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Abstract

We report experimental and calculated Raman scattering investigations of KNDb;.xTaxO3
(x = 0.4, 0.5, 0.6) solid solutions as a function of hydrostatic pressure. The observed
phase transitions sequence in the range from room pressure to 12 GPa is similar to the
temperature-induced structural phase transformations: orthorhombic (ferroelectric) to
tetragonal (ferroelectric) to cubic (paraelectric). Furthermore, it was observed that the
domain of stability of ferroelectricity at high pressures increases with Nb-content. For the
first time, some DFT calculations of theoretical Raman spectra are reported in order to

support the experimental observations of pressure-induced phase transitions.
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1. Introduction

Over the last decade, lead-free ferroelectrics have gained major interest in functional
materials research. Among the large family of ferroelectrics, the perovskite-type solid
solution KNb1xTaxO3 (KNT) appears as a potential alternative for lead-based ceramics in
a wide range of electromechanical device applications, due to its good piezoelectric
properties as well as environmental issues and human health [1-4]. Solid solutions of

KNT exist as a single phase for the whole range of compositions, and all the phases
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crystallize in the perovskite structure but with different symmetries. Later studies have
focused mainly on investigating the crystallographic and domain structures of these
compounds. In an earlier work, Triebwasser established the composition-temperature
phase diagram for KNbO3-KTaOs, pointing out a rhombohedral-orthorhombic-tetragonal-
cubic phase sequence with increasing temperature [5]. Moreover, it has been reported that
in KNT-based ceramics like (K,Na)(Ta,Nb)Osand (K,Na,Li)(Ta,Nb,Sb)O3 both the Curie
temperature (Tc) and orthorhombic-tetragonal phase transition temperature (To.t) shifted
to lower temperature as the concentration of Ta increases [6-9]. In addition, by using X-
ray absorption Huan et al. showed the contribution of Ta displacements along different
crystallographic orientations on (K,Na)NbOs; ceramics, which tends to enhance the
ferroelectric properties at the To.t [10]. Besides temperature variation, pressure change is
another important variable providing complementary information about the different
phase transitions that could be induced by pressure. Few reports deal with pressure-effect
in the KNT system, which essentially concerns KNbO3; and Nb-rich solid solutions of
KNT. Gourdain et al. [11] and Kobayashi et al. [12] observed that the ferroelectric
orthorhombic phase is stable up to 8-10 GPa and transforms to the paraelectric cubic
phase through a weakly first-order transformation. Nevertheless, Shamim et al. [13]
reported an orthorhombic to tetragonal phase transition around 7 GPa. Shamim et al.
performed a high-pressure Raman study on KNT single crystals only for Nb-rich solid
solutions where an orthorhombic-tetragonal-cubic phase sequence was observed upon
pressure with a limited domain of stability of the tetragonal structure [14].

In the present paper, high-pressure Raman spectroscopy experiments have been
conducted on three polycrystalline samples, KNbggTap4O3 (KN60T40), KNbgsTaos03
(KN50T50) and KNbg4Tag 603 (KN40T60) up to 12 GPa with the aim (1) to analyze the
pressure-dependent phase transitions of these compounds and (2) to investigate the effect
of Ta substitution on the possible sequences structural transitions of KNT polycrystalline
samples with pressure. Besides, some DFT calculations of theoretical Raman spectra are
reported in order to support the experimental observations of phase transition in the
Raman spectra. This is the first time that such a theoretical versus experimental Raman

study is conducted on KNT solid solutions.



2. Experimental procedure

KNb;xTaxO3 (x = 0.4, 0.5, 0.6) powders were prepared by solid-state reaction of high
purity K,COs, Nb,Os and Ta,Os powders through a classical ceramic process. The
starting raw materials were mixed stoichiometrically in ethanol and ground using an
agate mortar and a pestle until a homogeneous dried mixture was obtained. In order to get
a better reactivity, the mixed powders were uniaxial pressed and calcined at different
temperature in a range 785 °C - 1150°C for 4h. After the calcination, the samples were
ground and mixed with alumina balls in an automatic planetary grinding machine (Fritsch
Pulverisette 6) for 30 minutes at 400 rpm. The mixed powders were then sieved through a
100um. X-Ray Diffraction (XRD) using a PANAalytical X'pert pro diffractometer with
Cu-Ka; radiation was used to identify the crystalline structure of the studied samples. The
data were collected over 20° to 100° 20 range with a 0.016 step size. Profile matching
was performed with the use of the software FULLPROF [15]. Raman experiments were
carried out with a Horiba LabRAM aramis Raman spectrometer using a 488 nm line of
Ar" ion laser as the exciting source, which was focused on the surface of the sample by
using an X 50 objective of a microscope. Data below ~125cm™are artefacts due to the
Rayleigh filter cut-off. Measurements were performed at room temperature both on
increasing (up to 12 GPa) and decreasing pressure by using a membrane-type diamond
anvil cell (DAC) with diamond culets of 500-um diameter and a large angular access
(50°) to collect the highest possible amount of scattered light. The sample was loaded
along with a ruby sphere and a 4:1 methanol-ethanol mixture as the quasi-hydrostatic
pressure-transmitting fluid into a chamber of 150 um in diameter and 50 pm thick drilled
in a stainless steel gasket. The DAC was closed by applying a pressure to the membrane,
and the pressurization of the system was performed step-by-step using a homemade
pressure controller equipped with a needle wire allowing a low helium flow rate to be
delivered and a buffer system for low gas leak. The pressure was estimated based on the
shift of the Ry fluorescence line of the ruby [16, 17]. The Raman signal was obtained in
the 100-1000 cm™ range after a 10 min acquisition time. No intensity normalization has

been done on all the recorded spectra reported in this paper.



3. Results and discussions

Figure 1 shows the room temperature XRD patterns collected for the three investigated
compositions. We obtained highly crystallized materials without any detected second
phases. In good agreement with published works, the Ta-rich KNbg4Tag 03 (KN40T60)
solid solution has a tetragonal symmetry while the Nb-rich KNbggTag403 (KN60T40)
solid solution has an orthorhombic symmetry [5,14,18]. As already reported on KNT
systems [5,18], KNbysTaps03 (KN50T50) is located at the limit between tetragonal and
orthorhombic phases. However, in this work, best refinement could be obtained with an
orthorhombic symmetry with this composition (Table 1). EDX analyses of each sample
have confirmed the right stoichiometry of the powders, with no major compositional
dispersion.

3.1. Hydrostatic pressure study

Room temperature Raman spectra of the KNT samples with increasing pressure are
shown in Figure 2. We observe that the main features of the samples are modified as
function of the pressure. This can give us a direct indication that structural phase
transitions occurred in the materials within the investigated pressure range. Moreover,
after releasing the high-pressure the powders recover their initial crystal structures,
showing that changes are reversible without any relaxing or hysteresis phenomena.

Phase transitions in ABOgs-type alkali metal tantalates and niobates can be understood in
terms of soft optical phonons, which may primarily involve either the vibrations or the
rotations of the oxygen octahedral. The phase transitions are attributed to the
condensation of these soft modes [19]. As it was shown in the reference [20, and other
experimental and theoretical works cited in], these soft phonon are mainly IR-active and
not Raman active (depending on the considered phase) and always involve a
displacement and a deformation of the oxygen octadedra while the roles of A and B
cations vary among the materials and between high and low pressure phase transitions.
Raman studies on similar solid solutions of KNT depending on temperature have pointed

out the main signatures of the different phase transitions induced by temperature, which



are mainly dominated by bands related to the internal modes of the (Nb,Ta)Og octahedra
[20-22].The modes around 840 cm™, 560 cm™ and the resonance-depth at 200 cm™ will
be the main features in the analyses of pressure induced phase transitions for this
investigation. These Raman active modes are associated to the (Nb,Ta)Og octahedra with
On symmetry which correspond to the Nb-O bond, and the stretch and bend vibrations of
the O-Nb-O modes.

With increasing pressures and according to the composition, a series of orthorhombic to
tetragonal to cubic (Nb-rich solid solutions) or tetragonal to cubic (Ta-rich solid
solutions) phase transitions can be observed. Due to the nature of Nb and Ta cations, no
pressure-induced electronic contribution, like overlapping of orbital, is expected to affect
their high-pressure behavior. Therefore, the distorsion and compressibility of bonds can
be assumed to be the driving force of the structural modification under compression.
With increasing pressure, the solid solutions evolve towards higher constrained structures
with higher symmetry.

A decrease in the resonance-depth at 200 cm™ and the loss of the low-wavenumber wing
of the 560 cm™ mode due to a transformation of the B1(TOs) and B,(TOs) modes into
E(TO3) are the main characteristics of an orthorhombic to tetragonal (O-T) phase
transition [17,18]. The spectral deconvolution for the 500-650 cm™ region of KN60T40
and KN50T50 are shown in figure 3, which illustrates the possible identification of the
orthorhombic-to-tetragonal phase transition in KN60T40 and KN50T50 through the
shoulder around 530cm™ (followed by the * symbol). Specifically, it can be clearly seen
how as the pressure increases the B;(TO3) mode disappears while the B,(TO3) modes
transforms into the E(TO3;) mode and the phase transition takes place. The phase
transformations might occur around 3 to 4 GPa for both KN60T40 and KN50T50
samples.

Three criteria can be followed to identify the tetragonal to cubic (T-C) phase transition
and its associated critical pressure range. With increasing wavenumbers, we can quote:
(1) the fading of the resonance depth around 200 cm™ until it almost vanishes [22], (2)
the appearance of a mode around 450 cm™ which is first-order Raman inactive and can be

only observed in second-order scattering spectra in the cubic phase [20,24], and (3) the



disappearance of the first-order A;(LOs) mode around 840 cm™ which is forbidden in the
cubic phase [20]. Qualitatively, the three compositions investigated in this study have the
same high-pressure Raman signatures suggesting similar high-pressure crystal symmetry.
The high-pressure spectra obtained in our investigation are similar to those reported by
Manlief et al. at high temperatures [20]. At Room temperature, this T-C transition is
located around 7-8 GPa for KN60T40 and KN50T50, and decreases around 5-6 GPa for
the KN40T60 sample. The persistence of broad spectral features, even though a general
loss in intensity can be observed along with a strong increase of the background signal, is
a direct evidence that the material is not strictly speaking cubic on a local level, a
behavior which is very commonly observed in ferroelectrics due to local polar
fluctuations and/or local composition changes [22,23,25]. Existence of first-order Raman
scattering in Pm3m structure refers to as disorder-induced Raman scattering and can be
assigned to nanopolar domains, initiated from the fluctuations of the Nb and Ta ions
among its allowed positions, whose structure is locally different from the average one
[26,27].

The transition pressures for the studied compositions were assigned from the above
analysis and reviewed in Figure 4. High pressure Raman studies have been already
performed for KN60T40 crystals by Shamim et al. [14]. The authors reported that the O-
T and T-C phase transitions might be at around 3 and 4 GPa, respectively. However, in
our work, concerning polycrystalline materials, while the phase sequence is maintained,
the domain of stability of the tetragonal phase, and the ferroelectric region, seems to be
larger. In addition, we can observe that as we increase the amount of tantalum the T-C
transition pressure and the associated ferroelectric-paraelectric transition line decrease.
This may be due to the atomic substitution that can cause a similar effect to the pressure

[14], showing a connected chemical pressure and physical pressure effect.

3.2. Interpretation of Raman spectra : insights from theory

3.2.1. Theoretical determination of the Raman spectra

The theoretical Raman spectra were calculated by using the Density Functional Theory
(DFT) (at 0° K). The theoretical data were obtained with the periodic CRYSTAL14 [30,



31]. The used exchange — correlation functional is the hybrid PBEO functional [32] which
was shown to be the most adequate for the accurate description of the structural,
electronic, vibrational and dielectric properties in agreement with experimental data for
this family of materials [33]. Regarding the basis sets, an all — electron Gaussian type
basis set was used for O; K, Nb and Ta were described with Gaussian type basis sets
combined with pseudopotentials. A full description of these basis sets is given in
reference [34]. As regards the computational conditions for the evaluation of the
Coulomb and exchange series, the adopted thresholds on the overlap as defined in the
CRYSTAL manual [31] are 10 108 10® 10® and 10® au.. Calculations were
performed with a 8 x 8 x 8 Monkhorst — Pack k-point mesh [35]. The I'-point harmonic
frequencies were calculated in the frozen phonons approximation.

The computed spectra were calculated considering ideal powders, with no preferred
orientation, and assuming an incident light with a wavelength of 488 nm. They were

convoluted with a Gaussian equation with a damping factor of 8cm™.

The different crystals have been simulated via a supercell approach. A 2 x 2 x 2 supercell
of the primitive K(Nb,Ta)O3 have been used ; for each “commensurate” concentration, all
non-identical substitution patterns have been considered. For each of them, the lattice
parameters and internal coordinates have been optimized, maintaining the cubic Pm-3m
symmetry (10 configurations by concentration). For the configuration minimizing the
total energy, the calculation of I' phonons was performed in order to determine the
unstable mode leading to the tetragonal or orthorhombic phases of KNb;xTaxOs. For
each concentration, the most stable configuration was retained and its equation of state
was determined by fitting the calculated total energy E versus volume V curves by an
integrated Murnaghan function. The volume V(P) is deduced from E(V). For each
volume, E is minimized with respect to the crystallographic parameters : there are 8, 2
and 60 parameters to be optimized for the cubic, tetra and orthorhombic phases,
respectively. Table 1 summarizes the obtained lattice parameters both theoretically and
experimentally in this work : the average error between the theoretical and experimental
results is about 0.5 %. These simple models have been used to determine the different

Raman spectra described in this paper.



3.2.2. Theoretical and experimental spectra

Figure 5 shows the experimental spectra compared with the computed ones at room
pressure and room temperature for the different KNb;.xTaxO3 (x=0.6, 0.5, 0.4) solid
solutions. The calculations were performed in (1) a harmonic approximation and (2) at O°
K while the KTN system is (1) highly anharmonic and (2) the experiments were
performed at room temperature. Besides, disorder in the system and possible local
fluctuations in Nb and Ta ionic positions are responsible for the wide bands obtained in
experiments while background substraction could not be done. Then a discrepancy
between the experimental and theoretical calculations will arise.

The experimental and computed spectra at room temperature and different pressures
(3GPa, 7GPa and 10GPa) for the investigated solid solutions are displayed in figures 6 to
8. For each pressure and each composition different spectra were calculated before being
compared to experimental data. Discrepancies and/or shifts between calculated and
observed spectra still subsist while the pressure is increased, attributed to the
approximation required in the computation algorithm. However, comparison between
theoretical values and available experimental ones are in a decent agreement specifically
when the transition from the tetragonal to the cubic phase takes place. Globally, DFT
studies confirm (1) the pressure-induced phase-transition sequences observed for each
system and (2) the pressure ranges in which phase transformations occur. The Ta-rich
KNbg 4TagsO3 solid solution undergoes a tetragonal to cubic phase transition below
3GPa. On the other side, the Nb-rich KNbg gTag 403 solid solution starts an orthorhombic
to tetragonal phase transition around 3GPa while the tetragonal to cubic phase transition
is already complete at 7GPa. The KNbgsTags03 solid, located at the orthorhombic —
tetragonal boundary at room pressure, begins a total orthorhombic to tetragonal

transformation around 3 GPa while above 7 GPa the system is already cubic.

4. Conclusion
We have conducted pressure-dependent Raman scattering experiments of KNb;.xTayO3 (X
= 0.4, 0.5, 0.6) polycrystalline samples, which provide evidence of pressure induce phase

transitions. The phase transition sequences obtained in this work are similar to the



temperature-dependent structural transformations reported in the literature. In addition,
the tetragonal to cubic phase transition occurs at higher pressures than the values reported
for mixed crystals of the sample composition. This could suggest an enhancement of the
ferroelectricity in polycrystalline solid solutions. Moreover, the domain of stability of

ferroelectricity at high pressures decreases as the amount of tantalum increases.
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Figure 1. X-ray diffraction patterns of KNb;,TaxO3 polycrystalline samples in the
perovskite phase.
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Figure 2. Raman spectra at room temperature of three different polycrystalline samples
of KNbyxTaxO3 as function of pressure. Colors are guide lines for the reader : brown
spectra (orthorhombic phase), blue spectra (tetragonal phase), green spectra (cubic

phase), black spectra (phase transition areas).
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Figure 3. Raman spectra for KNb;.,Ta,O3 (x=0.4, 0.5) in the 500-650 cm™ region for
polycrystalline samples as a function of increasing pressure. The spectral deconvolution
illustrates the possible identification of the pressure-induced phase transitions that occur
in the materials depending on the composition. (* follows the pressure-induced decrease
of the B;(3TO) mode characteristic of the orthorhombic phase)
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Figure 4. Summary of the pressure-composition phase diagram for KNbi4Tax03 from
this work and literature. Dash lines are guides to the eyes for the points of this work.
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Figure 5. Calculated (up) and experimental (down) Raman spectra for KNb;4TaxO3
(x=0.6, 0.5 and 0.4 from left to right) at room pressure.
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Figure 6. Calculated and experimental Raman spectra for KNbg 4Tag O3 at 3GPa, 7GPa
and 10GPa (from left to right). For each pressure, theoretical spectra were calculated with
tetragonal and cubic symmetries. Grey area corresponds to the best agreement between
DFT calculations and theoretical datas.
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Figure 7. Calculated and experimental Raman spectra for KNbg5Tao 503 at 3GPa, 7GPa
and 10GPa (from left to right). Grey area: best agreement. For each pressure, theoretical
spectra were calculated with orthorhombic, tetragonal and cubic symmetries. Grey area
corresponds to the best agreement between DFT calculations and theoretical datas
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Figure 8. Calculated and experimental Raman spectra for KNbg¢Tag 403 at 3GPa, 7GPa
and 10GPa (from left to right). For each pressure, theoretical spectra were calculated with
orthorhombic, tetragonal and cubic symmetries. Grey area corresponds to the best
agreement between DFT calculations and theoretical datas



Table 1. Details of lattice parameters and cell volume obtained from the XRD patterns
through a Le Bail analysis compared with the ones obtained theoretically in this work.

Composition  Space Group a(A) b(A) c(A) V (A%
KNbg4Ta9603 P4mm Exp. 3.993 3.993 4.002 63.808
Calc. 3.985 3.985 4.076 64.727
KNbgsTags03 Amm?2 Exp. 3.992 5.649 5.702 64.292
Calc. 3.982 5.680 5.692 64.370
KNbgsTa403 Amm2 Exp. 3.991 5.655 5.689 64.198

Calc. 3.982 5.663 5.674 63.974




