSION

Ba(5B)O films of 90 nm thickness were deposited on 7 nm conducting SRO layered (001) STO
substrates. X-ray diffraction studies reveal that the films are high-quality, single-phase, and
epitaxial (Figure 1a). A zoom-in about the 002-diffraction shows the Ba(5B)O and SRO peaks

with 002 STO (inset of Figure 1a). The full width at half maximum (FWHM) of the 002 rocking
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curve is 0.07 for the 120 nm Ba(5B)O film shown in Figure 1b, which indicates outstanding
crystalline uniformity of the film. Reciprocal space mapping (RSM) studies around the asymmetric
(204) Bragg’s reflection reveal that the underlying SRO layer is coherently strained to the substrate
and that the Ba(5B)O film is relaxed due to the high lattice mismatch of ~6% between the film ( a

=4.122 A) and STO (a =3.905 A).*

Figure 1. (a) 6-26 X-ray diffraction line scans of epitaxial Ba(5B)O thin films on SRO layered
(001) STO substrate. Inset shows a zoom-in about the Ba(5B)O (002)-diffraction peak. (b) A
rocking curve about the Ba(5B)O 002 peak (w = 21.944). (c) RSM around the (204) asymmetric
reflections of STO, SRO, and Ba(5B)O film.

To study the relaxor behavior and the impact of the cation disorder on the dielectric
properties of Ba(5B)O films, we probed the evolution of the dielectric response as a function of
temperature. Temperature dependent dielectric permittivity and loss tangent plots at different ac
frequencies are presented in Figures 2a and 2b. The temperature dependent dielectric data are
replotted in Figures 2c—2e. Similar to bulk BaTiOs, the films exhibit three distinct phase
transitions®*. These transitions for the Ba(5B)O films are attributed to rhombohedral

(R)—orthorhombic (O) at ~170 K, O—tetragonal (T) at ~332 K, and T—cubic (C) at ~570 K. The



temperature dependent Raman spectroscopic studies on the films further corroborate these three
phase transitions, where the observation of unique Raman bands®? corresponding to their
respective four phases evolved with rising temperature (Figure S1, supporting information). The
O—T and T—C phase transition are found to be shifted towards a higher temperature compared
to the bulk single crystal BTO.%! Dielectric losses are low until temperatures begin to approach the
ferroelectric to paraelectric phase transition at 500 K where losses exponentially increase (Figure
2b). Like dielectric permittivity, the anomalies in the loss tangent can also be observed close to the

phase transition temperatures.

Figure 2. Temperature variation of (a) dielectric permittivity and (b) loss tangent at various
frequencies (100 Hz-10 kHz) for the Ba(5B)O films. (c—e)Three different phase transitions are
clearly observed by zoom-in the temperature variation of dielectric permittivity from (a).

From Figure 2e, the T—C phase transition, which is also correspond to a ferroelectric to
paraelectric phase transition with Curie temperature Tc ~570 K, proceeds gradually with

temperature rather than sharply. Such diffuse characteristic is a feature of typical relaxor behavior.®



The dielectric maximum for the lowest frequency (100 Hz) occurs at the temperature, T,, = 570
K. As expected for relaxor ferroelectrics, a strong frequency-dependent change in Tp,, ATy =
TL00Hz _ T1kHZ ~30 K, and strong frequency dispersion below T,, can be observed in the
Ba(5B)O0 films. The relaxor feature of the Ba(5B)O films is described by the diffuseness factor v,
which varies between 1 (for normal ferroelectrics) to 2 (for ideal relaxor ferroelectrics).5
However, for relaxors, it is also common to find 1 <y <2 depending on the strength of the relaxor

character.5* The factor y can be derived from the modified Curie-Weiss law;

1 1 (T-Ty)Y

oL T, ®

£  &m

where &, corresponds to the maximum dielectric permittivity and C is a constant.®® Figure 3a
shows the plot of the modified Curie-Weiss law, where the slope of the plot y = 1.62 indicative of
strong relaxor character of the Ba(5B)O film. The inverse of the dielectric permittivity versus
temperature plot is used to obtain the Burns temperature () which is identified as the temperature
at which the first deviation from Curie-Weiss behavior appears in the temperature dependent
measurement of properties (Figure 3b). Ty is related to the polarization fluctuations due to the
formation of polar nanoregions in relaxor ferroelectrics.** Unlike normal dielectrics, the frequency
dependence of T, in relaxors deviates from the Arrhenius dependence due to the presence of

dipolar correlations®. In relaxors, this dependence obeys an empirical VVogel- Fulcher relation;

f = foewp (i) @

m

where f, is the limiting response frequency of the dipoles, f is the applied ac field frequency, E, is
the activation energy, T is the static freezing temperature, and Ky is the Boltzmann’s constant.®

As shown in Figure 3c, a Vogel-Fulcher relationship with an extrapolated freezing temperature of



around 565 K corroborates the relaxor ferroelectric behavior of Ba(5B)O films.®4® The values of

E, (~0.16 eV) and f, (~3.18x10'? Hz) extracted from the fit are similar to those values obtained

for Pb-%* and BTO-based relaxors.®®
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Figure 3. (a) Plot of modified Curie-Weiss law and fitting of the relaxor factor y of Ba(5B)O films.
(b) Temperature dependence of the reciprocal of the dielectric permittivity where the straight line

reveals that the dielectric response starts to follow the Curie-Weiss law at temperatures higher than
Tm. Vogel-Fulcher plot with extrapolated freezing temperature (Tr = 565 K, red line), indicating

relaxor ferroelectricity in epitaxial Ba(5B)O films.

To gain a deeper understanding of the evolution of polar symmetry through the phase
transitions, temperature-dependent optical second harmonic generation (SHG) was used to
monitor changes to the crystal’s inversion symmetry. Figure 4a shows a schematic diagram of the
experimental setup for the SHG measurements in reflection. Figures 4b—d show the s-polarized
SHG signal at different temperatures in T, O, and R phases as a function of input fundamental
polarization. Theoretically, this s-wave pattern should change depending on crystal symmetry,

given by the following equations as functions of the incidence optical polarization angle ¢:
Is_1($) ~ Is_o(¢) ~ sin® 29, 3
Is_r(¢) ~ A;(cos? ¢ + A, sin? ¢p)? + A sin? 2¢p + A, sin 2¢p (cos? ¢ + Ag sin? ¢), (4)
where A; are the factors determined by tensor components of the second order susceptibility ¥y,

which satisfies Pi(2w) = &0 yijk Ej(w)Ex(w).’
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Figure 4. (a) Experimental geometry for the SHG measurements. The s-wave reflected SHG
signals measured at temperatures of (b) 100 K, (c) 240 K and (d) 400 K. (e) Temperature
dependence of the difference in SHG signals between ¢ = 0° and 90°.

Using equations 3 and 4, we fit our experimental data in Figures 4b—d with the grey dotted
lines (see supporting information for SHG analysis). The overall agreement of the fitting to the
SHG data supports our assignment of crystal symmetries at different temperatures. Particularly,
an abrupt change arises from O to R phases, as the clear four-fold symmetry disappears with
decreasing temperature (Figure 4b). For a more quantitative analysis, we extract the difference in
SHG signals between ¢ = 0° and 90°, which should be zero with a four-fold symmetric pattern of
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sin (2¢) in T and R phases. From Figure 4e, an anomaly below ~ 170 K in the SHG difference
indicates the onset of O—R phase transition, which is in agreement with the temperature dependent

dielectric measurements in Figure 2c.

While SHG demonstrates changes in symmetry that are consistent with polar distortions
that may signal a ferroelectric character in the Ba(5B)O films, room temperature polarization
switching and hysteresis loops are better suited to monitoring macroscopic functionality. The
polarization-voltage (P-V) and switching current-voltage (I-V) hysteresis loops are measured at a
frequency of 100 Hz. Figure 5a shows the recorded hysteresis loops at 300 K; a double hysteresis
loop is obtained which indicates the antiferroelectric (AFE) behavior in the sample.®®% As can
also be seen in Figure 5a, the I-V loop shows four peaks corresponding to the double hysteresis P-

V loop, confirming that the AFE behavior is present in the Ba(5B)O films.8

The atomic-scale microstructures are characterized using high-angle annular darkfield
(HAADF) Z-contrast STEM to determine the domain structures according to the projected
displacement of B-site cation relative to the lattice center of its four nearest neighboring Ba (A-
site). Figure 5b shows the HAADF-STEM image where the domains with yellow dashed lines can
be delineated using the projected B-site cation displacements. The domains of projected B-site
cation displacements in different directions with the size of around 2 to 6 nm can be observed
(Figures S5b—e). Similar domain structures of the size of 2-5 nm have been observed in the thin
films of BTO-STO-BiFeOs solid solutions,® where the chemical disorder induced by changing
the composition of the end-members in the mixture were observed to be the main reason for the
formation of nanodomains. It is to be noted that these domains are not pockets of like elements in
Ba(5B)0 films.*® These results indicate that the B-site cation disorder in Ba(5B)O samples leads

to the observed nanodomains where enhanced local-chemical disorder intensifies the polarization
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disorder. Follow on local electromechanical properties of epitaxial Ba(5B)O films across the phase
transition temperatures could be interesting to examine the piezoelectric responses in these highly

disorder oxides.

Figure 5. (a) The polarization-voltage hysteresis loop measured at a frequency of 100 Hz at 300
K along with the corresponding switching current-voltage characteristic curve for Ba(5B)O films.
(b) HAADF STEM image of Ba(5B)O. The yellow dashed lines delineate the nanodomains, with
the projected B-site cation displacements denoted by light-blue arrows. (c—e) Magnified images of
selected areas from (b) to show the cation displacements. The white arrows show the B-site cation
displacement vectors in each unit cell.

Density functional theory (DFT) calculations are used to estimate the relative feasibility of
formation of other single phase high-entropy perovskite relaxor oxides with different combinations
of cations. We have utilized pairwise mixing enthalpies ">4"to predict the phase stability and cation

disorder of Ba(5B)0O, including other possible combinations of high entropy perovskite oxides
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(HEPOs) BaB05; with B = {Hf, Nb, Sc, Sn, Ta, Ti, Zr}. We have considered the stability of two
component perovskites in seven different perovskite phases, 40 atom super cell of the
antiferroelectric structure, and non-polar rhombohedral structures with octahedral rotations
(Figure S2 and Table S1, supporting information). The pairwise mixing enthalpies
AH,,ix[Ba(BB")0,] in a generic two component perovskite structure, Ba(BB')0,, is estimated

using the following equation:
AHp,ix[Ba(BB')0] = Epgr[Ba(BB')0] — Eppr[Ba0, G]

- iEDFT [B,0,,G] — lEDFT [B;0,,G] — l(x X i) Eppr[02,Gl, 5)
2p 2q 2 2p 2q

where Eppr[Ba(BB")0,], Eppr[Ba0, Gl, Epgr[B,0y, G, Eppr[B;02, G, Eppr[0,, G] are the total
energies of the two component perovskite, BaO, B,0,, B;0, and O, in their ground phase

structures. Figure 6(a) plots the values of AH,;x[Ba(BB')0,], in the non-polar cubic Pm3m
phase. Each compound is annotated with *C’, ‘R’, “T” or “A’, representing the ground state cubic,
rhombohedral, tetragonal and antiferroelectric phases, respectively. Similar plots for mixing
enthalpies in the 6 other phases considered in this study are presented in the Supporting
Information (Figure S3). We find that the cubic structure is the ground state phase for 6 one-
component and 18 two-component combinations out of 7 (diagonal) and 21 (off-diagonal)
compounds, respectively. For BTO, the ground state is rhombohedral, agreeing with previous
theoretical* and experimental studies.’”> Furthermore, the polar tetragonal phase was found to be
the ground state for the following two component perovskite oxides — Ba(HfNb)Os and

Ba(NbSn)O:s.
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Figure 6. (a) Mixing enthalpies, AH,,;, of BaBO5; perovskite oxides (diagonal) and two
component perovskite oxides, Ba(BB')05 in the relaxed non-polar cubic phase. B-sites chosen
from a set of B = {Hf, Nb, Sc, Sn, Ta, Ti, Zr}. The annotations ‘C’, ‘T’, ‘R’ and ‘A’ represent the
ground state cubic, tetragonal, rhombohedral, and antiferroelectric phases of each compound,
respectively. (b) The values of AH,,;, for the epitaxially constrained non-polar tetragonal (NPT)
and polar tetragonal (PT) phases. (c, d) Comparison of the enthalpy and entropy descriptors, (ocar
and oj,.q;, respectively for all 21 five component combinations in relaxed and epitaxially
constrained structures. The five-component perovskite represented by 2, 3, 6, 9, 13 and 18 doesn’t
contain Ta>* and could be potentially synthesized as high entropy perovskites in both relaxed and
epitaxially constrained coherent thin films.

We utilize enthalpy and entropy descriptors to compare the relative formation abilities of
21 five component perovskites. These thermodynamic descriptors are estimated by systematically
exploring all possible local configurations. The mean and standard deviation of the local mixing
enthalpies are the enthalpy and entropy descriptors, pyoca and giocars respectively.”® Essentially,
the descriptors for the enthalpy and entropy, are obtained from exploring the local mixing

enthalpies, of all local configurations within the five component perovskites. When the distribution
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of mixing enthalpies of local configurations is relatively narrow, indicating a small value for 6y¢ca1,
consequently, the entropy contribution (—TAS) to the free energy of the high entropy structure
(which is inversely proportional to the entropy descriptor, ay,.41) Would be large and negative.
Furthermore, lower values for the enthalpy descriptor, further stabilize the free energy. Hence, a
five-component oxide (FCO) with relatively low values for oj,cq and poca1, Should have a
relatively high propensity for the formation of a phase pure high entropy structure. Figure 6(b)
compares the values of pj,cq and o4 for all 21 five component combinations annotated by their
index. Table 1 presents the indices and corresponding five component perovskites. The five-
component perovskites 2, 3, 6, 9, 13 and 18 that do not contain Ta>*, forming a cluster at the bottom
left corner, have relatively low pj,cq and ay,ca; @nd could be potentially synthesized as high
entropy perovskites. Our method accurately predicts that the FCO 9, discussed in the experimental
section of this part, Ba(HfNbSnTiZr)Os, would form as a high entropy perovskite. In addition, we
also predict the following five component combinations to have relatively high potential to form
as high entropy perovskites—2, 3, 6, 13 and 18—obtained by replacing one of the B-site element
Zr, Ti, Sn, Nb or Hf by Sc. The second cluster, at the top right, containing Ta®" has a relatively
large gy,c41- Due to the large value of the entropy descriptor, these five component combinations
are unlikely to form as a high entropy perovskite. The enthalpy and entropy descriptors plots for
the 6 other phases considered in this study are presented in the Supporting Information (Figure
S4).

Table 1. The indices and corresponding five component perovskites.

Index Perovskite Index Perovskite Index Perovskite
1 | Ba(HfNbScSnTa)Os | 8 | Ba(HfNbSnTazZr)Os | 15 | Ba(HfSnTaTiZr)Os
2 Ba(HfNbScSnTi)Os 9 Ba(HfNbSnTiZr)Oz | 16 | Ba(NbScSnTaTi)Os
3 Ba(HfNbScSnzr)Os | 10 | Ba(HfNbTaTiZr)Os | 17 | Ba(NbScSnTaZr)Os
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Ba(HfNbScTaTi)Oz | 11 | Ba(HfScSnTaTi)Os | 18 | Ba(NbScSnTiZr)Os
Ba(HfNbScTazZr)Os | 12 | Ba(HfScSnTazZr)Oz | 19 | Ba(NbScTaTiZr)Os
Ba(HfNbScTizZr)Os | 13 | Ba(HfScSnTiZr)Os | 20 | Ba(NbSnTaTiZr)Os
Ba(HfNbSnTaTi)Os | 14 | Ba(HfScTaTiZr)Osz | 21 | Ba(ScSnTaTiZr)Os3

~N| o o1 B~

We have also evaluated the influence of epitaxial strain on the stability of the high entropy
phase as well as its polar properties. It is crucial to investigate the formation ability and polar
properties of a ‘coherent’ thin film — where the in-plane lattice constant is fixed to the lattice
constant of the STO substrate — because the epitaxial strain is known to influence the functional
properties and stability in perovskites.”*’* The DFT optimized lattice constant of STO and BTO
in the cubic phase are 3.859 A and 3.961 A, respectively, suggesting that the coherent thin film
would be in epitaxial compression ¢ = —2.6%. We find that for phases with in-plane polar
displacements—i.e., rhombohedral R3m, orthorhombic Amm2 and monoclinic Cm—when
relaxed in DFT with fixed epitaxial strain, result in vanishing in-plane polar displacements. This
observation is in agreement with the vanishing in-plane polarization components in perovskites
under epitaxial compression.” Due to the vanishing in-plane polar components, we find that there
are only two stable epitaxial phases — non-polar tetragonal (NPT) P4/mmm and polar tetragonal
(PT) P4mm phases. Figure 6(c) presents the values of AH,,;x[Ba(BB')0,], in NPT and PT phases.
The non-polar phase is tetragonal P4/mmm instead of cubic Pm3m because of the symmetry
breaking of the three-fold rotation axis imposed by epitaxial constraint. The mixing enthalpy
values of the epitaxial structures are generally greater than the values of the relaxed structures.
Another crucial difference between the relaxed and epitaxial structures is the number of two-
component polar combinations (TCPCs)—only 3 TCPCs (Ti-Ti, Hf-Nb and Nb-Sn) are stable in

the case of relaxed structures, whereas 9 TCPCs (Ti-Ti, Hf-Hf, Zr-Zr, Hf-Nb, Hf-Ti, Hf-Zr, Nb-
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Sn, Sn-Zr and Ti-Zr) are stable under epitaxial compression. The epitaxial strain stabilizes the
polar structures for 60% of TCPCs—a striking 40% increase from 20% (3 TCPCs). Due to the
increase in TCPCs, more microstates could be polar in the case of a coherent epitaxially
compressed film than the relaxed thin film, leading to improved polar properties in the HEPO.
Figure 6(d) compares the values of pj,cq and gy,c4 for all 21 five component combinations under
epitaxial compression, annotated by their index. Similar to the relaxed structures, we find that the
five-component perovskites 2, 3, 6, 9, 13 and 18 that do not contain Ta®*, forming a cluster in the
bottom left corner, have relatively low pocq1 and gjoeq. Even though the values of the
thermodynamic descriptors are larger for the epitaxially-strained, coherent thin films than their
relaxed counter parts, we believe that these five component combinations can still be synthesized

as high entropy relaxor ferroelectric thin films.

4. CONCLUSION

We  characterized the dielectric and  ferroelectric  properties of  epitaxial
Ba(Tio.2Sno.2Zro2Hfo2Nbo2)O3 films across the phase transition temperatures where the strong
limit of compositional complexity within the lattice has a dominating role in crystal phase
metastability and Curie temperature. The observation of polar nano-domains and diffuseness of
the phase transition at Curie temperature confirms the relaxor ferroelectric nature of Ba(5B)O
films. Our study implies that the deterministic creation of local configurational disorder could be
an effective way to enhance functional responses in perovskite oxides and provide an approach to
the design of new relaxor ferroelectrics. Furthermore, computational prediction of formation
feasibility of five more high entropy perovskites in relaxed and epitaxial compression, with Ba on

A-site, suggests that the rich chemical space is yet to be explored for their functionalities.
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