Downloaded via 192.184.140.135 on September 22, 2022 at 15:33:16 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

E]]] MATERIALS

pubs.acs.org/cm

Heoo®06

Theory-Guided Exploration of the Sr,Nb,0, System for Increased
Dielectric and Piezoelectric Properties and Synthesis of Vanadium-
Alloyed Sr,Nb,0,

Handong Ling, Megha Acharya, Lane W. Martin, and Kristin A. Persson™

I: I Read Online

Article Recommendations |

Cite This: https://doi.org/10.1021/acs.chemmater.2c00755

ACCESS |

ABSTRACT: Ab initio methods provide a powerful tool in the
search for novel polar materials. In particular, there has been a
surge to identify lead-free piezoelectric materials to replace
PbZrys,Tip4303. This study examines a computational strategy
to identify increased piezoelectric and dielectric responses of alloy
systems based on the linear interpolation of force constants, Born
effective charges, and internal strain tensors from their end-point
compounds. We choose the ferroelectric layered perovskite
Sr,Nb,O; as a parent structure and employ this alloying strategy
for 19 potential cation substitutions, targeting thermodynamically
metastable alloys with high piezoelectric response. From this
screening, we identify Sr,Nb,_, .V, O, as a promising polar system.
We conduct large-unit-cell calculations of Sr,Nb, ,.V, O, at x = 0.0625, 0.125 for multiple cation orderings and find a significant
184% enhanced piezoelectric response. The solid solution system is synthesized as single-crystalline thin-film heterostructures using
pulsed-laser deposition, and an enhanced dielectric response is observed at x = 0.05 and at x = 0.1. We present the Sr,Nb, ,.V, O,
alloy system designed through high-throughput computational screening methods with a large calculated piezoelectric response and
experimentally verified increased dielectric response. Our methodology is provided as a high-throughput screening tool for novel
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materials with enhanced polarizability and alloy systems with potential morphotropic phase boundaries.

B INTRODUCTION

Near the morphotrophic phase boundary (MPB) composi-
tions, ceramics may exhibit anomalously large piezoelectric and
dielectric properties arising from the flattening of the energy
landscape between polarization states." This materials design
paradigm has delivered high-performance, technologically
successful materials such as PbZrgs,Tig4s0; (PZT), which
displays both strong piezoelectric as well as dielectric behavior.
However, in light of the increasing global restrictions on lead,”
there is a strong driving force to identify lead-free piezoelectric
replacements. The current, ubiquitous use of PZT in devices is
estimated to contribute up to 25% of the total lead in our
future electronic waste streams.” In addition to environmental
concerns, PZT exhibits a Curie temperature of approximately
400 °C, limiting its use in high-temperature devices.

The majority of current lead-free MPB research is focused
on perovskite-structured materials, namely K,Na,_ NbO,
(KNN), BiFeO; (BFO), and BiysNagsTiO; (BNT) alloys.
These systems all exhibit enhanced polarizability associated
with a rhombohedral-to-tetragonal phase transition induced by
changes in chemical composition. As a result, their piezo-
electric and dielectric properties present solutions for specific
applications such as energy harvesters, high-frequency trans-
ducers, actuators, and capacitors. However, issues with
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processing and temperature stability limit these alternative
perovskites from providing a generic replacement for PZT.
Computational explorations of the perovskite chemical space
suggest that studies of structures outside of the traditional
perovskite family may be reguired to provide a successful lead-
free competitor to PZT. "7 In addition, other structural
families, e.g. tungsten bronze, have garnered attention as
high-temperature solutions.®

In this context, computation can serve as a valuable
additional resource in the search for possible prototype
structures, particularly outside of traditional perovskites
which exhibit a rhombohedral to tetragonal phase transition.
The Materials Project has developed and benchmarked
workflows for the calculation of the full piezoelectric as well
as the dielectric tensor.”'® To date, these workflows have
produced piezoelectric and dielectric tensors for over 3400 and
7100 crystalline materials, respectively. However, these high-
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throughput density functional theory (DFT) calculations are
restricted to bulk, ordered crystals of limited unit-cell size.
Strong piezoelectrics, meanwhile, are typically dominated by
solid solution disordered alloys, such as PZT, KNN, La or Sm
doped BFO, and BNT close to MPBs. In these alloy systems,
the free energy landscape flattens near the solid solution phase
boundary, allowing for easy switching of the polarization
direction and in turn increased piezoelectric and dielectric
response.’ Therefore, a successful computational search for
piezoelectric materials will require the modeling of solid
solution alloys near MPBs. However, ab initio screening
methods have historically focused on ordered materials, as the
effects of off-stoichiometry and random ionic disorder can be
difficult to capture within a limited-size, periodic supercell.

MPBs are characterized by the softening of phonon modes
which indicate the emerging preference of the structure to
adopt a new structural symmetry.'"'> Therefore, calculating
the lattice dynamic properties as an alloy changes in
composition is essential to determining the presence of
potential MPBs and enhanced piezoelectric response near
the phase boundary. Lattice dynamic properties of solid
solutions have been previously modeled by averaging the
properties of special quasi-random structures (SQS), generat-
ing transferable force constants, or self-consistent phonon
approaches.'*~"” Transferable force constants have been used
to determine vibrational entropies of mixing for aluminum-—
transition-metal alloys.'* More recently, self-consistent calcu-
lations of phonon modes have been used to generate force
constants suitable for molecular dynamics in MoS, mono-
layers.16 These methods, however, can be computationally
expensive for high-throughput searches, limiting the possibility
of exploring large solid solution alloy systems.

In this paper, we develop a computational methodology to
extensively explore candidate piezoelectric alloy systems for
increased polar response by using a Vegard’s law like linear
approximation to model the Born effective charges, internal
stain tensor components, and force constants of an alloy from
its compositional end points. We first demonstrate the efficacy
of this approach on PZT to model the softening phonon
modes around the MPB and behavior of polar properties
associated with the phase transition. We then choose a layered
perovskite structure, Sr,Nb,O., and explore the possibility of
increased polar response as a function of alloying with a high-
throughput framework. Recent work,'® which focused on
identifying defect-tolerant materials and structural classes
which retain much of their piezoelectric response with respect
to disorder, identified Sr,Nb,O, as a promising parent
compound. The layered perovskite Sr,Nb,O, has been
synthesized previously and is a known ferroelectric material
with a Curie temperature above 1200 °C.'””° In addition,
substitutional alloy systems of Sr,Nb,O, with barium,
vanadium, and tantalum have also been synthesized,
demonstrating the ability of this system to support stable,
disordered solid solutions.”' ~>* Focusing on the lattice
dynamic properties of this system, we explore suitable
substitutions on both the Sr and Nb cation sites for improved
piezoeletric and dielectric responses near regions of softened
phonon modes. We use the Vegard’s-law-like linear approx-
imation to model the alloy space between the compositional
end points, which allows us to tractably explore alloy systems
of the parent Sr,Nb,O, material. Promising alloys are assessed
for thermodynamic stability, and large-scale DFT calculations
are employed on the best-performing alloy system,

Sr,Nb,_,.V,,0,, in order to validate the linear interpolation
approach. Following the recommendations obtained by DFT
calculations for enhanced polar behavior, the system is
synthesized through pulsed-laser deposition and increased
dielectric properties are found. Along with this general
methodology for systematically exploring disorder-tolerant'®
piezoelectric alloy systems, we identify Sr,Nb,_,.V, O, as a
promising system with confirmed increased dielectric and
predicted increased piezoelectric properties.

B PROCEDURES

Computational Procedures. The candidate substitutional alloy
systems we consider in the study are Sr, , A, Nb,O,; and
Sr,Nb,_,.B,,0,, where A = {Ca, Ba} and B = {As, Ay, Bi, Cr, Ir,
Mo, N, Os, P, Pt, Re, Rh, Ru, Sb, Ta, V, W}. This includes all
nonradioactive elements which were deemed as possible isovalent
substitutions on the cation sites: i.e., they exhibit the same oxidation
state and occupy the same coordination environment as in the layered
perovskite structured Sr,Nb,O,. The Born effective charges, internal
strain tensors, and force constants of structures at the end points of
these alloy systems are calculated using density functional
perturbation theory (DEPT),>**~%¢ utilizing the Vienna ab initio
simulation package (VASP)*"*® within the PBE generalized gradient
approximation (GGA+U).”’ Full calculations on U values, spin
polarization, and pseudopotential choices can be found in Additional
Computational Procedures in the Supporting Information. An initial
structural relaxation is conducted at an energy cutoff of 700 eV. Then
an energy cutoff for the plane waves is set at 1000 eV with a k-point
density of approximately 2000 per reciprocal atom (pra) for the
piezoeletric DFPT calculations.> The Born effective charges and
internal strain tensors are atomic site properties calculated for all
atoms in the 22-atom orthorhombic unit cell, while the force
constants are calculated for each atom pair in the unit cell
Subsequently, the piezoelectric tensor in this study is calculated as

e = T + ' Zo(K ), (1)
where e is the total piezoelectric tensor, € is the electronic or clamped
ion contribution to the piezoelectric tensor, and the remaining terms
represent the relaxed ion contribution. The relaxed ion contribution
consists of the unit cell volume, €, the Born effective charge Z, the
force constant matrix K, and the internal strain tensor, A.*° Similarly,
the dielectric tensor is calculated as

- -1 -1
xaﬂ = Zina + Q0 Zma(K )mnznﬂ (2)

We note that the dielectric and piezoelectric tensors are often
correlated due to the inclusion of the Born effective charges and force
constants.”*® We neglect the contribution of the electronic term in
the piezoelectric calculation, , in this study as it generally does not
contribute significantly to the total piezoelectric tensor for the
materials currently computed in the Materials Project database.'®
Once the piezoelectric properties for the fully substituted alloys are
computed, we approximate the piezoelectric tensor for the
intermediate compositions of the substitutional alloy systems by
employing a Vegard’s-law-like linear approximation for the Born
effective charges, internal stain tensors, and force constants of the
alloy. The force constants and associated phonon spectra of alloy
systems can be particularly expensive to obtain computationally.
Korman et al. demonstrated, however, that for long wavelengths and
low frequencies relevant to the piezoelectric response, the phonon
spectra of high-entropy alloys may be reasonably reproduced by
averaging force constants from end-point compositions.>’ All
piezoelectric responses reported in the study are the largest absolute
singular value of the total piezoelectric tensor.

The candidate Sr,_, A, Nb,O, and Sr,Nb,_, B, O alloys need to
exhibit a stable solid solution such that force constants, Born effective
charges, and internal strain properties vary gradually with composition
and to allow for the possibility of a MPB to form. Hence, alloy
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Figure 1. (a) The normalized largest singular value of the piezoelectric and dielectric tensor calculated from the linearly interpolated force
constants, Born effective charges, and internal strain tensors of the end-point compositions generated through DFT.(b) The associated y-point
phonon frequencies of the PZT system plotted from a linear interpolation of force constants in red compared against those calculated from averages

of SQSs at varying compositions in blue.

systems are further evaluated for thermodynamic metastability. All
possible cation site orderings within a 44-atom unit cell across the
selected composition space are enumerated, and energies of the
relaxed structures are calculated using DFT with an energy cutoff of
700 eV and 1000 k-points per reciprocal atom. Metastability for each
ordering in these systems is approximated as 0.1 eV per atom above
the hull,*® which captures approximately 80% of experimentally
observed metastable oxides.”” In addition to metastability, a stable
solid solution criterion is set at an energy range of 0.025 eV per atom
(approximately equal to kyT at room temperature) between the
lowest and highest energy orderings at a given composition.>
Finally, for the most promising candidate system Sr,Nb,_,.V, O,
which demonstrates a large predicted increase of its piezoelectric and
dielectric properties, we perform 88-atom supercell calculations to
more accurately model the polar response of the disordered system.
The calculations of the Sr,Nb, ,.V,.0, supercell structure use an
energy cutoff of 700 eV and an electronic energy convergence of 107¢
eV. Structures are relaxed to a force of less than 0.02 eV/A, and then
the Born effective charges, internal strain tensor, and force constant
matrices are calculated. The Born effective charges are obtained
through DFPT. The internal strain tensor is fitted to forces from 20
strains between —0.01 and 0.01 for each of the Cartesian and shear
strains. Analyses of the force constants and dynamical matrix are
performed with DFT and the Phonopy package.”® The Born effective
charges, internal strain tensors, and force constants are calculated for
multiple special quasirandom structures (SQS), obtained through an
alloy theoretic automated toolkit (ATAT), to ensure the response is
not dependent on a specific cation ordering.>* These SQSs are chosen
such that the generated unit cells contain cluster vectors which most
closely match those of truly random alloys so as to construct solid
solutions in a mathematically rigorous manner.>* To compute the
dielectric tensors, the electronic portion is calculated through DFPT.
The ionic portions of the tensors are calculated from the Born
effective charges and force constants as specified by Wu et al.*
Piezoelectric tensors and force constants are also calculated for
PbZr,Ti,_, O3 compositions (x = 0, 0.25, 0.5, 0.75, 1) through DFPT,
with the same parameters as for the layered perovskite systems. For
each composition, 5 20-atom SQSs are obtained through the ATAT
package. The Born effective charges, internal strain tensors, and force
constants of each SQS at a given composition are then averaged to
more accurately capture the properties of the solid solution."*** This
procedure is aimed at comparing the force constants generated from a
a linear interpolation of end-point site properties against those
generated from multiple SQSs at specific compositions for a well-
studied system. In this study, the piezoelectric properties of multiple
SQSs are averaged by taking the mean of the Born effective charges,
internal strain tensors, and force constants for each atomic site among
all orderings and then subsequently calculating the piezoelectric
tensor for these average properties. Symmetries are taken into account

by counting each symmetry-equivalent transformation of each SQS as
a distinct ordering in the mean.

Experimental Procedures. Growth of Thin-Film Heterostruc-
tures. The thin-film heterostructures with compositions
Sr,Nb,_,,V,,0; (x = 0, 0.0, 0.1) were deposited using pulsed-laser
deposition in an on-axis geometry with a KrF excimer laser (248 nm,
LPX 300, Coherent) and a target to substrate distance of 55 mm.
Films with a range of thicknesses (50—300 nm) were grown on
SrTiO; (110) substrates over a range of growth conditions using
ceramic targets with compositions Sr,Nb,O, and Sr,V,0-. The solid
solution compositions (i.e., S;,Nb,_,.V,.0,, x = 0.0, 0.1) were first
synthesized utilizing alternate ablation from the two parent targets
(ie, Sr,Nb,O, and Sr,V,0,) via sub-unit-cell-level mixing using a
programmable target rotator (Neocera, LLC) synced with the excimer
laser. Next, individual targets with compositions Sr,Nb,_,.V,.0, (x =
0.0S, 0.1) were used for synthesizing the final heterostructures. The
best results were obtained for the growths performed at a heater
temperature of 750 °C (for x = 0) and 600 °C (for x = 0.05, 0.1) with
a laser fluence of 3.75 J/ cm? and a laser repetition rate of 10 Hz at a
dynamic oxygen partial pressure of 100 mTorr. In all cases, 30—45 nm
thick La,y,Sry;MnOj; films were used as the conductive oxides for the
bottom and the top electrodes in the heterostructures. The
LaySro;MnO; films were grown at a heater temperature of 750 °C
with a laser fluence of 2 J/cm? at a laser repetition frequency of 2 Hz
and a dynamic oxygen partial pressure of 100 mTorr. All of the
heterostructures were cooled to room temperature from the
temperature of growth at a rate of 10 °C/min in a static oxygen
pressure of 700 Torr.

Structural Characterization Using X-ray Diffraction. X-ray
diffraction studies were performed using a high-resolution X-ray
diffractometer (Panalytical, X’Pert MRD) with a fixed slit of 1/2° in
the incident beam optics (Cu Ka radiation with A = 1.54 A) and a
receiving slit of 0.275 mm in the diffracted beam optics (PIXcel3D-
Medipix3 detector). The crystal structures of the synthesized thin-film
heterostructures were determined in the direction perpendicular to
the plane of the substrate using 6—26 line scans.

Dielectric Characterization. The dielectric properties for the
heterostructures with compositions Sr,Nb,_,.V,.0, (x = 0, 0.05, 0.1)
were measured using an E4990A Impedance Analyzer (Keysight
Technologies) with an applied DC electric field strength from —1000
to 1000 kV/cm at a frequency of 10 kHz.

B RESULTS AND DISCUSSION

Linear Approximation to Predict Phonon Softening
in PbZr,Ti;_,0s. The primary work of our methodology is to
accurately determine the properties of intermediate alloy
compositions through interpolation from the properties of
their end-point compounds. Therefore, we first demonstrate
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Figure 2. Normalized largest singular values of the piezoelectric and dielectric tensors for alloy systems of the Sr,Nb,O system as approximated
from a linear interpolation of properties from Sr,_,,A, Nb,O, and Sr,Nb,_, B, O, alloy end points. The four alloys shown all contain peaks in the
approximated piezoelectric response, which indicates the potential for enhancement in response as phonon modes soften during alloying.

that linearly interpolating force constants, Born effective
charges, and internal strain tensors between the end-points
composition in the well-studied tetragonal P4mm PZT phase
yield reasonable predictions of trends in the dynamic and
piezoelectric properties compared to more comprehensive
DFT calculations. In Figure la, we plot (in red) the y-point
phonon spectra generated from linearly interpolating the
DEPT force constants from end point compounds. These force
constants are used to produce the piezoelectric response in
Figure 1b. The primary factor contributing to the peak in our
approximation of the piezoelectric response shown in Figure
1b is the softening of lattice dynamic properties also observed
experimentally in PZT." In order to examine how well linearly
interpolated force constants capture lattice dynamic properties
at intermediate compositions, we compare to the spectra
calculated from averaging multiple SQS force constants. The
force constants are calculated for five PbZr,Ti,_,O4
compositions (x = 0, 0.25, 0.5, 0.75, 1). With increasing
zirconium content, the phonon modes of the PZT system
derived from average SQS results soften and become unstable
at approximately x = 0.85. Using the linearly interpolated end-
point force constants, we find that the overall trend of phonon
modes softening is well described, noting that dynamic
instability is predicted at a slightly lower zirconium content
(x = 0.75). More generally, the phonon frequencies show good
agreement between the linear interpolation of force constants
and averaging of SQS force constants as a function of
composition.

The calculated softening of phonon modes is associated with
an increase in polarizability leading to the peak in
approximated piezoelectric and dielectric response in Figure
1. We note that the approximated dielectric and piezoelectric
responses in Figure 1b are identical, as both are discontinuous
with respect to instabilities in the force constant matrix.

Experiments show a similarly large enhancement of piezo-
electric properties in PZT at 52% zirconium,*® significantly
lower than the onset of dynamical instability as predicted by
both computational methods. However, we note thatit is
common for first-order phase transformations to occur before
the complete destabilization of the lattice, which is indicative
of a second-order transition. Hence, phonon instabilities can
be used as descriptor of possible phase transitions. We
summarize that the experimentally observed presence of a PZT
MPB, a large increase in the piezoelectric and dielectric
properties, and softening of the phonon modes associated with
the B-site atom distorting the oxygen cage are all qualitatively
captured by the linearly interpolated force constant method-
ology."” While the softening phonon modes in an alloy do not
necessitate the presence of an MPB, they can regardless lead to
a predicated enhancement of polar properties. In this PZT
system, the approximated phonon instabilities are indeed
associated with an MPB, which demonstrates the potential for
this approximation to act as a high-throughput descriptor for
MPBs in alloy systems.

Exploration of Sr,Nb,0; Alloy Systems. Subsequently,
we utilize linearly interpolated force constants, Born effective
charges, and internal strain tensors to approximate the
piezoelectric response for all candidate alloys originating
from the parent Sr,Nb,O, compound. These alloy systems
include site substitutions of 2 elements on the strontium site
and 17 elements on the niobium site, as given in the
Computational Procedures. The approximated piezoelectric
response is examined for enhancement near compositions with
softened phonon modes in each of these substitutional
systems. We highlight alloy systems with barium substitution
on the A site and phosphorus, vanadium, and chromium
substitution on the B site as promising potential polar systems
based on their approximated response at intermediate
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Figure 3. Computed energies above the hull of all orderings within 44-atom unit cells of four promising alloy systems calculated in order to
determine guidelines for metastability and solid solution stability. The blue crosses represent structures in the parent Cmc2, space groups. Criteria
for a metastable solid solution are that structures at a given composition must be below 0.01 eV/atom above the hull indicated by the red line and
within 0.025 eV/atom of each other indicated by the blue shading. The convex hull, as taken from compounds present in the Materials Project, is

shown at an energy of 0 eV/atom as a black line.

compositions shown in Figure 2. In these alloy systems, a
dramatic increase in the piezoelectric response is associated
with phonon modes softening as a function of alloy
composition. All other systems, including those which also
demonstrate a discontinuous increase in piezoelectric response
but present a large number of unstable phonon modes, are
shown in Figure 1 in the Supporting Information.

We next take into consideration the thermodynamic stability
of alloys from the parent Sr,Nb, O, system. We plot the energy
above the hull for all possible cation orderings within a 44-
atom unit cell of each alloy as a function of composition in
Figure 3. An energy above the hull lower than 0.1 eV per atom
suggests metastable ordering, and a maximum energy range of
less than 0.025 eV per atom at a given composition implies a
metastable solid solution as described in Procedures.*” From
Figure 3d, we find that many orderings of the Sr,Nb, ,,Cr,,O,
alloy system present steep increases of thermodynamic
instability as a function of chromium content (note the
considerably larger vertical axis scale), which likely indicates
that any attempted alloy at compositions close to the predicted
increase in piezoelectric response (see Figure 2d) will
decompose during synthesis. Therefore, we exclude this system
from further investigation. Figure 3b suggests that composi-
tions in the Sr,Nb,_,.P,,0, alloy systems are unlikely to form
solid solutions, especially in the intermediate alloy range 0.2< x
< 0.8. The maximum piezoelectric response for the
Sr;Nb,_,,P,.0O; system lies at around x = 0.1, suggesting that
niobium-rich versions of this alloy may present viable
candidates to form solid solutions with enhanced properties.
In particular, from Figure 3a,c we note that Sr, , Ba, Nb,O,
and Sr,Nb, ,.V,,0, alloys are metastable throughout the
composition range and likely amenable to be present as solid
solutions. For the purposes of this study, we will consider the

St,Nb, ,,V,,0; system for further study, as the barium-
substituted compound has been synthesized and was shown to
form a BagNb,O,5 secondary phase.'”

Focusing on the Sr,Nb, ,,V, O, system, we further explore
the approximation of large piezoelectric response by
constructing an 88-atom system and computing the piezo-
electric and dielectric response at select compositions.*” The
piezoelectric response generated from linear approximations of
end-point properties (Figure 2c), as well as the thermodynamic
stability window (Figure 3c), indicates that compositions
below 20% vanadium composition are likely to produce stable
materials in the layered perovskite structure with large
piezoelectric properties. For these reasons, we choose
compositions of x = 0.0625, 0.125 to conduct these large-
scale DFT calculations.

Figure 4 shows the results of DFT calculations of the polar
properties for 88-atom unit cell Sr,Nb,_ ,.V,.0, alloys. In
order to demonstrate the effect of specific orderings on the
piezoelectric and dielectric properties, we calculate the tensors
for both unique orderings in the unit cell at the x = 0.0625
composition and three distinct SQSs at the x = 0.125
composition. The dielectric response in Figure 4 is shown in
red for [001], as this is the out-of-plane direction for the
synthesized thin film for which the dielectric constant is
measured. There is a limited increase in dielectric constant for
one of the orderings at x = 0.0625, but otherwise no dielectric
enhancement is predicted. The piezoelectric response of each
unique ordering is shown in Figure 4 as a blue X, and we find
an enhanced piezoelectric response from Sr,Nb,O, for all
vanadium alloys. This enhancement is primarily found in the
dy; and d,, components of the piezoelectric tensor. In order to
reproduce the properties of the solid solution, we also average
the values of the Born effective charges, internal strain tensors,
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Figure 4. Largest singular values of the piezoelectric tensor of 88-
atom unit cells of the Sr,Nb, ,.V, O, system. Three SQS orderings
generated from ATAT at x = 0.125 and both unique orderings at x =
0.0625 are shown. The piezoelectric responses generated from an
average of the force constants, Born effective charges, and internal
strain tensors of all orderings at each composition are shown as solid
circles. The approximation generated from a Vegard’s law
interpolation of properties from Sr,Nb,O, and Sr,V,0, is shown in
the background. Dielectric constants in [001] for individual SQS
orderings of the structure are shown in red.

and force constants from these three individual SQS orderings
and all symmetrically equivalent sites as defined in Procedures
before calculating the piezoelectric tensor. These results are
shown separately from the direct DFT calculations in Figure 4
as circles. In general, we observe that the results of the large-
scale DFT calculations are consistent with results from the
linear approximation, although they are shifted (by approx-
imately x = 0.05—0.1) to slightly lower vanadium concen-
trations. At a composition of x = 0.0625 we find that the
individual orderings produce a 2-fold increase in the
piezoelectric response. Similarly the piezoelectric response
generated from an average of properties from these two
orderings produces a response of 5.49 C/m” At the x = 0.125
composition, there is a modest increase in the piezoelectric
response for all orderings. However, the piezoelectric response
calculated from an average of Born effective charges, internal
strain tensors, and force constants of three SQSs at x = 0.125
demonstrates a piezoelectric response which is 174% of that of
the Sr,Nb,O, end point. The enhancement in piezoelectric
response was found to be most strongly associated with the
force constants and internal strain tensors of the Nb/V cation
site and corresponding oxygen cage. In addition, we report that
there are no dynamic instabilities (imaginary phonon mode
frequencies) at the y point for the calculated alloys when the
force constants are averaged across their SQS orderings.

Experimental Results. Motivated by the DFT predictions, we
synthesized and characterized 100—300 nm thick single-crystalline
(001)-oriented Sr,Nb,_,.V,.0, (x = 0, 0.05, 0.1) films on (110)-
oriented SrTiOj; substrates. Lay,Sry;MnO; films that were 30—45 nm
thick were used as bottom and top electrodes. All of the synthesized
heterostructures were single crystalline, as shown in the X-ray
diffraction (6—26) line scans in Figure Sa. The parent compound
Sr,Nb,O, was found to possess an orthorhombic crystal structure
with Cmc2, space-group symmetry and lattice parameters a = 3.933 A,
b =26.726 A, and ¢ = 5.683 A. Considering that the difference in ionic
radii between V** and Nb** is small (~15%), V** is expected to
substitute Nb** in the parent compound Sr,Nb,O, in an isovalent
manner.
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(b) Dielectric measurements of the SroNbo_2,V2,07 system
along the [001] compared to DFT calculations.

Figure S. Sr,Nb, ,.V, O, alloys were synthesized epitaxially and
characterized for crystal structure and dielectric properties.

The structure was found to remain in the crystalline orthorhombic
phase as a function of vanadium concentration, as shown in Figure Sa.
The thin-film heterostructures for Sr,Nb,_,,V,, O, with x > 0.1 were
found to be challenging to synthesize as a single-phase solid solution
due to the film’s tendency to decompose to the parent phases: i.e,
Sr,V,0, and Sr,Nb,O,. Such observations are consistent with prior
studies of bulk ceramics and the current study’s calculations for a
thermodynamically stable solid solution alloy in Figure 3c.”* In
addition to structural characterization, electrical properties of the
heterostructures were probed to obtain the dielectric constant of the
synthesized compositions. The dielectric constant is measured along
[001] and is found to be 32, 42, and 37 for compositions with x = 0,
0.0S, 0.1 in Figure Sb. Rocking curves, full dielectric measurements,
and diffraction data are available as a part of the Supporting
Information. We note the enhancement of dielectric constants with
vanadium alloying to be promising for the polar properties of this
alloy. While DFT results only show a minor increase in dielectric
properties with vanadium concentration along [001] compared to
experiment, the discrepancy may be due to the epitaxial growth
method introducing interfacial strains and the limitations of DFT in
modeling large unit cells.

B CONCLUSION

Lead-free piezoelectric materials have been the subject of
extensive research due to recent global regulations on lead.”
Computational methods contribute a valuable tool to the high-
throughput search for novel materials, especially outside of the
traditional perovskite family. However, the exploration of
MPBs, which comprise the majority of modern piezoelectric
solutions, presents a number of technical challenges for

https://doi.org/10.1021/acs.chemmater.2c00755
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00755/suppl_file/cm2c00755_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c00755/suppl_file/cm2c00755_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00755?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00755?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

computation. In this study, we first establish the ability of end-
point properties to provide a reasonable qualitative approx-
imation for lattice dynamics in the PZT. We note that the
exploration for softened phonon modes in this system correctly
implies the presence of the tetragonal to rhombohedral MPB
and presents a potential descriptor for high-throughput MPB
searches. We then examine the layered perovskite Sr,Nb,O- as
a parent compound and employ a Vegard’s-law-like approx-
imation for exploring increased polar properties based on the
identification of softening phonon modes. A thorough
screening of 19 potential cation substitutions for this
compound was conducted to search for large piezoelectric
response and thermodynamically stable solid solution alloys.
From this screening, we identify Sr,Nb, ,.V, O, as a system
with predicted enhanced piezoelectric and dielectric properties.
We conduct an 88-atom unit cell calculation of the
piezoelectric tensor of Sr,Nb, ,.V,.0; at x = 0.0625, 0.125
for multiple cation orderings at each composition and find a
significant 184% enhanced piezoelectric response of this alloy
due to softened phonon modes and a favorable change in the
internal strain tensors. Concurrently, slightly enhanced
dielectric properties were predicted at the x = 0.0625
composition. Using pulsed-laser deposition, several composi-
tions of the Sr,Nb,O, system were synthesized, which was
found to form a solid solution alloy with increased dielectric
properties as a function of vanadium doping. We present this
material as a candidate for future technological improvements
and the screening methodology for the accelerated design of
enhanced polar materials, especially with respect to potential
MPB systems and high-performing, lead-free piezoelectric
materials.
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