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Ferroelectric lead-free K,Na;_,NbO3; (KNN) perovskite, as the representative of the preferred oxides with
good dielectric and piezoelectric behaviors, has attracted broad attentions in recent years. Here we systematically
investigate the complete process of temperature dependent structural evolution in manganese (Mn)-doped
Ko.sNag sNbO;-LiBiO; single crystals, presenting the ultrahigh piezoelectric coefficient of about 1050 pC N~!
and the excellent dielectric and ferroelectric performances, by demonstrating phonon thermodynamics associated
with all Raman active modes at a wide temperature range of 80-800 K. All-round unpolarized and polarized
scattering characteristics reflecting various phonon and structure properties are specified in detail. Symmetry
difference, symmetry breaking, and structure rearrangement among the molecular vibrations have been proven
to be related to a multiphase coexistence and the discontinuity of first-order phase transition. In comparison with
the lattice dynamics, a complete phase transition ordering and the shift of transition point have been observed
in KNN-LiBiO; crystals with the different Mn contents. This work aims at deeply revealing the details of
good ferroelectric/dielectric performance, structure, and phonon thermodynamics, as well as understanding the

mechanisms of first-order phase transition under the doping manipulation in KNN systems.
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I. INTRODUCTION

Potassium sodium niobate K,Na;_,NbO3; (KNN) is of
increasingly great concern depending on its excellent piezo-
electric coefficient (d33) [1], after the Restriction of Haz-
ardous Substances (RoHS) released by the European Union
demanded a reduction in the use of lead element. Con-
ventionally, Pb(Zr, Ti)O3; (PZT) is widely used due to high
piezoelectric behavior and almost the vertical separation be-
tween the rhombohedral and the tetragonal state [2]. In order
to develop environment-friendly KNN-based materials and
applications instead of PZT products, much attention has been
paid in recent years to improve the piezoelectric performance
of KNN by modifying the doping and synthesis methods [1,3—
6]. However, fewer studies focus on exploring the details of
phase transition and its underlying mechanism. Investigating
phase properties and lattice evolution in view of condensed
matter is fundamentally important for developing the perfor-
mance and applications of KNN-based crystals [7]. Therefore,
more specific studies on the structural behavior of KNN-series
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ferroelectrics are worth carrying out, such as effects of the
crystalline quality (i.e., leakage current) and the doping on
ferroelectric ordering phase transition.

For pure KNN (x = 0.5), phase transition from rhombo-
hedral (R) to orthorhombic (O) is located at approximately
170 K, from orthorhombic (O) to tetragonal (T) transition
at near 493 K, and tetragonal (T) to cubic (C) transition at
near 693 K (Curie temperature 7;), respectively [8]. To ob-
tain the excellent piezoelectric performances, different doping
schemes have been attempted in KNN series, such as the
substitutions of Mn, Li, Ta, Sb, Bi, or Zr ions in A site or B site
of the oxygen octahedra (ABO3) structure [4,9-14]. Among
these modified doping substances, manganese (Mn) ion acts as
a popular and interesting additive. The Mn ion could possibly
substitute A or B sites as electron or hole absorbent [15], thus
efficiently contributing to improve space charge polarization
behaviors, as well as the great reduction of leakage current by
about two orders of magnitude [16,17]. However, investigat-
ing the effect of the varied doping and its content on structure
and phase transition is still absent, in terms of deep physical
comprehension by effective spectroscopic approaches.

As one of molecular vibration spectroscopy tech-
niques, Raman scattering is competent for investigating
the internal strain, crystallinity, chemical-bond property,
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molecular polarizability, and symmetry of ferroelectrics
[18-22]. The scattering signal performs at high sensitiv-
ity on perceiving the tiny distortion of lattice during the
structural (ferroelectric-paraelectric ordering) or nonstruc-
tural (ferromagnetic-paramagnetic ordering) phase transitions
[23-25]. Structure phase transition of crystal generally
leads to an anomalous shift of phonon frequency, which
could be distinguished from the phonon-occupation-driven
and volume-dilatation-driven contributions [26]. Instead of
the common scattering criteria of phonon frequency and
linewidth, especially, previous studies in both theory and ex-
periment have confirmed that the polarized Raman scattering
intensity and depolarization ratio from scattering in double
cross-polarized geometries perform unique functionality on
determining first-order phase transition, lattice symmetry, and
molecular vibration geometry [26-31].

In this study, the crystal matrices of 0.25% Mn-
doped 0.996K 5NaysNbO3-0.004LiBiO3 (KNNLB-25Mn)
and 0.375% Mn-doped 0.996K,sNapsNbO3-0.004LiBiO3
(KNNLB-37Mn) solid solutions are prepared with the great-
optimized ferroelectric, piezoelectric, and dielectric perfor-
mances. Complete temperature dependent phase transitions of
them are systematically investigated by Raman spectroscopy
at 80-800 K. Our previous report [17] has presented the
ultrahigh and stable piezoelectric coefficient ds; of about
1050 pC N~! and a high remnant polarization P, of
40 uCcm~2 in KNNLB-37Mn single crystal. Theoretically,
the ferroelectric KNN single crystal embraces better piezo-
electric response, the optimal crystallographic orientation,
and the controllable polarization engineering than a poly-
crystalline solid solution [17,32]. Scattering characteristics
of the phonon frequency, linewidth, polarized scattering
intensity, and depolarization ratio are collected and sys-
tematically analyzed using the polarized and unpolarized
scattering geometries, accompanied by phase transition in
first-order process [20,26,33,34]. Notably, the physical cor-
relations between a perovskite-typed ferroelectric molecule
and the scattering signals have been systematically discussed.
Thermal kinetics of NbOg octahedra also exhibit some distinct
changes and phase coexistence near the transformation bound-
ary by exploring phonon characteristics under the thermal
control. It indicates an entire phase transition process in the
KNNLB system corresponding to a full phase ordering: R to
O to T to C phase transition ordering. This work would pro-
vide some primary evidences for understanding the physical
correlation between the unique structure characteristics and
the excellent functionality in KNN-based crystals.

II. MATERIALS AND METHODS

KNN based ferroelectric single crystals are synthesized
mainly by the melt growth processes including floating zone
method (FZM) [35], the flux-Bridgman method [20,36], top-
seeded solution growth (TSSG) method [37], and so on.
Here KNNLB-25Mn and KNNLB-37Mn single crystals were
synthesized by a unique method of the seed-free, solid-state
crystal growth (SFSSCG) method [17,38,39]. High-purity
powders of Nb,Os5 (99.5%), K,CO3 (99%), Na,CO3 (99.8%),
Li,CO5; (97%), Bi,O3 (99%), and MnO, (85%) were em-
ployed as the raw reagents. After baking these powders at

200°C and then weighing them, raw powders were mixed
in ethanol by ball milling for 1 day. Then calcining the
powders in air at 750°C for 6 h. The dried materials need
the ball-milling process again for 8 h before being pressed
into pellets under the uniaxial pressure of over 90 MPa.
The pressed products in pellets were sintered in air at a
peak temperature of around 1090 °C for 18-21 h. As-grown
doped KNN single crystal was carefully collected from the
mixed crystal, oriented, polished, and mechanically cut. For
exploring lattice structural characteristics by Raman scatter-
ing spectroscopy, the achieved single crystals were annealed
for 10 h in air at 800 °C. KNNLB single crystals with dif-
ferent Mn contents were prepared successfully with a final
thickness of about 0.6-0.8 mm, and a size of 2—4 mm in
diameter. SESSCG technique would effectively overcome the
shortcomings of traditional melt growth methods on syn-
thesizing ferroelectric oxides with complex compositions,
such as the incongruent melting-induced composition inho-
mogeneity, high-temperature, and long-time process-induced
volatility for Na,O and K,O species [16,35,38]. Seed-free
method also eliminates the strong effect of the seed crystal
on the quality of the prepared single crystal. Compositional
homogeneity and good crystallinity have been confirmed on
KNNLB and Mn-doped single crystals from SFSSCG meth-
ods by a number of experimental characterizations such as
x-ray diffraction, scanning/transmission electron microscopy,
energy dispersive spectrometer, and the basic chemical analy-
sis, etc. in our previous work [17,38,39].

Raman spectroscopic measurements were performed on a
Jobin-Yvon LabRAM HR Evolution micro-Raman spectrom-
eter equipped with a Linkam THMSE 600 heating/cooling
stage with a heating/cooling rate of 5 K/min and a tem-
perature accuracy of £0.1 K. Resolution of the spectrum is
controlled as 1 cm~'. The wavelength of excitation laser is
532 nm. To obtain the polarized scattering, the polarizers
were placed in the excitation and detection path to define
the parallel-polarized (VV) and the cross-polarized (VH)
scattering configurations. Whole spectra were corrected for
the Bose-Einstein thermal factor n(w, T') = [exp(hw/kT) —
117!, where n is the reduced Raman data for the Bose-Einstein
thermal factor, and 7, w, k, and T are the reduced Planck
constant, phonon wave number, Boltzmann constant, and tem-
perature, respectively. The heat effect from laser beam can be
ignored, owing to the power of less than 5 mV on samples.
Ferroelectric polarization-electric field (P-E) hysteresis loops
at room temperature were acquired at 10 Hz, using a ferroelec-
tric test system (P-PMF, Radiant). Temperature dependence of
dielectric constant and dielectric loss (tan §) at a temperature
range of 300-700 K were carried out at 10 and 100 kHz by
employing an impedance analyzer (Agilent 4294A).

III. RESULTS AND DISCUSSION

Large-size KNN-LiBiOj3 crystal matrices with Mn cation
doping have been prepared by a rapid and inexpensive crystal
synthesis (SFSSCG) method. As a sintering aid, LiBiO3 com-
pounds with a low content contribute to the exaggerated grains
in the single crystal matrix. Bismuth oxide added into KNN
solutions with an appropriate addition would facilitate trans-
portation, solution dissolution, and be beneficial to the crystal
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FIG. 1. (a) Photographs of the as-grown Mn-doped KNNLB crystal matrix, consisting of the exaggerated grain as the single crystal and
polycrystalline ceramic areas. (b) and (c) Ferroelectric P-E loops at room temperature of KNNLB-25Mn and KNNLB-37Mn obtained at the
electric field from —40 to +40 kV cm™!, respectively. Temperature dependence (300-700 K) of (d) the dielectric permittivity and (e) the
dielectric loss at 10 and 100 kHz for the varied doping KNNLB crystals, respectively. The enlarged areas in (d) highlight the sharp changes

with increasing temperature.

growth rates [38]. The slight doping substance of MnO, does
not affect the synthesis habit of KNN crystal by the SFSSCG
technique. Figure 1(a) shows the photographs of the as-grown
Mn-doped KNNLB samples, showing a coexistence state of
the exaggerated grain and polycrystalline ceramic matrix re-
gions. Well-defined boundaries are observed between the big
single crystalline grains and the ceramic matrix. Note that the
Mn-doped KNNLB single crystal grows from the edge toward
the center [38]. Owing to the additional Mn substitution, the
KNNLB single crystal matrix would present its homogeneous
color of deep brown, where the size of the Mn-doped KNNLB
sample is around 1.9 and 2.0 cm in diameter. Removing the
polycrystalline matrix, the Mn-doped KNNLB single crystal
then can be extracted by cutting and polishing the as-grown
crystal matrix into a pellet for the following investigations
of dielectric, ferroelectric properties, and crystalline structure
characterizations by Raman scattering. Chemical analysis of
samples by an energy dispersive spectrometer (EDS) has been
carried out. EDS mapping results (not shown here) provide
the basic evidence on the homogeneous chemical distribution
of Mn cations in KNNLB single crystals, and the different
content of Mn dopants for both samples.

Figures 1(b) and 1(c) demonstrate ferroelectric polariza-
tion characteristics with respect to the external electric field
of —40 to +40 kV cm™! at room temperature (25°C) as
P-E hysteresis loops on the unannealed KNNLB-37Mn and
the unannealed KNNLB-25Mn crystals, respectively. The

remnant polarization (P,) of the 0.25% Mn-doped KNNLB
crystals is about 50 uCcm™2, and its coercive field (E.) is
approximately 10 kV cm~'. Meanwhile, the P, of the unan-
nealed KNNLB-37Mn crystal is about 26 uC cm~2, and its
coercive field (E.) is about 16 kV cm~!. According to our
previous report [17], it is noted that the annealing process
during preparation of KNNLB-37Mn crystal would greatly
improve its ferroelectric property, making P, increase to about
40 nCcm~2 and E,. decline to 8 kV cm™!. This enhanced fer-
roelectric performance after the thermal annealing process in
air or O, atmosphere might be attributed to the improvement
of the crystallization, which promoted the degree of the A-site
or B-site spatial ordering in Mn-doped KNNLB crystals in
order to minimize the total internal energy of the lattice, as
well as suppressing the increased hole by the oxidation of
these crystals [40]. Besides, the saturated loop in polarization
state with a high P, value reflects that Mn cation additives
would positively contribute to reducing leakage current den-
sity and further improving ferroelectric response of KNN
based crystals. Therefore, the structure exploration based on
systematical experiments of Raman scattering around the
main work in this paper is carried out on KNNLB single
crystals after an annealing process in air for 10 h at 800 °C,
depending on their excellent ferroelectric and dielectric prop-
erties under this circumstance.

Furthermore, the temperature dependent dielectric con-
stant [&,(T)] and dielectric loss (tané) of KNNLB-25Mn and
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FIG. 2. Schematic diagrams showing (a) the pseudocubic lattice structure along the [001]¢ direction of the Mn cation doping KNNLB
crystal, as well as its main internal vibrations of the oxygen octahedra: (b) The stretching A;,(v;) mode, (c) the stretching E,(v,) mode, and
(d) the bending F,,(vs) mode. As marked in (a), the main atoms at A and B sites are K, Na, and Nb, respectively, as well as the possible

substitutions.

KNNLB-37Mn crystals in the range of 300-700 K have been
implemented at 10 and 100 kHz, as depicted in Figs. 1(d) and
1(e). These results of temperature dependence can be used to
clearly discuss the transitions of ferroelectric structure. We
highlight the anomalous changes in the &,(T) curves as two
enlarged regions near 420 and 670 K in the insets of Fig. 1(d).
Similar phenomena can be seen in temperature dependent
tan § from KNNLB-25Mn and KNNLB-37Mn crystals. It is
associated with the structural O-T and T-C phase transitions
with the temperature increases, respectively. Particularly, it
obviously shows that both O-T and T-C phase transition
temperatures for KNNLB-37Mn shift a little toward room
temperature in comparison with those for KNNLB-25Mn.
The reduction of the transition point could be attributed to
the Mn doping effect in KNN-LiBiO3 perovskite. Moreover,
the doping is generally considered to contribute to improve
the multiphase coexistence near the phase transition boundary.
Hence, we further implement temperature dependence of Ra-
man scattering on both KNNLB crystals in order to carefully
study their structure properties, such as phase transition order-
ing, multiphase coexistence, molecular symmetry, and phonon
characteristics with the thermal-induced behaviors.

Both KNN and LiBiO; crystals possess the ABO;3; per-
ovskite structure. KNNLB single crystals present the pure
orthorhombic phase at room temperature confirmed by the
x-ray diffraction results [17]. Figure 2(a) illustrates the pseu-
docubic lattice along the [001]c direction of Mn-doped
KNNLB crystal. LiBiO3; compound as one of the bismuthates
contains Bi’t with a 6s empty orbital, and hold the pure
orthorhombic structure at room temperature following space
group Pccn and local symmetry D)) [41]. Group theory

predicts basically that space group Amm2 (C}) of the
undoped KNN lattice at room temperature presents pure or-
thorhombic phase with Raman-active optical modes of 44, +
4B; + 3B; + A,. Entire vibrational configurations can be con-
sidered as the translational modes of cations (Li*, Na™, K*)
located mainly at lower than 200 cm~! in Raman spectrum,
and internal ones of BOg octahedra at the range of 200—
900 cm™! [3,26,42,43]. Specifically, the BOg octahedra con-
sisting of six vibrations corresponds to Aj,(vy), E,(v2),
Fiu(v3), F1,(v4), Fae(vs), and F,(vs). Among these modes,
Ag(v1), Eg(v2), and Fi,(v3) meet stretching geometry, and
the others are the bending ones. Figures 2(b)-2(d) depict
the schematic representations of Aj,(vy), Eo(v2), and Fae(vs)
modes, which are the key three vibration behaviors of BOg
octahedra and highly sensitive to be observed by Raman scat-
tering spectrum.

It is generally accepted that phase structure determination
of the K¢ sNaysNbO; based ferroelectric system follows a
complete R-O-T-C phase transition ordering with increas-
ing temperature [8,44]. In detail, the basic units of both
ferroelectric KNbO;5; and antiferroelectric NaNbQO3 at room
temperature hold O phase [45,46]. A small quantity of K*
composition is sufficient to change the initial structure of
NaNbO; toward that of KNbO3, where K* ion is relatively
large in radius enough to fill the 12-coordinated cavity of the
perovskite unit. The phase transition temperatures (Tr-o, To-T,
and T¢) of the modified KNN crystal would be shifted by
chemical substitutions [8,47].

In terms of recognizing phonon modes with their ther-
modynamics of Mn-doped KNNLB single crystals, phonon
frequency is always regarded as the first parameter to
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FIG. 3. (a) Unpolarized Raman spectra of KNNLB-25Mn single crystal collected at temperature range of 80-700 K. The multi-Lorentz
peak fitting with respect to the vibration modes of lattice at 80 K is shown at the bottom. (b) and (c) Parallel-polarized (VV) and cross-polarized
(VH) Raman spectra of KNNLB-25Mn recorded at 80-700 K, respectively. Temperature dependence of phonon frequency corresponding to
the main vibration modes of KNNLB extracted from (d) unpolarized, (e) parallel-polarized, and (f) cross-polarized scattering configurations,
respectively. The dashed ellipses highlight the abnormal shift of frequency.

determine the lattice structure by investigating an anomaly in
frequency shift under the control of an external factor, such
as stress and temperature. In heat field, an abnormal shift
of frequency could be used to easily judge phase transition
after eliminating the thermal effect on lattice. Unpolarized
and polarized (VV and VH modes) Raman spectroscopic dia-
grams of KNNLB-25Mn collected at different temperatures
are plotted in Figs. 3(a)-3(c). The peaks below 200 cm™!
are overwhelmingly derived from the motions of the alka-
line cations and little behaviors of BOg rotations. Vibrational
peaks from BOg octahedra mainly present at the wave number
ranges of 200-300 and 500-700 cm~! associated with Fog(vs)
mode and A,(v) and E,(v,) modes, respectively, with a weak
peak at about 860 cm™! from the anharmonic coupling mode
of v; + vs, respectively. Temperature dependent frequency
is particularly studied in characteristic phonon modes of vy,
Vs, V1 + vs, which reflects the important details of lattice
structure of BOg octahedra in KNNLB crystals. Frequency
of the whole vibrations except for v; 4+ vs mode obviously
shifts to lower value with increasing the temperature. This
common rule of redshift with temperature originates from the
anharmonic effect, which can be simply expressed by [48,49]

o(T) = wo + Awg + Aws, where wp is the extrapolated
frequency at 0 K, and Aw, represents the pure temperature
effect of phonon-phonon coupling. Pure volume effect Awg
from thermal expansion reflects that phonon frequency is neg-
atively correlated to temperature. In theory, the decrease of op-
tical phonon energy contributes to the redshift of the phonon
frequency from the thermal expansion of lattice. As depicted
in the inset of Figs. 3(d)-3(f), phonon frequency shows a
skip decline at the temperature range of 170-180 K differing
from the thermal-induced regular redshift. After excluding the
contributions of lattice expansion and phonon couplings, this
abnormal skip shift for phonon frequency below 300 cm™!
could be attributed to the R to O phase transition process at
a low-temperature range of 170-180 K, while modes of over
500 cm~! see no remarkable change in frequency. Therefore,
we claim that phonon modes below 300 cm~! from KNNLB
lattice perform more sensitively than those at higher wave
number ranges during the R-O phase transition.

In addition, with the heating process, the next anoma-
lous shift in temperature dependent frequency associating
with the O-T ordering phase transition occurs at 420-430 K.
The dashed ellipses in Figs. 3(d)-3(f) exhibit that almost all
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FIG. 4. (a) Unpolarized, (b) parallel-polarized, and (c) cross-polarized Raman spectra of KNNLB-37Mn crystal at the increasing tempera-
ture from 80 to 700 K. Spectra at the wave number range of 800—-1000 cm~! are enlarged at the middle. The right panels show the temperature
dependent phonon frequency of the main vibration modes. The insets and the dashed ellipses highlight the anomalies in frequency evolution.

modes suddenly shift towards higher frequency at this tem-
perature range. The vibration of E,(v;) mode vanishes at a
temperature of over 420 K. Hence, the abnormal blueshift and
phonon disappearance could be clear signs for recognizing
O-T phase transition. The determination of phase transitions
from observing frequency shifts and phonon dynamics is in
accordance with the results reported on a KNN-based ferro-

electric system [8].

Furthermore, the highly symmetric lattice in higher tem-
perature range would lead to the broadening of scattering
peaks. It is mentioned that an isolated peak corresponding
to the v; + vs mode at near 860 cm™
VH-polarized scattering configuration and greatly reduces in

1

almost annihilates in

intensity in unpolarized and VV-polarized geometries with the
increasing temperature over 680 K. The gradual overlap of
peaks at frequency of below 300 cm~' and 500-700 cm™!
makes it difficult to be distinguished. Contrarily, the mode
of v; + vs holds with temperature and then almost vanishes
in C phase. Hence, it could determine the Curie temperature
(T;) of 680 K. In terms of T-C phase transition, random and

abnormal shift of phonon frequency can also be observed on
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several main vibrational modes. Therefore, an entire-sequence
structural phase transition from R to high-symmetric C phase
has been demonstrated during a heating process at 80—-800 K.

Similarly, Fig. 4 illustrates temperature dependent Raman
spectra on a KNNLB-37Mn single crystal with an increasing
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TABLE I. Center frequency collected from unpolarized, VV-polarized, and VH-polarized scattering geometries and depolarization ratio
(p1) for R, O, T, and C phases of the main vibrational modes from KNNLB-25Mn and KNNLB-37Mn single crystals. Note that the error bar
is estimated by evaluating the contribution of temperature dependent lattice expansion and high reliability of the fitting parameters.

KNNLB-25Mn Vs vy vy V| + vs
R phase VV (cm™) 282+5.0 576 £3.0 632.5+4.5 869.5£0.5
R3m VH (cm™!) 288 +3.5 583+£13.5 631.5+3.5 869.5+£0.5
<170K Unpolarized (cm™!) 278 £2.5 563.5+2.5 620.5+2.5 868+ 1.0
01 0.58£0.03 0.51£0.03 0.62£0.03 0.524+0.03
O phase VV (em™) 285+5.0 583.5+8.5 629.5+1.0 869+ 1.0
Amm?2 VH (cm™!) 289.5+7.5 580£9.0 625+3.0 868.5£0.5
170420 K Unpolarized (cm™") 275+£5.0 570 £8.0 615+£5.0 868 + 1.0
01 0.68£0.05 0.69+0.02 0.78 £0.04 0.544+0.04
T phase VV (cm™!) 289+4.0 586 +4.0 6245+1.5 868.5+0.5
P4dmm VH (cm™!) 289+9.5 584+7.0 622.5+5.5 869+ 1.0
420-680 K Unpolarized (cm™") 278 +£4.0 - 618 £8.0 869+ 1.0
01 0.48 £0.04 - 0.51£0.04 0.35+0.02
C phase VV (cm™) 299 +4.0 - 628.5+5.0 868+ 1.0
Pm3m VH (cm™!) 289+3.0 - 621.5+3.5 869+ 1.0
>680 K Unpolarized (cm™") 284 +4.0 - 613.5+£3.5 869+ 1.0
01 0.30£0.02 - 0.28 £0.01 0.3040.01
KNNLB-37Mn Vs vy vy V1 + vs
R phase VV (em™) 269.5+2.5 553+£1.0 613.5+2.5 862.5+£0.5
R3m VH (cm™!) 268.5+2.5 553+£1.0 613.5+2.5 862.5£2.5
<160K Unpolarized (cm™") 268.5+2.5 553.5+1.5 613.5+2.5 862.5+0.5
01 0.55+£0.03 0.524+0.04 0.42+£0.03 0.53+£0.03
O phase VV (cm™!) 274 £8.0 554+£2.5 613+£11.0 862.5+0.5
Amm?2 VH (cm™!) 261 £6.0 553.5+2.5 610.5+7.5 861.5£0.5
160410 K Unpolarized (cm™") 273.5+14.5 551.5+2.5 607 £6.0 861.5£0.5
01 0.69 +£0.05 0.724+0.02 0.71+0.04 0.744+0.04
T phase VV (cm™) 279.5+2.5 - 616.5+5.5 859.5£1.5
P4mm VH (cm™!) 285.54+4.0 - 610.5+7.5 858.5+ 1.5
410-670 K Unpolarized (cm™!) 282.5+2.5 - 608 £ 8.0 856+ 1.0
01 0.58£0.04 - 0.61£0.04 0.624+0.02
C phase VV (cm™") 280+£4.0 - 606 £ 6.0 859+0.5
Pm3m VH (cm™!) 291 £6.0 - 603 +3.0 859+1.0
>670K Unpolarized (cm™") 298 £6.0 - 598 £2.0 859+1.0
01 0.26 £0.02 - 0.28£0.01 0.31£0.01

Mn content in three varied scattering configurations. Accord-
ing to the careful examination of phonon thermodynamics,
R-O phase transition could be found at a temperature of
160-170 K, as shown in the inset enlarging a drastic shift
distinguished from the normal thermal-induced shift at 80—
160 K. Then, when the temperature rises from 410 to 420 K, O
to T phase transformation corresponds to an obvious blueshift
of phonon frequency observed from both the v; and vs modes.
Both v; and vs modes move toward higher frequency from
410 to 420 K, and a new peak appears at near 50 cm™! in the
unpolarized and V V-polarized scattering geometries. Besides,
note that peak position of v; + vs at about 860 cm ™' is stable
in the heating process. It could be attributed to the apparent
vibration of the equatorial oxygen ions in the Nb-O plane and
this mode is not sensitive to the temperature [50]. However,
the spectra at 830-900 cm ™! (see the middle of Fig. 4) indicate
clearly that the peak of v; + vs vibration almost disappears
when the temperature reaches over 680 K. Combining with

the similar anomalies of frequency evolution from other main
phonon modes, this phenomenon near the range of 670-680 K
would be ascribed to T-C phase transition with spontaneous
polarization fading away at 680 K.

Therefore, a full ordering structure transformation (R-O-T-
C) of KNNLB-37Mn crystal could be determined by studying
details of temperature dependent frequency for the core vi-
brations of BOg octahedra. In order to specify details of the
core phonon modes from BOg octahedra of KNNLB crys-
tals in each phase, we list the entire phonon frequency in
Table I derived by the unpolarized and polarized scattering
geometries. As we know, phonon frequency as well as the
linewidth (or called full width of half maximum, FWHM)
is related and highly sensitive to the molecular structure and
phase transition.

In Fig. 5 FWHM values of Ai4(v;), A1g(v1), and vy + vs
modes on both KNNLB-25Mn and KNNLB-37Mn are also
investigated at the temperature ranging from 80 to 700 K.
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FIG. 5. Temperature dependent FWHM for the A;,(v;), F2,(vs),
and v; + vs modes from KNNLB-25Mn and KNNLB-37Mn crys-
tals. The solid lines are linear fittings with a temperature range near
the phase transition point marked as the shaded area.

It is found that the thermal evolution of FWHM keeps
increasing during the heating process. The anharmonic ef-
fect in the lattice system would lead to the broadening of
phonon vibrational modes and make the harmonic normal
phonon interact with each other. Temperature dependence
of FWHM can be described as I' =g+ n[l + e 4+ 7"],
where m = hw, /2kgT, n = hw, /2kpgT, 'y is the broadening
of the phonon modes originating from the disorder of the
lattice, which is irrelevant to the temperature [51], 1 represents
the broadening of phonon modes due to phonon decay, w; and
w, follow the restriction of keeping the sum of w; + v, = w,
and w is the wave number of phonon modes. It is worth
noting that the FWHM value follows a monotonic relationship
within a phase and associates with obvious changes of slope
at the region of phase transition. As illustrated in Fig. 5, the
slope presents distinct deviations in the shaded area for both
doping contents. When the temperature crosses 160 and 170 K
for R to O transition of KNNLB-25Mn and KNNLB-37Mn,
respectively, the FWHM evolutions are again well described
by temperature induced anharmonic effect until the next tran-
sition of O-T appears at 420 and 430 K, respectively. When the
temperature exceeds 430 K, the FWHM follows the normal
thermal induced anharmonic shift. It means that there are two
anharmonicities accompanying R-O and O-T phase transition,
indicating the phase transforming into another symmetry with
the transitional areas revealing the phase coexistence. With
the heating process, ferroelectric-paraelectric T-C phase tran-
sition would be difficult to be precisely recognized by reading
FWHM evolution due to the gradual broadening of all peaks.
However, phonon frequency and FWHM fail to quantify the

100 200 300 400 500 600 700
Temperature (K)

FIG. 6. Temperature dependent normalized intensity of polar-
ized scattering from KNNLB-37Mn corresponding to the v; and vs
modes. The dashed lines and arrows point out the location of phase
transition.

details of phase structure and analyze the characteristic pa-
rameters like lattice symmetry, spontaneous polarization of
ferroelectrics, order of phase transition, and so on.

Particularly, the polarized scattering intensity has been
proven to illustrate the molecular symmetry and the order
of phase transition by evaluating evolution of the phonon
characteristics. Our previous paper [26] has reported that
the polarized scattering intensity is proportional to the po-
larizability. Thus, it confirms that the polarized scattering
intensity would be sensitive to the structural change with
phase transition. Figure 6 shows the temperature dependence
of normalized intensity in the parallel- and cross-polarized
scattering geometries from KNNLB-37Mn. With the temper-
ature increases, the polarized scattering intensities of both
VV and VH modes would gradually decrease, but with some
sudden drop at near 160, 410, and 680 K. Sharp reduction
in intensity directly indicates the discontinuous dynamics of
molecular polarizability of KNNLB. Lattice polarizability
collected by evaluating the polarized scattering intensity in-
dicates the discontinuity of phase transition. In other words,
it confirms that a complete phase transition ordering of R-O-
T-C all belongs to the first-order discontinuous transition in
KNNLB crystals.

Key characteristics in a first-order phase transition are the
phase coexistence and thermal hysteresis, which are observed
before [20,52]. Additionally, anomalies of the polarized scat-
tering intensity are associated with the symmetry breaking
and symmetry rearrangement during phase transition. When-
ever the phase transition belongs to first order or second
order, symmetry evolution of lattice has to be discontinuous,
owing to the definite symmetry elements in each structure.
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FIG. 7. Temperature dependence of depolarization ratio from (a) and (b) KNNLB-25Mn and (c) and (d) KNNLB-37Mn single crystals in

regard to v; and v; + vs modes.

Polarized scattering performs its superiority on determining
the dependence of molecular symmetry under the external
fields. The intensity ratio of VH-mode to VV-mode scatter-
ing, named as depolarization ratio, could powerfully reflect
temperature dependence of symmetry on the random-oriented
scatterers or the oriented crystals [53 55]. Depolarization ra-
tio (p;) can be calculated by p; = V” . In terms of ABOs-type
perovskite ferroelectrics, such as Pb(Zn Nb)O3-PbTiO3 and
(Na,Bi)TiO3-BaTiOs [28,33], depolarization ratio would be
competent for dissecting molecular vibration behavior and
recognizing phonon configurations. In Fig. 7 the depolariza-
tion ratio (p;) of v; and v; + vs modes of two crystals is
plotted. Specifically, Table I lists the details of depolarization
ratio associating with the frequency of main vibration modes
from BOg octahedra in each phase of KNNLB-25Mn and
KNNLB-37Mn. Figures 7(b) and 7(d) illustrate temperature
dependence of p; value for the mode of v; 4 vs, correspond-
ing to three transition regions of KNNLB-25Mn and KNNLB-
37Mn. For KNNLB-25Mn, there are three plunge changes
at the temperatures of 170, 420, and 680 K, corresponding
to three phase transitions region and symmetry arrangement
processes, respectively. In comparison, temperatures of sym-
metry breaking on KNNLB-37Mn are around 160, 410, and
670 K. It clearly shows that the structural transition point for
the heavier doping of KNNLB goes down around 10 K. For
the temperature over 680 K, highly symmetric lattice resulting
in the value of p; sharply decreased corresponding to the cubic
phase. The evolution of the depolarization ratio reflects the
structure transformation and reveals the evolution of lattice
symmetry in a full phase diagram.

Moreover, the p; value tending to be zero (p; = 0) reflects a
spherical-like symmetric structure, while an increasing value
of p; means that the molecule is evolving to the linear sym-
metric one [53,55]. For T phase of KNNLB-37Mn, p; values
associating with main phonon of vy, vs and v; + vs modes are
about 0.58 £ 0.04, 0.61 £ 0.04, and 0.62 + 0.02, while those
of KNNLB-25Mn at T phase are 0.48 +0.04, 0.51 & 0.04,
and 0.35 £ 0.02. Obviously, larger p; value for KNNLB sin-
gle crystal with higher Mn doping content can be observed. It
implies that the increasing content of Mn element will stretch
the molecule to the linear-oriented vibrational configuration,
by comparing values of T phase from Table I and Fig. 7. As we
know, the cubic phase (T" > T;) holds the lattice parameter of
a = b = c, while T phase (To.r < T < T;) of perovskite lat-
tice would present the relationship of a = b < ¢. For T phase
of KNNLB perovskite, a bigger value of c¢/a ratio of the unit
cell is generally associated with the increasing extent of the
stretched tetragonal molecule geometry [24]. Consequently,
results of depolarization ratio demonstrate that the increasing
Mn content would not only distort the lattice structure, but
also strengthen the tetragonality.

Raman spectroscopic experiments with the deep investi-
gation of phonon characteristics under the temperature field
have systematically revealed a complete diagram of first-order
phase transition in Mn doping KNNLB single crystals. Si-
multaneously, through dissecting the temperature dependent
linewidth of unpolarized and polarized scattering configura-
tions, we confirm that there is multiphase coexistence near the
transition boundary, which greatly contributes to the enhance-
ment of piezoelectric and dielectric properties of lead-free
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KNN-based ferroelectrics. In general, ferroelectric sponta-
neous polarization (Py) is regarded as the order parameter
for discussing the phase transition, according to the crys-
talline system energy following the relationship of Gibbs
free-energy. In the KNN system, its first-order transition pro-
cess would be associated with the discontinuity of structure
properties, such as Py ordering evolution, atomic rearrange-
ment, and symmetry breaking at the phase boundary of R-O,
O-T, and T-C processes. One of the effective approaches to ex-
plore the discontinuity of phase transformation in KNN-based
crystal is piezoresponse force microscopy (PFM), which is
based on scanning probe microscopic technique. Our previous
report has revealed the discontinuous evolution during O-T
and T-C phase transition of P as out-of-plane and in-plane
domain pattern by PFM on a Li-doping KNN crystal under a
thermal cycle [20]. In this work, temperature dependent inten-
sity of the VV- or VH-mode polarized scattering has enabled
us to be sensitive and proportional to the molecular polariz-
ability, which could be defined as o;; = X, + Zoy. aq is
the atomic polarizability explaining the atomic displacement
polarization, while ¢, is the bond polarizability corresponding
to the chemical bond property. Therefore, if the evolution of
the order parameter P is discontinuous during the first-order
phase transitions in KNN lattice, polarizability «;; will also
correspond to a same change following discontinuous evolu-
tion. The present results of depolarization ratio with respect
to temperature p;(7") in Fig. 7 also confirm our conclusion,
further figuring out the discontinuity in thermally induced
transformation of ferroelectric BOg octahedral polarization
during the complete R-O, O-T, and T-C phase transition
processes.

Moreover, Mn doping might be useful to improve the
functionalities of KNN-based crystals, such as low leakage
current, electromechanical response, polarization, ferroelec-
tric, and dielectric properties, as specifically demonstrated
in Fig. 1. According to the experimental results of x-ray
photoelectron spectroscopy (XPS) on KNNLB-37Mn single
crystal [17], the asymmetric peaks located at around 639.8 and
652.0 eV correspond to Mn 2p3,, and Mn 2p, , peaks, which
could assign Mn ion in KNNLB lattice to a mixed valence
state of +2 and +4. The position of Mn cationin A (Na™, K™,
Li*) or B (Nb>*) site could be experimentally decided by the
X-band electron spin resonance (ESR) spectroscopy, which
has been revealed on Mn-doped niobate-based ferroelectrics,
such as KNN [16], NaNbO3 [15], and KNbO;3 [56]. In view
of the chemical structure, the heterovalent addition of Mn2*
at A site is stabilized by the reduction (Nb>* — Nb**) of a
certain amount of niobium cations. Additionally, Mn ion at
B site is considered as a buffering species for suppressing
the increased hole by oxidation process in Mn-doped crys-
tals [16]. It leads to the valence transition from Mn>* to
Mn** with absorbing more holes, following Mnyj, + 7 —>
Mny, and Mny, +h —> Mny,. The d-electron conduction
through Nb** makes high leakage current in KNN based crys-
tal at a reduced state. In other words, the increasing valence
of Mn substituting Nb cation associating with the electron-
hole absorption during oxidation is the key contribution for
reducing the leakage current. Therefore, the Mn cation in the
KNNLB single crystal would substitute A or B sites of ABO3
perovskite structure, depending on double possible electronic

state [15-17,56]. It has further impacts on phase behaviors
of KNN. From the analyses of temperature dependent Raman
scattering, we indicate that the high concentration of Mn
addition would effectively reduce the temperatures of R-O,
O-T, and T-C phase transitions. This doping effect on the
phase transition point is also observed in agreement with the
anomalous peaks of temperature dependent dielectric constant
and dielectric loss [Figs. 1(d) and 1(e)]. Additionally, larger
piezoresponse of KNNLB-37Mn than that of KNNLB-25Mn
reflects that the increasing content of Mn would effectively
stabilize phase coexistence near phase boundary, which is an-
other typical characteristics of discontinuous phase transition
in KNNLB crystals.

IV. CONCLUSIONS

In this work, environment-friendly, high-quality, and large-
size MnO,-doped KNNLB single crystals are fabricated by
the SFSSCG technique and possess the excellent ferroelec-
tric, piezoelectric, and dielectric properties. We systematically
study phonon characteristics, first-order phase transition, and
molecular symmetry of KNNLB single crystals with different
Mn-doping concentrations by evaluating the polarized and un-
polarized Raman spectra from 80 to 800 K. A complete phase
transition ordering (R-O-T-C) has been judged and accurately
depicted by investigating phonon frequency, linewidth, polar-
ized scattering intensity, and depolarization ratio, respectively.
This discontinuous and anomalous evolution in phonon fre-
quency and FWHM value marks the transformation of the
lattice structure corresponding to the complete phase transi-
tion ordering with the phase coexistence. Polarized Raman
scattering intensity is proportional to the polarizability and
sensitive to the symmetry rearrangement during the structural
transformation. Significantly, evolution of the depolarization
ratio can directly quantify the vibrational configuration and
further reflect the change of molecule symmetry accompanied
with phase transition.

The temperatures of the phase transition thoroughly reduce
about 10 K in KNNLB-37Mn than those in KNNLB-25Mn,
due to the heavier Mn doping leading to the enhanced distor-
tion in BOg octahedra. Simultaneously, the calculated value of
the depolarization ratio of KNNLB-37Mn lattice at tetragonal
phase is bigger than that of KNNLB-25Mn crystal in com-
parison. It indicates that the increasing content of Mn in the
KNNLB system could effectively strengthen the tetragonality,
corresponding to an increscent c¢/a ratio of the ABO; cell.
We have discussed the key lattice characteristics of lead-free
KNN system during the full-ordering phase transitions. It
would boost the whole comprehension of structure properties
in high-performance KNN crystals, and promote the devel-
opment and applications of further investigation in field of
lead-free ferroelectrics.
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