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ABSTRACT: Ferroelectric lead-free KxNa1−xNbO3 (KNN) per-
ovskite, whose piezoelectric properties can be comparable to those
of traditional Pb-based systems, has aroused wide concern in
recent years. However, the specific influences of the stress field on
KNN’s structure and piezoelectric properties have not been well
clarified and there are few descriptions about the temperature−
pressure phase diagram. Here, we analyzed the phonon mode
behavior and structural evolution of K0.5Na0.5NbO3-0.05LiNbO3
(KNN-LN) and MnO2-doped single crystals with pressure- and
temperature-dependent phase structure variations by theoretical
calculation, polarized Raman scattering, and infrared reflectance
spectra. The different phase structures can be predicted at high
pressure using the CALYPSO method with its same-name code. The rhombohedral → orthorhombic → tetragonal → cubic phase
transition process can be discovered in detail by Raman spectra under different temperatures and pressures. The phase coexistence
on the thermal phase boundary was confirmed by basic anastomosis. Meanwhile, it was found that the substitution of Mn in the
NbO6 octahedron aggravates the deformation of high pressure on KNN-LN and the substitution of Mn at the B-site intensifies the
structural evolution more severely than at the A-site. The present study aims at exploring octahedra tilt, phonon vibrations, and the
internal structure on the general critical phase boundary in KNN-LN crystals. It provides effective help for the study of lead-free
perovskite phase transformation and the improvement in piezoelectric properties under a high-pressure field.
KEYWORDS: potassium sodium niobate, phase boundary, multiphase coexistence, Raman spectroscopy, high pressure, phase diagram

■ INTRODUCTION
Potassium sodium niobate (KxNa1−x)NbO3 (KNN) and its
derivatives have been considered as an environmentally
friendly alternative for Pb(ZrxTi1−x)O3 (PZT) owing to their
excellent piezoelectric properties.1−6 Over the past few years,
in order to eliminate the pollution caused by the manufactur-
ing process of lead-based materials, the urgent need for the
application of lead-free materials based on KNN in sensors,
resonators, and other electromechanical fields7−9 has played an
increasingly essential role.10−12 Therefore, KNN-based single
crystals will probably benefit from attracting more attention, as
they show a high piezoelectric coefficient (d33) of approx-
imately 205−405 pC/N with a high Curie temperature of 697
K.13−15 With the development of technology in the field, how
to enhance the piezoelectric properties of KNN by improving
the doping and synthesis methods has become a hot issue.
However, significant enhancement of piezoelectricity is usually
observed near the phase boundary, wherein the crystal
structure changes abruptly. As shown in Figure 1a, the

majority of the studies on KNN are related to phase
boundaries. High piezoelectricity (d33 > 600 pC/N) was
found in KNN with phase boundary by Li et al.16 Due to the
enhanced polarizability, the anomalously high dielectric and
piezoelectric properties near the morphotropic phase boundary
(MPB)11,17−20 among rhombohedral (R), tetragonal (T), and
orthorhombic (O) phases make it important to confirm the
phase boundary.21 The MPB contains multiphase coexistence
and is influenced by composition below the Curie temperature
(TC). It is necessary to find the relationships between the
lattice symmetry, structure evolution, and KNN-based ferro-
electric performances with MPB composition, which can
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enrich the recognition of structure-dependent piezoelectric
contribution. Since the first exploration of the phase boundary
of KNN-based ceramics in 2004,1 excellent piezoelectric
properties have been continuously obtained in KNN with an
O-T phase boundary. Various studies on the O-T phase
boundary have accumulated rich experience on how to select
effective potential additives for KNN.22−24 In general, the
phase boundary in KNN crystals can be regarded as the
intrinsic features of polymorphic phase transition (PPT),
which can shift to room temperature by adjusting element
doping.25,26 Li+ substitution has been studied in depth to
construct the O-T phase boundary.27,28 Moreover, as a
comprehensive and useful additive, the Mn ions in MnO2
have different valence states (+2, +3, and +4).7,12 On the other
hand, the single crystal has leakage current on account of the
presence of lattice defects.13,22 Low leakage current and the
additional high antifatigue properties in Mn-doped KNN
crystals were obtained in recent work.29 In the condition of
KNN-LN doped with MnO2, Mn ions substitute A or B sites as
electron or hole absorber during oxidation.30 The Mn ion can
absorb the surplus positive charge, which could effectively
reduce leakage current.31−35 A high d33 of 1050 pC/N with O-
T was obtained in KNN-LiBiO3-MnO2 single crystals by using
the seed-free solid-state crystal growth (SFSSCG) method.32

However, the internal physical correlations between Mn-
doping and phase transition points are still worth exploring.
The specific phase transition properties and lattice structure
evolution of KNN remain to be studied to achieve more
excellent piezoelectric properties.

In recent years, research studies on temperature-dependent
engineering of KNN-based materials have been reported
frequently. The specific structure and properties evolutions
of KNN under field regulations have attracted much attention,
as plotted in Figure 1c. As one of the external field regulation

methods, the stress field is gradually regarded as an effective
method to investigate the possible changes in structures and
properties near the phase boundary. It would allow for
variation in interatomic distances and chemical bonds36 so that
whether pressure can optimize piezoelectric properties near the
O-T phase boundary to a greater extent than other external
factors such as temperature is worth discussing. Low-symmetry
perovskite under ambient conditions at room temperature and
pressure usually transforms to highly symmetrical structures
with smaller inclination as the pressure increases.37 The
relative compressibility of AX12 and BX6 sites causes the
perovskite structure to become more distorted as the pressure
increases. The BO6 octahedron tilts with increasing pressure,
which can be reflected by the variations in phonon vibration
modes. As nondestructive probe techniques, Raman scattering
and infrared reflection spectra can offer information on
molecular polarizability, internal strain, and lattice vibrations.38

They can also describe information on internal and external
lattice vibrations caused by impurities or lack of base cations.39

Especially, the polarized Raman scattering is considered as a
reliable method to determine lattice anisotropy and symme-
try.40 This is because phonon modes will have different lattice
vibration intensity in parallel-polarized (VV) and cross-
polarized (VH) configuration. The Raman scattering has
been successfully used as a pivotal tool to study structural
phase transition according to the change in their phonon
modes in extreme environments in our previous
work.12,33,38,41,42 Nevertheless, the Raman and infrared spectra
under different pressure fields are desirable for estimating the
phase transition process of the KNN-LN system, which can be
helpful for designing and obtaining giant piezoelectric
performance.

In this work, the pressure- and temperature-induced
structural phase diagram of KNN-LN crystals from Raman

Figure 1. (a) Current investigations of lead-free materials and KNN-based studies. The KNN data were collected from the ISI Web of Science
using the keywords “KNN”, “piezoelectric”, and “lead-free”, while the phase boundary data were collected using the keywords “phase boundary”,
“KNN”, “piezoelectric”, and “lead-free”. (b) Structure diagram of a diamond anvil cell (DAC) in pressure-dependent studies. (c) Structure and
property evolutions under possible external field regulations. (d) XRD pattern and static energy of KNN-LN material with different structural
phases (orthogonal, tetragonal, and cubic) based on the theoretical calculations. Note that some main diffraction peaks have been assigned to the
corresponding crystal plane.
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scattering and infrared reflectance measurements was pro-
posed. The high-pressure Raman and infrared reflection
spectra of KNN-LN were compared with the results of the
calculated static energy and X-ray diffraction (XRD) pattern.
In addition, the effects of Mn ions substitution on the pressure
critical point of KNN-LN phase transition by adding 1% MnO2
to KNN-LN were investigated. According to the analysis of
Raman shift, intensity and full width of half maximums (fwhm)
in the behavior of VV and VH polarized scattering geometric
phonon modes under increasing temperature from 90 to 800
K, the critical temperature point of the phase transition can be
determined. After calculating the phase content at different
temperature points, the more accurate phase transition critical
point can also be derived. This work presents a pressure- and
temperature-induced structural phase diagram, which would
further improve the understanding of the physical structure
characteristics and provide physical basis analysis for the future
research of piezoelectric properties in high-pressure KNN-
based systems.

■ RESULTS AND DISCUSSION
The XRD patterns from KNN-LN with different static energy
(O, T, and C phases) are shown in Figure 1d. The KNN-LN
crystal structure belongs to the O phase at atmospheric
pressure. The main signals are from (100) and (001)
orientation, which are located at 20.65 and 21.85°,
respectively. As the pressure increases to 5 GPa, the KNN-
LN crystal transforms to T phase, with the main signals from
(200) and (110) orientation located at 30.25° and 31.10°.
Note that the difference between O and T phase in the XRD

patterns predicted by the CALYPSO method is not obvious.
The detailed analysis of the O-T phase boundary needs to be
clarified in subsequent measurements. Four XRD peaks in the
O and T phase are overlapped into the signal (001) and (110)
orientation in the C phase, which are located at 21.60 and
30.75°, respectively. The static energy of the different
structures increase from −7.6437 to −6.0665 eV/atom
according to the theoretical analysis with increasing the
pressure. The CALYPSO code was used to search the global
crystal structure and the phase with the lowest energy
corresponding to different pressures could be found.43 It can
be concluded that the KNN-LN crystal structure undergoes O
→ T → C phase transformation under a high-pressure field.

In order to verify the consistency of theoretical prediction
and experiment, we discussed the high-pressure Raman
spectroscopy. Figure 2a, b shows pressure-dependent Raman
spectra of KNN-LN and KNN-LN-1% MnO2 in the range
from 0 to 15 GPa, respectively. It can be seen that there are
noticeable differences between Raman spectra of KNN-LN and
KNN-LN-1% MnO2 at 0 GPa. With increasing the pressure,
the intensity of all the major peaks takes on an overall
downward trend. The phase transition between the T and C
phases can be determined by analyzing the change in the
Raman phonon mode located at about 300 cm−1. The pressure
point of the KNN-LN transition from T to C phase is 9.48
GPa, while that from the KNN-LN-1%MnO2 is lower and
located at about 7.22 GPa. In order to analyze the specific
discrepancy of phonon modes with the pressure, we reveal in
Figure 2c, d a Lorentzian-shape decomposition for four
selected pressures (0, 1.68, 5.01, and 9.48 GPa for KNN-LN

Figure 2. (a) Representative pressure-dependent Raman spectra of KNN-LN single crystals in the range from 0 to 15.17 GPa. (b) Representative
pressure-dependent Raman spectra of KNN-LN-1%MnO2 single crystals in the range from 0 to 15.03 GPa. Representative Lorentzian-shape
deconvolution of Raman spectra at four selected pressures for (c) KNN-LN and (d) KNN-LN-1%MnO2 single crystals, respectively. Pressure-
dependent relative Raman shift of F2g(ν5), A1g(ν1) modes from (e) KNN-LN and (f) KNN-LN-1%MnO2 crystals, respectively. The I /I

1 5
ratio

versus pressure has been shown for (g) KNN-LN and (h) KNN-LN-1%MnO2 crystals, respectively. The parameters I
1
and I

5
are the intensity for

the A1g(ν1) and F2g(ν5) bands from the Raman spectra of KNN-LN and KNN-LN-1%MnO2 crystals. (i) Schematic diagrams showing the main
internal vibrations of the BO6 oxygen octahedra of the stretching A1g(ν1) mode and the bending F2g(ν5) mode.
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and 0, 1.68, 4.59, and 7.22 GPa for KNN-LN-1% MnO2),
respectively. It can be observed that the Raman spectra change
obviously under high pressure. The number of phonon modes
decreases with increasing pressure. The phonon modes in the
range of 200−300 cm−1 are annihilated or merged. This
phenomenon is well consistent with the theoretical calculation.

Generally, a perfect NbO6 octahedron has six phonon
vibrations: the symmetric stretching mode A1g(ν1), asymmetric
stretching modes Eg(ν2) and F1u(ν3), asymmetric bending
mode F1u(ν4), symmetric bending mode F2g(ν5), and the
inactive mode F2u(ν6).

44,45 The ν1, ν2, and ν5 modes have
Raman scattering activity among these vibrations. The whole
vibrational configuration can be regarded as the translational
mode of basic ions and the rotational mode of the NbO6
octahedron in the frequency range below 200 cm−1.41 MnO2-
doped KNN-LN has more splitting peaks at the phonon
frequency between 200 and 300 cm−1, which are related to the
bending vibration of the Nb−O bond in the oxygen
octahedron. The stretching modes at 619 and 566 cm−1

were identified as A1g(ν1) and Eg(ν2) modes of the NbO6
octahedron, respectively. The peak centered at 868 cm−1,
which nearly disappeared in the C phase, is the coupling mode
of A1g(ν1) and F2g(ν5).

46 Comparing the fitting results of
Figure 2c and d, KNN-LN-1%MnO2 has more splitting peaks
under the ν5 mode. This is because Mn substitution reduces
the overall symmetry of the BO6 structure and increases the
types of bending vibration modes.

Panels e and f in Figure 2 give an overview pressure
evolution of relative Raman shift for two different modes (ν1,
ν5) from 0 to 15 GPa. Since there are many subpeaks in the ν5

phonon modes, the area of each peak is taken into account
when weighting the whole ν5 phonon modes. Relatively
obvious pressure-increased Raman spectra features can be
listed as follows: (I) ν1 has almost no displacement at first, and
then moves to a higher frequency, (II) the Raman shift of ν5
phonon modes for KNN-LN is basically unchanged in the O
phase and the O-T coexistence phase; however, in the T phase,
there is an obvious trend of shifting to lower frequency range;
(III) the phonon modes of ν5 for KNN-LN-1% MnO2
gradually shift to a lower frequency with increasing pressure
in the O-T coexistence phase, except for a sudden shift to
higher frequency in the T phase; and (IV) ν1 exhibits a larger
shift than ν5 in the C phase, which indicates A1g is more
sensitive to high pressure. The irregular changes in the Raman
phonon modes can be attributed to the structural phase
transition T → C, which is consistent with the theoretical
prediction. The phonon modes in the vicinity of the T-C phase
change drastically. It means that there may be a narrow
pressure range for the T-C coexistence phase. However, the
phase transition between the O and T phases with multiphase
coexistence is difficult to determine by Raman shifts. In order
to discover more details in the variations of typical phonon
modes, we can observe pressure-increase changes in KNN-LN
and KNN-LN-1% MnO2 by Raman spectral characteristics,
such as intensity and full width of half maximum (fwhm). The
fwhm and scattering intensity are of great significance for the
study of the off-center displacement of the B-site cations.47

However, the off-center displacement of cations at the A-site
and the B-site are the essence of the spontaneous polarization
of displacive ferroelectric materials, while high pressure is

Figure 3. (a) Parallel-polarized (VV) and (b) cross-polarized (VH) Raman spectra of KNN-LN single crystals recorded in a temperature range of
90−800 K, respectively. Note that the variations from several typical lattice vibrations and the corresponding phase transitions can be remarked
from the phonon frequency shift. Temperature-dependent evolution of the typical phonon frequency derived from (c) the VV configuration and
(d) the VH configuration of KNN-LN single crystals, respectively. Note that the abrupt changes can be easily observed and remarked by different
color filling. Temperature-dependent fwhm values under the VV and VH configurations for the (e) F2g(ν5), (f) A1g(ν1), and (g) A1g(ν1) + F2g(ν5)
modes from KNN-LN crystals, respectively. (h) Calculated r values of O → T phase transition under a temperature range of 380−520 K for KNN-
LN single crystals. (i) Temperature dependence of depolarization ratio from KNN-LN crystals of polarized scattering for ν1 and ν5 modes.
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beneficial to BO6 tilting48 and reduces eccentric displacement
of the B-site cation. Figure 3g, h display the intensity of the
A1g(ν1)/F2g(ν5) ratio versus pressures. The competition
between the two phonon modes can be clearly obtained,
especially for the variation with increasing pressure. The
intensity ratio of KNN-LN has fewer changes under 1.68 GPa,
indicating that pressure has relatively less effect on the O
phase. In the O-T coexistence phase, the A1g(ν1)/F2g(ν5) ratios
of KNN-LN have an upward tendency. The stretching A1g(ν1)
mode gradually becomes dominant, while the intensity of the
bending F2g(ν5) mode is decreasing, which means that the off-
center displacement of the B-site cations will be repressed by
high pressure. Therefore, the pressure point for the O-T
coexistence phase boundary located at about 1.68−5.01 GPa
can be obtained from the sharp change in the intensity ratio.
Moreover, there is a considerable difference between KNN-LN
and KNN-LN-1% MnO2 crystals when they transform to T
phase. On the other hand, we can also conclude that the
intensity ratio of KNN-LN-1%MnO2 increases sharply in the C
phase. This phenomenon is significantly more dramatic than
the changing trend of KNN-LN without the Mn introduction.
In general, the cubic perovskite phase does not support the
active Raman modes, with all ions in the inversion centers.
Hence, the Raman signal in C phase indicates that the phase
has a significant local deviation from the cubic structure.49 The
effect from the substitution of Mn ions on the high-pressure C
phase need to be further investigated.

Figure 2i describes the schematic diagram for directions of
molecular vibration intuitively. The orientation of stretching
A1g(ν1) mode is parallel to the interaction direction between
oxygen and Nb ions, while the direction of F2g(ν5) is
perpendicular to them. In the internal modes of the NbO6
octahedron, the bond length become shorter with the smaller
Mn ion substitution instead of larger Nb ions. The doping of
MnO2 will change the interaction between oxygen and the B-
site, inducing a greater influence on the structural variation. It
causes additional octahedral distortion and promotes the
development of octahedral tilt.50 Hence, the substitution of
Mn ions propelled the ABO3 structure toward the cubic
aristotype, which aggravates the deformation of high pressure
on KNN-LN and promotes its phase transition earlier. The Mn
ions replace the A- or B-sites as electrons or holes for
absorption. The substitution of the A-site requires the
reduction of Nb ions and promotes the formation of free
electrons, resulting in an increase in holes. The oxidation
process of B-site substitution can inhibit the increase in holes
by filling them, which is a useful method of Mn substitution to
reduce leakage current. In the ABO3 structure, the bond length
of the A−O bond is longer than that of the B−O bond. The
B−O bonds stretch while the A−O bonds compress during the
process of the ABO3 structure transforming into a cubic
structure.51 Therefore, the B−O bond of the ABO3 structure is
easier to compress under an external pressure field. Similarly,
the substitution of Mn at the B-site can promote octahedral
compression, as compared to that at the A-site. Here we refer
to the concept of tolerance factor τ to further illustrate the role
of Mn substitution, defined as = r r/ 2 ( )A O B O . rA−O and
rB−O represent A−O and B−O bond lengths, respectively.52

The ABO3 structure in the C phase has lattice constants of a =
b = c, and hence the τ value is 1.53 Due to the compressibility
of the B−O bond, the Mn doping will reduce rB−O and increase
the τ value, approaching 1. Thus, the structure is closer to a
cubic phase with the smaller rotation amplitude of the

octahedron. The changes in the B−O bond length and
tolerance factor illustrate that the Mn substitution promotes
the phase transition from the T to C phase.

The polarized Raman scattering is a unique method for
determining lattice symmetry. In the thermal field, phase
transitions can be judged by using abnormal variations in
frequency after the thermal effects on the lattice were
eliminated. The thermal evolution results collected from
temperature-dependent Raman spectra with two polarized
scattering geometry [VV and VH] can accurately reveal the
phase transitions of O to T to C phases. Figure 3a, b displays
the evolution of VV and VH polarized Raman spectra with the
temperature varying from 90 to 800 K. The previous research
show that the KNN-LN crystal structure transforms from O to
T and C phases with the temperature increasing from room
temperature to high temperature.12 On this basis, the structural
variation at lower temperature was additionally studied. As
plotted in Figure 3a, b, with the fitting results in Figure 3c, d,
the F2g(ν5) phonon modes slowly shift to lower frequency in
the low-temperature range below 200 K. The frequency drops
rapidly after the temperature goes beyond 200 K. Therefore,
KNN-LN can transform to the rhombohedral (R) phase with
an R3m space group at low temperature, which is consistent
with the other studies.54,55 On the other hand, there is a
significant reversal at about 420 K, wherein almost all phonon
modes have a blueshift trend. The anomalous blueshift
indicates the O to T phase transition. In the temperature
range below 420 K, all the phonon modes have a redshift trend
in both VV and VH configurations. The effect of thermal
expansion on the lattice will cause the redshift of the phonon
frequency, and the reduction of optical phonon energy can also
promote it. A new phonon mode at about 50 cm−1 can be
found with the temperature beyond 420 K in the VH
configuration labeled (*). The frequency of the ν1 and ν5
coupling mode the phenomenon of shifting toward the high
wavenumber region shown in the pressure-dependent experi-
ment, and it is relatively stable on the whole with a slight red
shift. It is mainly the vibration of oxygen ions in the Nb−O
plane,56 which is not as sensitive to temperature as to pressure.
The phonon modes below 200 cm−1 are related to the
translational mode of cations, which are highly sensitive to the
polarized orientation. The phonon mode located at about 232
cm−1 under the VH configuration shows an abnormal blueshift,
whereas it cannot be observed readily from the VV
configuration. Hence, the bending vibration of the Nb−O
bond has different sensitivity from the VV and VH
configuration.

Figure 3e−g shows the fwhm variation of the F2g(ν5),
A1g(ν1), and ν1+ν5 phonon modes versus temperature. Except
for the general upward trend in a single phase, the fwhm value
of the A1g(ν1) mode is larger than that of F2g(ν5) mode in the
whole temperature range. The fwhm data remain almost
relatively constant at low temperature. With increasing the
temperature above 200 K, it begins to rise rapidly. This is
similar to the change of the frequency shift, indicating the
phase transition pattern. Another interesting phenomenon
occurs at a temperature of about 420 K, where the fwhm value
of F2g(ν5) mode and A1g(ν1) mode have a noteworthy
discontinuous change. However, the ν1+ν5 phonon modes
have a significant reduction. As we know, the particularity of
piezoelectric properties near the thermotropic phase bounda-
ries is significant. As one of the important characteristics of
first-order phase transition, the mixture of O and T phases has

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c13669
ACS Appl. Mater. Interfaces 2022, 14, 45590−45599

45594

www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c13669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


been found at the phase boundary in our previous study.10 An
assumption was established12 that the spectra near the phase
boundaries are linearly superimposed to obtain the phase on
the thermal phase boundaries. The coexistence of the O phase
and the T phase on the thermal phase boundary was confirmed
by the basic anastomosis between the experimental data and
the formula: I = (1 − r)I−+rI+ (I is the fitted Raman spectra, I−
and I+ represent Raman spectra below and above thermal
phase boundary, 0 < r < 1). The intensity of polarization
Raman scattering is related to molecular symmetry and
anisotropy, which is proportional to the polarization.42 In
order to accurately determine the O-T phase transition
temperature, we show the r values of the temperature from
380 to 520 K in Figure 3h. The area of all Raman signals was
normalized to exclude the influence of external factors on the
laser intensity. The intensity values at temperatures of 300 and
600 K are determined as O phase and T phase respectively as
I− and I+. As shown in Figure 3h, in the temperature range of
420−460 K, the content of the T phase of the VV
configuration increases sharply from 0.38 to 0.67 and from
0.40 to 0.71 for the VH configuration, respectively. The
coexistence value illustrates that the O-T phase transition has a
slight temperature difference between the VV and VH
configurations, and there exists a region where the O and T
phases coexist near 440 K.

The anomalous polarization scattering intensity near the
phase transition point reflects the symmetry variation and
rearrangement. The depolarization ratio (ρl = IVH/IVV) would
distinguish the phonon configurations and lattice structure
evolution of KNN-LN. Figure 3i indicates the depolarization
ratio of vibrational modes of F2g(ν5) mode and A1g(ν1) in the
temperature range of 90−800 K. The temperatures of
symmetry breaking on KNN-LN are around 200, 440, and
720 K. The sudden drop of the F2g(ν5) mode at the
temperature point of 720 K is obvious, as is the continuous
rise at 440 K. Differently, the depolarization ratio of the
A1g(ν1) mode around 440 K becomes stable. In the C phase,
the KNN-LN crystal has a cubic structure with high lattice
symmetry. Therefore, ρl of both the A1g(ν1) and F2g(ν5) modes
decreases significantly after the crystal transforms to the C
phase, which indicates the enhancement of symmetry and the
discontinuity of phase transition. The depolarization ratio plays
a significant role in the evolution study of lattice symmetry.

In addition to the Raman active modes A1g(ν1), Eg(ν2), and
F2g(ν5), the NbO6 octahedron also has infrared-active F1u(ν3)
and F1u(ν4) modes with more lattice details. Figure 4a depicts
the infrared reflectance spectra of KNN-LN crystal under
different pressure fields. The high-reflectance region of 660−
840 cm−1 is associated with the F1u(ν3) mode, which is related
to the Nb−O stretching mode.57 The peak position and
reflectance intensity are obtained by the Lorentz fitting, as
shown in Figure 4b. It was found that the change of peak
position and strength is more obvious in the pressure range of
1.10−3.30 GPa. The abnormal change in infrared reflectance
intensity is consistent with the results from Raman spectros-
copy, which verifies the existence of the O-T phase coexistence
near this pressure point. Therefore, the sharp change in
infrared reflectance intensity in the range below 3.30 GPa
corresponds to the O-T phase transition result, which has been
already obtained by Raman scattering. Moreover, the previous
pressure-dependent Raman analysis shows the phonon mode
competition between A1g(ν1) and F2g(ν5). It was concluded
that the stretching mode A1g(ν1) gradually dominates in the T
phase with increasing pressure. Thus, the phase transition
process can also be analyzed by the infrared reflectance spectra.

In order to further analyze the relationship between
temperature- and pressure-dependent phase transition, we
show a schematic temperature and/or pressure phase diagram
in Figure 4c. Temperature−composition phase diagrams have
been already studied for (1 − x)KNN-xLN solid solution by
Klein et al.21 The data with x = 5% have been selected and
marked it with purple squares and circles in Figure 4c. In
addition, the yellow and green markers were selected from the
temperature-dependent experiment of Mn-doped KNN-LiBiO3
and the calculated phase transition points of KNN,
respectively.33,58 The phase boundary under high temperature
and pressure with the dotted lines was indicated. The KNN-
LN transforms from the O phase to the T and C phase with
the temperature or pressure increasing, while the space group
follows the transition sequence of Amm2 → P4mm → Pm3m.
The effect of thermal expansion during the heating process and
volume contraction as pressure increases on KNN-LN volume
are opposite.52 Due to the compressibility of BO6 struc-
ture,42,51 the thermal expansion phenomenon with increasing
temperature cannot offset the volume shrinkage caused by
phase transition. Besides, by increasing the pressure acting on

Figure 4. (a) Infrared reflectance spectra of KNN-LN single crystals under a pressure range of 1.1−50.8 GPa at room temperature. (b) Phonon
frequency of the F1u(ν3) mode and the maximum reflectivity versus pressure present abrupt variation. (c) Schematic temperature- and/or pressure-
dependent phase diagram of KNN-LN single crystals derived from the critical pressures and temperatures identified. The values in this work are
indicated by red squares and circle on the coordinate axis while the other signals represent the published works from the listed references. Phase
boundaries with their uncertainties are represented by the dashed lines.
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KNN-LN, the energy of KNN-LN increases while the stability
decreases from the theoretical calculation, so the entropy ΔS >
0 during the phase transition. Therefore, entropy (S) and
volume (V) change are positive and negative (ΔS > 0, ΔV <
0), which cause the compressible BO6 octahedral perovskite to
exhibit negatively inclined phase boundaries in the temper-
ature−pressure phase diagram generally.37 Therefore, although
there is a lack of a phase transition critical point and an
uncertainty of the phase boundary in a high-temperature and
-pressure environment, one can still assume that KNN-LN has
similar negatively inclined phase boundaries. Moreover, the
final phase diagram obtained by the optical spectroscopy is well
consistent with the structure at 0, 5, and 20 GPa derived by the
theoretical predictions, which belong to O, T, and C phases,
respectively. These data can improve further insight on the
piezoelectric performance of a KNN-based system.

■ CONCLUSIONS
In summary, we systematically investigated the features of
pressure-dependent and polarized temperature-dependent
phonon behaviors in KNN-LN crystals. The O-T and T-C
phase transition pressure points of KNN-LN were observed at
1.68−5.01 and 9.48 GPa under the stress field, which is in
agreement with the phase structures predicted by the
CALYPSO method at different pressures. The analysis of
competition between the A1g(ν1) and F2g(ν5) phonon vibration
modes and infrared reflectance spectra supported the
conclusion that the stretching mode A1g(ν1) gradually
dominates in the T phase. As a comprehensive additive, the
doping of MnO2 causes Mn ions to replace the A- or B-sites of
NbO6 structure, in which the B-site substitution is dominant,
encouraging the phase transition of KNN-LN from T to C
phase at lower pressure points. In addition to analyzing the
polarized temperature-dependent Raman shift, the scattering
intensity, and fwhm to infer the phase transition points among
the O, T, and C phases, the coexistence value (r) was
calculated at temperature points near the O-T phase boundary
(420−460 K) in order to study the phase competition and
phase coexistence. The phase diagram can comprehensively
display the results on KNN-LN. Both temperature and
pressure can add energy to the system and increase entropy;
the compressible BO6 octahedral perovskite usually presents a
negative inclined phase boundary in the temperature and/or
pressure phase diagram. This work will be helpful for future
research on the structure properties in KNN-based crystals and
the development of lead-free piezoelectric systems.

■ EXPERIMENTAL SECTION
Preparation of KNN-LN and KNN-LN-1%MnO2 single Crystal

Samples. (K0.5Na0.5)NbO3-0.05LiNbO3-γMnO2 (γ = 0 and 1.0%)
single crystals were grown by the flux-Bridgman method. The specific
preparation process was reported previously.59

CALYPSO Method. The CALYPSO (crystal structure analysis by
particle swarm optimization) method is an efficient method for crystal
structure prediction. It only needs the chemical composition of a
compound to predict a stable or metastable structure under given
external conditions. It can generate a number of test structures in a
predefined unit cell before simulating the diffraction pattern of each
test structure.60−62 Structural searches were performed using models
consisting of four formula units at 0, 5, and 20 GPa. First-generation
structures are randomly generated, then optimized and evolved into
the next generation. Twenty generations were subsequently followed,
each containing 50 structures, to obtain the most stable structures.

Moreover, locally structure optimization techniques are used to obtain
a local minimum of lattice energy.

Pressure-Dependent Raman Scattering Measurements.
Raman scattering measurements were performed with Jobin-Yvon
LabRAM HR Evolution spectrometer. A laser with the wavelength of
532 nm and a 1800 grooves/mm grating was taken as the excitation
source and the spectral resolution is better than 1 cm−1. The laser was
focused on the sample through a 50× microscope with a working
distance of 18 mm. For high-pressure experiments, we have used a
Mao-Bell-type diamond anvil cell (DAC) with two 300 μm culet
diamonds and a stainless steel gasket. The specific structure diagram
of DAC was plotted in Figure 1b. Silicone oil was used as a pressure-
transmitting medium. The ruby luminescence method was used to
calibrate the pressure value.63,64

Polarized Temperature-Dependent Raman Scattering
Measurements. Linkam THMSE 600 heating/cooling stage, with
a temperature rate of 10 K/min, was used in temperature-dependent
Raman experiment. In order to eliminate the contribution of the
Raman spectra to the Bose−Einstein temperature factor, we reduced
all the spectra by n(ω, T) + 1. The Bose−Einstein temperature factor
is obtained by n(ω, T) = 1/[exp(ℏω/kT) − 1] (ℏ and ω represent
the reduced Planck constant and the phonon frequency, while k and T
represent the Boltzmann constant and the temperature). Polarizers
were placed in the excitation and detection paths to define VV and
VH scattering geometries in polarized scattering measurements.

Infrared Reflectance Spectra. Infrared reflectance spectra were
implemented by the FTIR spectrometer (Bruker, Vertex 70v). The
microscope (Hyperion 2000) was equipped with a nitrogen-cooled
MCT detector. A gold mirror was utilized as a reference to the
reflectivity between the transmitting medium and the culet of the
diamond anvil. Note that no mathematical smoothing was performed
for the experimental reflectance data.
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