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We investigate samples of compositionally disordered potassium-based perovskite single crystals with dif-
ferent composition and stoichiometry. The dielectric and Raman response is inspected over the nominal
cubic-to-tetragonal long-range phase transition. The comparison between results shows that the occurrence of
the phase transition is controlled by the temperature evolution of polar nanoregions (PNRs). We are able to
correlate PNR order, formation, percolation, and freezing to the characteristic temperatures of each macroscopic
crystal. The onset of the phase transition is found to occur when PNRs undergo a percolative ordering process,
in correlation to the sudden arising of a specific high-frequency Raman mode.
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I. INTRODUCTION

Disordered inorganic perovskites have gained great atten-
tion due to their interesting and useful optical, magnetic,
mechanical, and electric features [1-7]. These peculiar prop-
erties are found to be correlated to substitutional disorder
and the formation of mesoscopic nanometric polar regions,
or polar nanoregions (PNRs), at T* temperature [1,8]. Sam-
ples, which are phenomenologically classified as relaxors [1],
can manifest features typical of dipolar liquids, solids, and
even glasses, when the PNRs are highly mobile, fixed, or
in a so-called frozen state, respectively [1,8,9]. Furthermore,
the observation of a macroscopic polarization response, with
specific thresholds as a function of temperature, has been
attributed to PNR percolation [10]. Experiments in differ-
ent compounds using different methods suggested that the
ferroelectric transition displays percolative features [10-17].
Complex behavior in the dielectric response is generally ad-
dressed introducing a set of phenomenological temperatures
that side the Curie temperature in describing the cubic-
to-tetragonal transition. One commonly accepted approach
is to consider the so-called Burns (73), intermediate (7%),
and Curie-Weiss ferroelectric (7;) transition temperatures
[18-20]. This approach has been implemented to describe
potassium-based crystals. In particular, the properties of the
ferroelectric solid solutions K;_,Li,Ta;_,Nb,O3; (KLTN) and
Ki_yNa,Ta;_Nb,O3; (KNTN) have been the subject of in-
tense investigation [4,5,21]. KLTN, KNTN, and KTN samples
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have shown interesting properties, such as the enhancement of
electrooptic response [22,23], scale-free and subwavelength
propagation [2,3,24,25], marked order-disorder anisotropies
[4,5], programmability and hysteretic effects [26-28], rejuve-
nation [29], giant broadband refraction [6,30], and peculiar
lattice structure [31]. The underlying perovskite geometry
of KLTN, KNTN, and KTN makes them a simpler struc-
ture compared to lead-based ferroelectric crystals, allowing
the response to be interpreted in terms of PNRs [15,32,33].
The structural properties of KLTN and KNTN were inves-
tigated in terms of order/disorder features using inelastic
light scattering [33], dielectric spectroscopy [4,5,34], and Ra-
man spectroscopy [32,35-39]. The last of these revealed the
presence of a PNR-driven nonlinear scattering and a Raman
response with Fano resonances [32,39,40]. Results showed
that PNRs can strongly influence the interaction between pho-
tons and phonons, a complex correlation among microscopic,
mesoscopic, and macroscopic scales.

In this work we investigate the behavior of disordered
KLTN, KNTN, and KTN single crystals at cubic-to-tetragonal
phase transition conditions. The investigation is carried out on
four different potassium-based samples: two KLTN crystals,
whose different stoichiometry makes one to display a relaxor
dielectric response, while the second one has a typical be-
havior of a canonical ferroelectric; one crystal with sodium
(KNTN); and one without a second alkaline ion (KTN). We
combine dielectric, order-disorder analysis based on Frohlich
entropy [41-45], and Raman response measurements as a
function of temperature in the transition region 260-320 K,
in proximity of the Curie point. This approach allows us to as-
sociate Raman response to different qualitative evolutions of
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the PNRs whose formation, dissolution, and changes identify
the different characteristic temperatures which are associated
to the cubic-to-tetragonal phase transition.

A common feature in all samples is the sudden appearance
of a Raman mode at 830 cm™! at the temperature for which
the dielectric response peaks. These findings indicate the ex-
istence of what we call the transition mode, strictly linked to
a PNR percolation that then forms the physical underpinning
of the transition.

II. EXPERIMENTAL SETUP AND TECHNIQUES

Experiments are performed in four single crystals
of potassium tantalate-niobate. Two of them, labeled
KLTN1 and KLTN2, are lithium-enriched single crystals
(Ki—yLiyTa;_Nb,O3), with x =0.36, y = 0.003, and x =
0.36, y = 0.013, respectively; one sample, KNTN, is sodium-
enriched (K;_,Na,Ta;_Nb,O3), with x = 0.37,y = 0.15; the
last one, KTN, has composition KTa;_,Nb,O3 with x = 0.36.
All samples were grown through the top-seeded-solution
method [21]. The investigated samples are c-direction-
pulled zero-cut, measuring 3.78(a) x 3.55(b) x 2.03(c) mm’®
KLTNI1, 3.00(a)x 2.05(b)x 1.05(c) mm* KLTN2, 2.85(a)x
2.94(b) x 2.80 (¢) mm? KNTN [5], and 1.80(a)x 1.80(b) x
2.30 (¢) mm?® KTN, with the largest facets perpendicular
to the [100] direction. The concentration of each chemical
element in the samples is determined by electron microprobe
analysis. To obtain Raman spectra, the largest (100) facets
were polished to optical grade.

The real part of the relative dielectric permittivity €, =
€-(T) is measured as a function of the temperature 7' using
a high-precision LCR meter (Agilent-4284A with a prob-
ing field of 1 V/cm). The temperature is varied using a
T-controlled closed two-stages helium cryostat in a vac-
uum configuration and monitored through a calibrated silicon
diode sensor (0.01 K in precision). The T variation rate is
1 K/min and the system records one value until a 0.25 K
variation is detected. The measurements were performed for
the frequencies 10, 100, and 1000 kHz, where the condition
required by relationship of Eq. (36) of [44] is satisfied. A
sample temperature is set in the 260-320 K range: therein,
the nominal cubic-to-tetragonal phase transition can be found
[4,5], as also confirmed by, e.g., temperature-resolved micro-
scopic x-ray-diffractometry measurements [31].

The evolution of the sample state-of-order as a function
of temperature is analyzed using Frohlich entropy evaluation
[44]. This approach exploits the relationship between €(7)
and the entropy variation S(7") induced by an applied electric
field E. Under suitable conditions, the entropy Si:(7") of a
dielectric material subject to an external electric field E is
given, per volume unit, by [42,44]

STy = So(T) + 2% g2 gy 451y, (1)

2 0T
where €y and ¢, are, respectively, the vacuum and the relative
dielectric constant while So(7) is the field-independent part
of the entropy [42]. We define the Frohlich entropy per unit of
volume and electric field as [4,43,44,46]
€o 0€,

— o 2
ST 0T )

i.e., Eq. (21) by [44]. According to Eq. (2), the application
of an electric field increases the entropy if de /97 is positive,
while it decreases the entropy when de/97 is negative. As
pointed out by Frohlich, in disordered (dipolar liquid-like)
systems an applied electric field creates order since it orients
the dipoles otherwise randomly arranged; as a consequence
the entropy variation s(7') induced by the field is negative.
On the contrary, in dipolar-ordered systems (dipolar solid-
like) the field perturbs the established ordered state, so that
the field-induced entropy s(7') is positive. In other words,
the condition de/dT < O signals a disordered system while
de/dT > 0 indicates an ordered state [4,41,42,44,47].

Raman measurements are carried out in a backscattering
configuration of a Jasco Ventuno p-Raman system. The in-
strument is equipped with a cooled charged-coupled device
(CCD) camera sensor and an unpolarized pump He-Ne laser
(wavelength 632.8 nm, power 8 mW) that illuminates the sam-
ple parallel to the crystalline c-axis. Three different objectives
(namely, 100x with 0.95 NA numerical aperture, 20x with
0.46 NA, and 5x with 0.15 NA) and attenuating filters allow
us to carry out Raman measurements with different intensi-
ties. In our setup, the best signal-to-noise ratio was found
using a 20x 0.46 NA objective, producing a spot diameter of
4 mm. The spectral resolution is set to 1.5 cm~!. Before each
measurement the system is calibrated through a single-crystal
Si reference, imposing the position of the dominant Si peak
at 520.65 cm™' [48,49]. The sample is placed on a Peltier
junction in a dry chamber, which is directly connected with
the objectives of the Raman spectroscopy system. The Peltier
system enables to finely control the temperature of the sample
from 7 = 265K to T = 325 K. Each Raman shift intensity
measurement I = I(v) is carried out at a fixed temperature,
where the spectrum is recorded from 88 to 1000 cm™~'. The
Raman spectra as a function of the temperature is given in
terms of the I” reduced intensity of the Stokes component,
with [32,39,40]

1(v)

Iy = 2avn(v)’

3)

Here I(v) and n(v) = 1 4+ exp(—hv/KpT) are the observed
Raman scattering intensity and the Bose-Einstein population
factor, respectively, while # is the Planck constant, Kp is the
Boltzmann constant, and 7 is the temperature. Being that our
investigation is aimed at finely investigating the details of the
phase transition, we employ a high scan rate of approximately
one recorded point for each temperature degree.

III. DIELECTRIC RESPONSE AND FROHLICH ENTROPY

In Figs. 14 data from dielectric measurements are re-
ported for KLTN1, KLTN2, KNTN, and KTN samples,
respectively.

In Fig. 1(a) the real part of the relative permittivity
as a function of temperature €,(7) of the KLTN1 sample
is reported in the 260-320 K range. The peak with the
maximum at TNy =~ 288 K signals the occurring of a tran-
sition from cubic (high T') to tetragonal (low 7') long-range

064107-2



KEY ROLE OF POLAR NANOREGIONS IN THE ...

PHYSICAL REVIEW B 106, 064107 (2022)

12 : . ' . r
i —— 10 kHz
! —— 100 kHz
10 —— 1000 kHz| 1
= i
6.0x10°
4.0x10°
< i
X !
9 |
%2.0x10 :
» :
00fpb—— ]
-2.0x10° i i
260 270 280 290 300 310 320
T (K) !
1 LTk
| T. ET
T T : T T I: /7
! L/
| : /
3t : VO
| 7,
! o
I / 1
! ;o
< i ’ !
o 2} i )/ : ]
o ! ’ i
- ! / ,
I / 1
| ’ i
1 7 1
1F : ’ ' -
! / !
(c) L :
L
0 L L I/ L L II
260 270 280 290 300 310 320
T (K)

FIG. 1. (a) Dielectric function of the KLTN sample 1 and (b) cor-
related s(7") Frohlich entropy, for unit volume and field, as a function
of temperature (see text); (c) the inverse of the dielectric function at
10 kHz. Texirni and Ty, are also indicated (see text).

symmetry [1,4]. The displayed peak shape is a signature of
a diffused relaxor-to-ferroelectric transition (according to the
Bokov classification) [1,15]. The curve deviates from the
Curie-Weiss law at 7] 1, = 312K, above Texrrng [Fig. 1(c)].
This deviation was attributed to the onset, at 7 1, of PNRs
[1,20,50]. Analogous trends of the relative real permittivity, at
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FIG. 2. (a) Dielectric function of the KLTN sample 2 and (b) cor-
related s(7") Frohlich entropy, for unit volume and field, as a function
of temperature (see text); (c) the inverse of the dielectric function at
10 kHz. Tekrrne and Ty, are also indicated (see text).

the same frequencies and conditions, are shown by Figs. 2(a),
3(a), and 4(a), which are referred to as the KLTN2, KNTN,
and KTN samples, respectively. These last ones display peaks
analogous to that of the KLTN1 sample, pointing out a slightly
diffused relaxor-to-ferroelectric, cubic-to-tetragonal, transi-
tion. Similar deviations from Curie-Weiss law are shown by
Figs. 3(c) and 4(c) of the corresponding 1/¢(T).
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related s(7) Frohlich entropy, for unit volume and field, as a function
of temperature (see text); (c) the inverse of the dielectric function at
10 kHz. Texntn and Ty are also indicated (see text).

Figure 2 refers to the dielectric response of KL.TN2, with
a different Li content with respect to KLTNI1. Figure 2(a)
displays its relative real permittivity. Here, the response in-
dicates a very sharp peak (Tckrrne == 289 K), pointing out a
canonical ferroelectric behavior [1]: then we associate the
inferred Tixyrn2 temperature to a sudden tetragonal-to-cubic
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FIG. 4. (a) Dielectric function of the KTN sample and (b) corre-
lated s(7') Frohlich entropy, for unit volume and field, as a function
of temperature (see text); (c) the inverse of the dielectric function at
10 kHz. T k1 is also indicated (see text).

phase-transition [1,4,5,15]. The plot of 1/€(T) is reported in
Fig. 2(c) (for the frequency of 10 kHz). It deviates from the
Curie-Weiss law at a T 1y, K, much closer to the Tixrrne
temperature with respect to the case of the KLTNI1 sample,
as expected in a sample with a sharper transition. The plot
in Fig. 2(b) reports the associated Frohlich entropy. For T >
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TABLE I. Critical temperatures 7. detected by dielectric mea-
surements for the considered samples. Estimated uncertainty is
AT ~0.25K.

Sample KLTN1 KLTN2 KNTN KTN

T.(K) 288.5 289 295 287.5

Tekirne, s(T) < 0 and is almost of constant value, similarly
to what happens in KLTN1, KNTN, and KTN.

The temperature dependence of the Frohlich entropy of
KLTNI1, KNTN, and KTN crystals, calculated by Eq. (2)
at the sample frequency 10 kHz, are reported in Figs. 1(b),
3(b), and 4(b), with similar features. At high temperatures
(T > T¥), nearly constant negative values of s(7) highlight
the inherent polar disorder owing to the chemical compo-
sitional disorder with random distribution of Nb*> ions in
the B-sublattice and corresponding random electric fields that
are largely uncorrelated [50]. Starting below T*, with the
appearance of long-lived reorientable polar nanodomains, the
negative curve of s(7") exhibits, upon cooling, a marked de-
crease. This feature of s(7") reveals the continuous growing
of the PNRs’ volume fraction with decreasing temperature as
above recalled ([9,50,51] and therein). By further lowering the
temperature a sudden inversion of the negative trend of s(7)
is displayed and, at the critical temperatures given by Table I,
abrupt changes of the s(7") sign from negative to positive val-
ues occur. These results are the signature of the sharp onset at
T. of different state-of-order in the samples, showing that they
undergo disorder/order transitions. Actually, this entropy be-
havior is in agreement with the randomness dipolar-liquid-like
Frohlich entropy response (s(7') < 0) [4,5,13,15,44]. Some
irregularities in the shape of the KTN sample entropy curve,
such as the two local sharp peaks in Fig. 4(b), are attributed to
by inhomogeneities in the chemical substitution, similarly to
what was already found in analogous compounds [4,5,31,47].
Above T, at the entropy minimum—i.e., 290 K, 298 K, and
290 K for KLTN1, KNTN, and KTN samples, respectively—
a sharp disorder-order transition starts centered at 7.. This
indicates that polar disorder due to the freely rotating PNRs
ceases with a sudden onset of a solid-like dipolar order, as a
result of a transition from an uncorrelated to correlated state
of the PNRs through a percolative process [9,10,13]. Finally,
for T < T, in the ferroelectric state, s(7") decreases remaining
positive.

The very large dielectric permittivity values of such
crystals (from ~ 10° to ~ 10*) is a key feature, which
the current literature definitely recognized as caused by
the giant inherent dipolar moments of PNRs (see, e.g.,
[1,3,8,9,13,15,20,22,23,50,52]). Due to this unusually large
dipolar moments, Frohlich entropy is almost entirely deter-
mined by the behavior of PNRs. Summarizing, in our findings
s(T) points out the temperature evolution of the nanodomain
system; so our results highlight that the thermal evolution
of the PNR system plays a critical role in the occurring of
crystalline global transition. These reported experimental data
nicely agree with the theoretical discussions and models about
the critical role of nanosystems in structural transitions by
Goodwin et al. and by Xu et al. [16,17,52].

IV. RAMAN RESPONSE

Temperature-resolved Raman responses are reported in
Fig. 5 for KLTN1 [Fig. 5(a)] and KLTN2 [Fig. 5(b)] and
in Fig. 6 for KNTN [Fig. 6(a)] and KTN [Fig. 6(b)] sam-
ples, where intensity-reduced spectra are calculated from
Eqg. (3). Since first-order Raman scattering is absent for cubic
symmetry, we attribute the observed Raman response in all
samples to local symmetry breaking, a phenomenon typical
of systems that manifest local polarized mesoscopic domains
[32,35,36,39].

First we analyze the features of the so-called TO4 peak,
which are shown as a function of the temperature in Figs. 7-10
for KLTN1, KLTN2, KNTN, and KTN, respectively. This
Raman peak, displaying features of a soft mode, is identified
in agreement with similar perovskitic crystals [19,53-56]. No-
tably, the behavior of this Raman mode is correlated to local
polarized regions that display relaxation [19]. Namely, the
temperature evolution of reduced intensity of the peak height
Hro4(T) is depicted in Figs. 7(a), 8(a), 9(a), and 10(a).

In KLTN1 we note that, upon cooling, Hros shows a first
temperature region (from 322 K to 312 K) where a slight in-
crease is found. A sharp deviation in the temperature evolution
of the considered mode is observed at T >~ Ty (312 K),
i.e., for the temperature at which the dielectric response sug-
gests the onset of permanent PNRs [Fig. 1(c)]. After a plateau,
the height of the 704 decreases until T = Tekrrng (= 288 K).
Thereafter, between Toxrni and Tigrrni, a decrease is found.
Finally, at T = Tixprn1 Hro4(T) starts to increase again. We
note that, from high to low temperatures, the respective peak
width has a slightly increasing trend up to 288 K (~ Tikrrni),
while its width strongly decreases below Tckirng [Fig. 7(b)].
This observed evolution of 704 in KLTNI1 confirms the oc-
curring of a phase-transition at 7 = Tekrrng [19,32,39]. The
ever-slower decrease of Hyo4(T') between Texrrni and Trgroni
is compatible with the features of the diffuse transition typical
of relaxors [1,4,19]. Hence the temperature Tygy N marks the
end of the phase-transition. If we compare Raman behavior to
the dielectric response we will find a marked correspondence
between the previously identified temperature regions. In par-
ticular, the region between TN and Texyrni, Where both
Hros and the peak width wros are almost constant, indicate
the temperature interval of the pretransitional phenomena,
while the interval between Ty, and Tixirni delimits the
region where the entire transition occurs.

In KLTN2 the T 04 mode, on the other hand, displays dif-
ferent features (Fig. 8). Here, the trend of Hro4 as a function
of T can be divided in two ranges only. The first temperature
region (from 315 K to 289 K), where a the trend is slightly
constant, and a second region below T gy w2 (= 289 K) where
Hy g constantly decreases. Finally, at T = Trxrrne (= 273 K)
Hro4(T) starts to increase again. It is worth noting that the
sharpness of the transition highlighted by the dielectric re-
sponse (Fig. 2) is here reproduced in the behavior of the 704
Raman-mode temperature evolution.

The T 04 peak in KNTN and KTN samples (Figs. 9 and 10)
displays a growing of Hyos4 upon cooling, until a temperature
T = T¢won = Tern = 294 K. Then, a temperature region can
be found between T* and T;. For the KNTN sample there is a
very sharp peak, both in the plots of Hyos and wro4 [Figs. 9(a)
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FIG. 7. Trend of the reduced intensity of the 704 peak obtained
from the global Raman spectra as a function of temperature of
KLTNI1: (a) height [Hros = Hros(T)]; (b) width [wros = wros(T)];
and (c) center of the peak [x. = x.(T')] as obtained by Lorentzian
fits. The three characteristic detected critical temperatures, Tixirni,
Tikurni, and Ty » are also indicated (see text).

and 9(b)], while for KTN sample the trend has a plateau-step
shape for both the Hro4 and wros parameters [Figs. 10(a) and
10(b)]. Below T, an evident decrease of Hros marks the phase
transition highlighted by the dielectric responses (Figs. 3 and
4) in both samples; the inspected decrease is much faster for
KNTN than for KTN.

In Figs. 11 and 12 the Raman spectra are evidenced in the
range 650-950 cm~! for selected temperatures. The sudden
arising of a new mode around 830 cm~! is detected when the
temperature is lowered to about 7 = 288 K (for KLTN1 and
KTN), T = 289K (for KLTN2), and T = 295 K (for KNTN).
The appearance of this mode, which we call the “transition
mode,” is in strict correspondence with the 7. temperatures
(Table I), which were above pointed out by dielectric analysis.
Specifically, we note that, for each sample, the temperature
where this mode arises corresponds to the center of the sharp
order-disorder transition which is highlighted by Frohlich en-
tropy behavior, as depicted by Figs. 1(b), 2(b), 3(b), and 4(b).
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FIG. 8. Trend of the reduced intensity of the 704 peak obtained
from the global Raman spectra as a function of temperature of
KLTN2: (a) height [Hros = Hro4(T)]; (b) width [wros = wros(T)];
and (c) center of the peak [x. = x.(T')] as obtained by Lorentzian

fits. The three characteristic detected critical temperatures, Tixine,
Texine, and T 1y, are also indicated (see text).

We here stress the discontinuous appearance of this tran-
sition mode: above T, (referred to all samples) no signals
of its presence can be detected, below T it abruptly arises
(Figs. 11 and 12). Frohlich entropy behavior and the sudden
appearance of the s(7) peak indicate that this mode is caused
by a percolative mechanism establishing a robust ordering,
which we associate to the evolution of the PNR system. The
features of the considered Raman mode as a function of the
temperature, whose parameters are obtained through suitable
Lorentzian fits, are reported in Figs. 13—16.

Lowering the temperature, after the sudden arise of this
mode, at T, the height H of the peak linearly increases for
all samples [Figs. 13(a), 14(a), 15(a), and 16(a)]. Similarly,
the center of this Raman peak increases almost linearly for
KLTNI1, KLTN2, and KTN samples [Figs. 13(c), 14(c), and
16(c)], while it remains unchanged for the KNTN crystal
[Fig. 15(c)]. For the first three samples, in the considered
temperature region, x.(T ) passes from about x, = 826.9 cm™!
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and (c) center of the peak [x. = x.(T")] as obtained by Lorentzian fits.
The characteristic detected critical temperatures Texkntn and Tgyrn
are also indicated (see text).

at T = 288K, to x. ~ 828.2 cm™! at T = 266K for KLTN1
and x, ~ 827.3 cm~! at T = 289K, to x. ~ 828.3 cm™' at
T = 266K for KLTN2, and from about x. ~ 826.3 cm™" at
T =285K, to x. ~ 827.6 cm™! at T = 263K for KTN; for
KNTN it remains at x. >~ 835 cm~'. On the other hand, the
peak width remains approximatively constant [Figs. 13(b),
14(b), 15(b), and 16(b)] for all the samples; we note that
KLTNI1, which is more disordered, has a larger width (23
cm~! on average) than KLTN2 (20 cm ™' on average).

Our interpretation of this inspected Raman mode is based
on the temperature evolution of PNRs provided by the Froh-
lich entropy [44]. The negative value of s(T) above T, in
all the considered samples, is attributed, as previously dis-
cussed, to the dielectric response of uncorrelated PNRs, which
display a polar liquid-like behavior [5]. The sign change of
the Frohlich entropy signals the loss of orientational freedom,
with the transition to a correlated state, accordingly to a polar
solid-like positive s(7") response [5,46]. In simple terms, the
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FIG. 10. Trend of the reduced intensity of the 704 peak ob-
tained from the global Raman spectra as a function of temperature
of KTN: (a) height [Hros = Hro4(T)]; (b) width [wros = wro4(T)];
and (c) center of the peak [x. = x.(T")] as obtained by Lorentzian fits.
The three characteristic detected critical temperatures, Trkrn, TekTN,
and Ty are also indicated (see text).

disorder-order transition corresponds to the transition from an
uncorrelated to a correlated state of the PNRs. The Raman
transition mode is associated to the onset of this correlation.
Frohlich entropy indicates that this onset is correlated with
the rise of a new PNR arrangement. Hence, the fact that the
mode suddenly appears at 7., with an evident discontinuity,
highlights that it is correlated with a temperature-activated
percolative process, in agreement with the analogous behav-
iors pointed out in similar perovskites [10-13,40,52]. After
the percolation temperature threshold of T, the strictly in-
teracting (ordered) PNRs are able to produce a collective
response, which is highlighted by the transition mode.

V. CONCLUSION

We investigated the dielectric response and Raman ex-
periments in different compositionally disordered potassium-
based perovskite single crystals as a function of temperature.
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FIG. 11. Zoom of Raman spectra of Fig. 5 at selected temperatures for (a) KLTN1 and (b) KLTN2: the abrupt arising of the Raman modes

around 827 cm™! is evidenced.

The results are correlated to each other through the evaluation
of Frohlich entropy. The analysis of the spectral peaks is
focused on two specific Raman modes. The first one is the
so-called 704 peak, whose features have been demonstrated
to finely display the temperature evolution of the cubic-to-
tetragonal long-range phase transition. The second considered
peak of the Raman spectrum, centered around 830 cm~ ! isa
Raman mode (transition mode) which was never previously
discussed and analyzed. Comparison to dielectric measure-
ments allows us to associate this mode to the change of the

order state of PNRs, so its arising temperature as the signature
of an effective cubic-to-tetragonal phase transition.

We stress that, due to the recalled giant dipole moment
of PNRs, the dielectric response and Frohlich entropy give
information belonging to the mesoscopic realm. Congruently,
our findings give the evidence that the PNRs order-disorder
(correlated-uncorrelated) transition, i.e., the mesoscopic re-
arrangement, turns on the global phase transition. Although
providing a comprehensive theoretical picture correlating
microscscopic/mesoscopic features of ferroelectrics with
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FIG. 12. Zoom of Raman spectra of Fig. 6 at selected temperatures for (a) KNTN and (b) KTN: the abrupt arising of the Raman modes

around 835.7 and 821.3 cm™! (respectively) is evidenced.
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macroscopic behavior is a still open investigation issue, we
underline that our experimental results are in agreement with
recently developed models [16,17,52].

For all the investigated samples, we can summarize our
findings in the following main items.

(1) Dielectric and Raman findings show a structural tran-
sition at 7.

(2) The structural crystalline transformation corresponds
to an ordering process of the PNRs from an uncorrelated to
a correlated state that happens at 7. Namely, PNRs above
T, are randomly oriented (disordered), below 7, they are in

a ferroelectric state. This result highlights the critical role of
the mesoscopic polar systems in the occurrence of the global
crystalline transition.

(3) A strong order-disorder component is assessed in the
investigated transition.

(4) At this same 7, temperature the abrupt arising of a
new Raman mode demonstrates a percolative character of the
PNRs cooperative order establishing.

(5) The sudden onset at 7. of this new Raman mode is
found, which we call the transition mode, centered at about
830 cm™! (i.e., the onset in the sample of a new structure).
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FIG. 14. Trend of the 827 cm™' transition mode as a function of temperature in KLTN2: (a) height [Hode = Hinode(T)]; (b) width [wpeqe =
Wimode (T)]; and (c) peak position [x. = x.(T)] as obtained by Lorentzian fits. The characteristic detected critical temperature of the mode

insurgence Tt is evidenced.
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(6) Both Frohlich entropy behavior and Raman response
demonstrate that the cubic-to-tetragonal transition displays
the feature of a percolative phenomenon.

(7) Results appear to have a general validity, at least for
potassium-based oxide perovskite single-crystals.

This behavior is found in all the four inspected samples:
two different KLTN with a diffused and a sharp ferroelectric
transition, KNTN, and KTN. An open issue is the develop-
ment of a theoretical model describing the pointed out Raman
mode evolution, which will be the subject of future works.
The here reported results allow us to establish a critical tem-
perature, signaling the long-range symmetry transformation,

independently of its diffused or sharp character. This supports
the idea that the formation of mesoscopic structures is able
to create a specific phononic frequency, making Raman spec-
troscopy a suitable tool for inspecting the behavior of such
systems. Furthermore, the inspected temperature of mode ac-
tivation can be assumed as the temperature where the phase
transition occurs.
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