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High-resolution micro-Brillouin scattering studies of K3Nb3O6共BO3兲2, exhibiting superionic and ferroelectric properties, were performed in the temperature range of 300– 870 K. Strong increase in damping of longitudinal and transverse acoustic phonons corresponding to the c33 and c44 elastic constants was observed above
650 K. This increase in damping was correlated with anomalous decrease in the c33 and c44 elastic constants
and strong increase in central peak intensities. The observed behavior has been attributed to melting of the K+
sublattice as a result of the order-disorder phase transitions. The obtained results also revealed a critical
slowing down of the E⬙-symmetry relaxation mode near the phase transitions at 388 and 690 K as well as the
broad A1⬘-symmetry relaxation mode near the phase transition at 750 K. This behavior indicates that the
relaxation modes play an important role in the mechanism of these phase transitions. In particular, this behavior
suggests that the phase transition near 690 K is induced by instability of the E⬙-symmetry relaxation mode.
DOI: 10.1103/PhysRevB.77.104116

PACS number共s兲: 78.35.⫹c, 65.40.Ba, 63.20.⫺e, 77.80.Bh

I. INTRODUCTION

Boron containing compounds play an important role in
modern nonlinear optics since these materials usually have
high 共2兲 and 共3兲 nonlinear susceptibilities, outstanding resistance to laser damage, and a cut-off wavelength in the
near-ultraviolet region.1–4 K3Nb3O6共BO3兲2 共KNBO兲 is a
promising crystal for applications since it has recently been
found to be an attractive 共3兲-active crystal for picosecond
stimulated Raman scattering generation in the visible and
near-IR region.5 This material has also attracted considerable
attention due to the presence of successive structural transitions at T1 = 783, T2 = 750, T3 = 690, T4 = 388, T5 = 198, and
T6 = 80 K.6–10 The structure above 783 K was first reported
as trigonal, space group P31m.11 Later studies showed that
this structure was incorrectly described as trigonal and it is
most likely hexagonal, P62m = D3h3.12,13 The room temperature structure was determined as orthorhombic, P21ma
= C2v2.12 Symmetries of the remaining phases are not certain,
but it was previously suggested that the crystal symmetry
changes into Pm and C2mm below 750 and 690 K,
respectively.5 Heat capacity, microscopic, dielectric, and conductivity studies showed that the phase transitions at T3 and
T5 are first order transitions.8–10 The character of the observed anomalies suggested also that the transition at T2 may
be weakly first order, whereas the remaining transitions are
close to second order.8–10 These studies revealed also the
presence of domains below 750 K and showed that KNBO
displays below 783 K ferroelectric properties, with spontaneous polarization parallel to the hexagonal c axis. It was
also noticed that the direction of the spontaneous polarization does not agree with the P21ma symmetry established for
the room temperature phase. Temperature dependence of
1098-0121/2008/77共10兲/104116共9兲

conductivity indicated that KNBO might be a superionic
conductor at higher temperatures.8,9
In the present paper, the temperature-dependent Brillouin
scattering studies of KNBO are reported in order to understand the mechanisms of the phase transitions and to find out
whether these transitions are related to relaxational phenomena. Such phenomena may also appear in the absence of any
phase transitions and are often observed in superionic
conductors.14–17 Relaxation modes may give rise to a quasielastic light scattering, i.e., the so-called central peaks
共CPs兲,14–19 and analysis of the observed CPs may provide an
evidence that a studied material exhibits superionic properties. It will be shown in the present paper that KNBO shows
the presence of very clear CPs. The temperature dependence
of these CPs and some acoustic modes proves that the studied crystal exhibits superionic properties. It also shows that
the phase transitions at T2, T3, and T4 have an order-disorder
nature.
II. EXPERIMENT

KNBO crystals were grown from the flux. The mixture of
K2CO3, Nb2O5, and B2O3, corresponding to the composition
K3Nb3O6共BO3兲2 and K2B4O7 in a ratio of 1:1, was placed in
a platinum crucible, heated to 1000 ° C, kept in this temperature for 40 h, cooled with a rate of 2 – 840 ° C, and then
cooled with a rate 10 ° C to room temperature. The obtained
crystals were extracted from the crucible by washing with
hot water. Single crystals had form of hexagonal rods up to
5 mm in length and up to 2 ⫻ 2 mm2 in cross section.
The Brillouin spectra were obtained with a 3 + 3 pass tandem Sandercock-type Fabry–Perot interferometer combined
with an optical microscope. The free spectral ranges 共FSRs兲
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FIG. 1. Example of the temperature dependence of the x共zz
+ zy兲x Brillouin spectra for KNBO. The polarized x共zz兲x and x共zy兲x
spectra measured at 300 K are also presented to show the polarization behavior of the acoustic modes.

of 40, 60, 100, 150, and 500 GHz were employed. The scattered light from the sample was collected in the backscattering geometry. A conventional photon-counting system
and a multichannel analyzer were used to detect and average
the signal. The samples were set in a cryostat cell 共THMS
600兲. The sample cell with X-Y adjustment was placed onto
the stage of an optical microscope 共Olympus BH-2兲 having Z
adjustment. The Brillouin spectra were obtained for 1024
channels after 500 time repetitions of accumulation with a
gate time of 500 ms for one channel. More details of experimental setup can be found in our previous paper.20
The frequency shifts, full width at half maximum
共FWHM兲, and intensity of the Brillouin peaks corresponding
to longitudinal acoustic 共LA兲 and transverse acoustic 共TA兲
modes were evaluated by fitting the measured spectra to the
convolution of the Gaussian instrumental function with a
theoretical spectral line shape that is Lorentzian in form.21
Half-widths and intensity of the CPs were evaluated by fitting the spectra to the Lorentzian function. Sound velocities
and corresponding elastic constants were calculated from the
measured frequency shifts using the mass density of 3.845
⫻ 103 kg/ m3 and the refractive indices no = 1.875 and ne
= 1.862.5,12

FIG. 2. Example of the temperature dependence of the
z共yy + yx兲z Brillouin spectra for KNBO.
III. RESULTS

Typical Brillouin spectra of the KNBO crystal in x共zz
+ zy兲x and z共yy + yx兲z scattering geometries are shown in
Figs. 1 and 2, where x and z correspond to the a and c
hexagonal axes, respectively, whereas y is perpendicular to a
and c. In the z共yy + yx兲z scattering geometry, a strong peak is
observed near 45.4 GHz which can be assigned to the LA
mode corresponding to the c33 elastic constant. Another, very
weak TA peak, corresponding to the c44 elastic constant, is
observed near 19.5 GHz. In the x共zz + zy兲x scattering geometry, two peaks are observed: a strong peak near 19.6 GHz,
i.e., at the frequency very similar to the frequency of the c44
mode propagating along the z direction, and a weak peak
near 62.31 GHz. These peaks are strongly polarized; i.e.,
they appear for the x共zz兲x polarization and disappear for the
x共zy兲x polarization 共see Fig. 1兲. According to the selection
rules for the P62m structure,22,23 only the LA mode corresponding to the c11 elastic constant should be observed in the
x共zz兲x polarization. We assign to this mode the higher frequency Brillouin peak at 62.31 GHz. The lower frequency
peak should be assigned to a TA mode. In this scattering
geometry, two transverse modes correspond to the c44 and c66
elastic constants of the hexagonal phase.21,22 They are forbidden to be observed for the D3h3 and orthorhombic phases, but
they could appear as a result of the monoclinic or triclinic
distortion of the crystal structure from the hexagonal
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FIG. 3. Temperature dependence of the 共a兲 c33 共b兲 c11, and 共c兲
c44 elastic constants. The solid lines represent linear fitting of the
experimental data below 600 K. The inset shows the anomaly of the
c33 constant near T4.

FIG. 4. Temperature dependence of 共a兲 intensity 关divided by the
Bose–Einstein factor n共兲 + 1兴 and 共b兲 FWHM for the acoustic
phonons corresponding to the c33 共circles兲 and c44 共triangles兲 elastic
constants.

symmetry.22 In case of the monoclinic structure, the c66 mode
could appear for the x共zy兲x polarization, whereas the c44
should be present for the x共zz兲x polarization.22,24 Frequency
of this mode and its polarization behavior indicate that it
corresponds to the c44 elastic constant. Using the obtained
data and assuming the pseudohexagonal symmetry, we were
able to estimate the c11, c33, and c44 elastic constants at
300 K as 304.7, 159.3, and 29.5 GPa, respectively. These
values are much higher than those typically observed for
borates 共for example, the highest values of the elastic constants for Li2B4O7 and ␤-BaB2O4 are 132.9 and 123.8 GPa,
respectively25,26兲. They are, however, of similar magnitude as
elastic constants of orthorhombic KNbO3 for which the highest value was 273 GPa for c22.27
The plots presented in Fig. 3 show a decrease in the c33
and c11 elastic constants upon heating with some additional
weak anomalies around T1, T3, and T4 for the c11 elastic
constant and around T4 for the c33 elastic constant. The c44
constant exhibits increase of up to 690 K and then decrease
above this temperature. Very weak anomaly is also observed
around T4. Intensity of the TA mode corresponding to the
c44 elastic constant 共divided by n共兲 + 1, where n共兲
= 1 / 关exp共h / kBT兲 − 1兴 is the Bose factor兲 remains nearly
constant in the whole temperature range studied. On the
other hand, the plot of intensity of the LA mode corresponding to the c33 elastic constant as a function of temperature

shows a peak below T4 and large increase above 450 K with
some additional anomalies around T3 and T2 共see Fig. 4兲.
Very interesting behavior is observed for temperature dependence of FWHM of the acoustic modes. Intensity of the c11
mode is weak and, therefore, we could not reliably establish
the temperature dependence of FWHM for this mode. Nevertheless, our studies show that the FWHM changes little for
this mode. In contrast to the c11 mode, the c44 and c33 modes
exhibit very strong increase in FWHM at higher temperatures without any clear singularities around T1, T2, and T3.
The FWHM for the c33 mode shows, however, an additional
and weak anomaly near 394 K, which corresponds to the T4
phase transition.
As can be noticed in Figs. 1 and 2, at higher temperatures,
a very clear CP is observed in the x共zz + zy兲x scattering geometry, whereas in the z共yy + yx兲z geometry, the CP is very
weak. In order to study these features, we have repeated the
measurements using much larger FSR 共see Figs. 5 and 6兲.
Figure 6 shows that the x共zy兲x spectrum at 870 K can be
approximated very well with only one Lorentzian with
FWHM near 23 GHz. This CP corresponds to the
E⬙-symmetry relaxation mode in the hexagonal phase. Only
one CP is also observed in the x共yy兲x polarization. This CP
corresponds to the A1⬘-symmetry mode and its FWHM is also
near 23 GHz at 870 K. In the x共zz兲x polarization, two
A1⬘-symmetry CPs are observed. FWHM of the narrow com-
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FIG. 5. Typical 共a兲 x共zy兲x 共FSR of 150 GHz兲 and 共b兲 x共zz兲x
共FSR of 500 GHz兲 Brillouin spectra at different temperatures.

ponent is the same as that observed in the x共yy兲x polarization. The second CP is much broader, i.e., its FWHM is
about 220 GHz at 870 K. The polarization studies show that
the ratio of integrated intensities of the narrow CP measured
in x共zy兲x, x共zz兲x, and x共yy兲x geometries is 85:48:100. The
broad CP is weaker and the ratio of its integrated intensity to
the intensity of the narrow CP measured in x共zz兲x polarization is approximately 70:100.
The CPs have Lorentzian-type shapes centered at the zero
frequency shift that is indicative of a Debye relaxation. In
this case, the relaxation time  can be estimated from a
FWHM which is equal to 1 / .18,19 Figure 7 presents temperature dependence of integrated intensity, FWHM, and 1 / 
obtained from the fitting of the CPs to the Lorentzians 关the
reliable fitting of the A1⬘-symmetry CPs could not be obtained
below 620 K due to weak intensity of these peaks and simultaneous presence of the Brillouin lines in the x共zz兲x polarization兴.
IV. DISCUSSION
A. Central peaks

There are various mechanisms for the CPs in solids such
as heat conduction mode, second order difference Raman
scattering, collective motions of atoms associated with orderdisorder phase transitions, and ion hopping.14,16,28–31 If CP is
due to heat conduction process, the FWHM should be pro-

portional to the square of the wave vector transfer.28,30 The
small size of the studied crystals did not allow us to check
the dependence of the FWHM on the wave vector. Since,
however, former studies showed that FWHM of CP due to
heat diffusion is usually much smaller than in our case,30,32
and its bandwidth should decrease with increasing
temperature,30 the assignment of the CP to this origin is unlikely. If CP is due to the second order Raman effect, its
bandwidth usually extends to a few cm−1 at room
temperature.16,30 Our former vibrational studies of KNBO
showed that bandwidths of the Raman lines very quickly
increase with increasing temperature for this material up to
even 30 cm−1 at 550 K temperature.33 Therefore, it can be
expected that the second order Raman processes would lead
to appearance of a very broad CP at high temperatures. Since
at high temperatures the FWHMs of the narrow and broad
CPs are still below 0.8 and 7.5 cm−1 共24 and 220 GHz兲, respectively, the CPs cannot be assigned to the second order
Raman scattering. The observed bandwidth of the CPs could
indicate that these peaks originate from the polarization fluctuations associated with the order-disorder ferroelectric
phase transitions. In this case, clear anomalies in intensity
and decrease in the FWHM should be observed when the
phase transition temperature is approached from
below.19,34,35 Weak anomaly in intensity near T3 for the
E⬙-symmetry CP, the observed temperature dependence of
the FWHM of the E⬙-symmetry CP near T4 and T3, as well as
the temperature dependence of the FWHM of the broad
A1⬘-symmetry CP near T2 共see Fig. 7兲 could be explained as
arising from the polarization fluctuations 共see discussion below兲. However, the strong increase in the CP intensity above
T3 and its increase even above the highest transition temperature T1 must have a different origin. Since conductivity studies revealed a jump increase in the ionic conductivity for
KNBO above T3,9 typical for superionic conductors, we may
conclude that at higher temperatures, the main contribution
to the CPs comes from increased hopping of the K+ ions.
Huberman and Martin showed that CPs in superionic
materials may have two different origins.14 One type of CP
arises from the charged density fluctuations. The second
type of CP is related to fluctuations in the local site populations of conducting ions, the so-called pseudospin-density
fluctuations.14 These pseudospin fluctuations can be divided
into two cases: ions may fluctuate between energetically inequivalent sites or equivalent sites. Redistribution of ions
among inequivalent or equivalent sites leads to appearance
of a polarized or depolarized CP, respectively.14 The distinguishing between the two types of CPs is possible by choosing different scattering geometries. Moreover, the both types
of CPs have much different widths, i.e., the CPs due to the
charged density fluctuations are usually very narrow, even at
high temperatures, whereas the CPs due to the pseudospin
fluctuations extend up to acoustic mode frequencies.14,16,17,36
The structure of KNBO contains large tunnels occupied by
K+ ions which run parallel to the pseudohexagonal c axis. As
a result, KNBO exhibits high ionic conductivity in the z
direction.8 If the narrow A1⬘-symmetry CP was due to the
charged density fluctuations, it should be strong in z共yy
+ yx兲z polarization because of high diffusion in the z direction. However, it is strong in x共yy兲x and x共zz兲x scattering
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FIG. 6. 共a兲 x共zy兲x 共FSR of
500 GHz兲, 共b兲 x共zz兲x 共FSR of
500 GHz兲, and 共c兲 x共yy兲x 共FSR of
150 GHz兲 experimental spectra
共circles兲 measured at 870 K. The
solid lines show results of fitting
of the CPs and acoustic modes to
the Lorentzian shapes.

geometries but very weak in z共yy + yx兲z polarization. The
polarization behavior and large width of this CP 共23 GHz at
870 K兲 indicate that it cannot be attributed to the charged
density fluctuations but rather to pseudospin-density fluctuations. The large increase intensities of the broad
A1⬘-symmetry CP as well as the E⬙-symmetry CP above T1
indicates that also these peaks originate at high temperatures
mainly from pseudospin-density fluctuations. The observation of both polarized and depolarized CPs indicates that the
hopping of ions in KNBO occurs both between equivalent
and inequivalent sites.
As can be noticed in Fig. 7, FWHM of the E⬙-symmetry
CP significantly increases above T3. However, it exhibits also
an additional decrease in FWHM when T3 temperature is
approached from below and a very clear anomaly is observed
near T4. Very similar temperature dependence of FWHM is
also observed for the broad A1⬘-symmetry CP near T2. Such
anomalies cannot be explained by assuming that the CPs
entirely originate from the pseudospin fluctuations. However,
linear dependence of 1 /  as a function of temperature is
predicted by the Landau theory near the ferroelectric phase
transitions.37 Such behavior is known as a “critical slowing
down” where 1 /  can be described by formula38,39

=

 0T 0
.
兩T − T0兩

共1兲

Figure 7 shows, therefore, that at low temperatures, the
main contribution to the observed temperature dependence of
FWHM of the E⬙-symmetry CP is due to the fluctuations of
the polarization and a very clear critical slowing down is
observed near T4. When temperature increases, contribution
from the pseudospin-density fluctuations increases and there-

fore the critical slowing down is less clearly observed at T3.
The same arguments can be used to explain the temperature
dependence of FWHM and intensity of the broad
A1⬘-symmetry CP near T2. The observation of critical slowing
down is direct evidence that the phase transitions at T2, T3,
and T4 have a significant contribution of an order-disorder
mechanism. This picture is in agreement with the work of
Huberman and Martin.14 These authors showed that when a
superionic conductor displays a phase transition, the correlation functions should diverge, giving rise to the usual narrowing of the CP near Tc and mixing of different relaxation
processes for the fluctuations. Since the contribution of the
pseudospin fluctuations to the CPs is negligible at low temperatures, it is reasonable to fit the data near T4 for the
E⬙-symmetry mode with Eq. 共1兲. Best fit to the experimental
data below and above T4 gives T0 = 449 K 共0 = 5.7 ps兲 and
T0 = 324 K 共0 = 11.9 ps兲, respectively. The relaxation time in
KNBO is about 2 orders of magnitude longer than that typically observed for order-disorder phase transitions. For instance, 0 are 0.12 ps for KH2PO4 共Ref. 40兲 and 0.096 ps for
triglycine sulfate.41 Significantly longer relaxation times are,
however, observed when a relaxation mode couples to another mode. For example, for the tetragonal phases of
KD2PO4 and K2MgWO2共PO4兲2, 0 are 1.3 and 3.8 ps,
respectively.42,43 In case of KNBO, the long relaxation time
can be most likely attributed to coupling between the relaxation modes related to the polarization and pseudospindensity fluctuations. It is also worth noting that the ratio of 0
in the phase stable above T4 to 0 in the phase stable below
T4 is close to 2 共2.09兲, which shows that the phase transition
at T4 should be close to a second order one.
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Lorentzian centered at zero frequency and two other Lorentzians centered at frequencies + p and − p 关see Eq. 共9兲 of
Ref. 14兴. The first Lorentzian corresponds to the CP with
FWHM equal to 2␥ where ␥ denotes the relaxation frequency for fluctuations, and the other Lorentzians correspond to the Brillouin peaks. The coupled acoustic phonon
frequency is

 p = k −

FIG. 7. 共a兲 Temperature dependence of intensity of the
E⬙-symmetry CP 关x共zy兲x polarization, circles兴, the narrow
A⬘1-symmetry CP 关x共zz兲x polarization, diamonds兴, and the broad
A⬘1-symmetry CP 关x共zz兲x polarization, triangles兴. 共b兲 Temperature
dependence of the inverse of the relaxation time estimated from
FWHM of the E⬙-symmetry 共circles兲 and the narrow A⬘1-symmetry
共diamonds兲 modes. Solid lines are fits to Eq. 共8兲. 共c兲 Temperature
dependence of the inverse of the relaxation time estimated from
FWHM of the broad A1⬘-symmetry CP.
B. Acoustic anomalies

The observation of the weak anomalies in temperature
dependence of the elastic constants and intensities of the
Brillouin lines as well as the weak anomaly in FWHM near
T4 for the c33 mode 共see Figs. 3 and 4兲 can be attributed to
onset of the phase transitions. Weakness and shape of these
anomalies indicate that the coupling between the acoustic
modes and the order parameter is linearly quadratic.
Apart from the weak anomalies in elastic constants, the
c44 constant exhibits also a very broad anomaly, i.e., this
constant increases up to 690 K and then decreases above this
temperature 共see Fig. 3兲. Moreover, strong increase in damping of the acoustic phonons corresponding to the c33 and c44
constants is observed above 600 and 650 K, respectively 共see
Fig. 4兲. Since this behavior is correlated with strong intensity
increase in the CPs, it can be attributed to coupling between
the CPs and acoustic modes. According to Huberman and
Martin, the shape of the spectrum resulting from the coupling between an acoustic mode and a CP related to
pseudospin-density fluctuations is a superposition of a

冉

冊

k
n 0A 2  k␥ 2
1+i
,
2
2
2
␥
 v s k BT  k + ␥

共2兲

where no, , vs, kB, k, and A denote average density of
mobile ions, density of the material, the phonon velocity, the
Boltzmann constant, the uncoupled acoustic phonon frequency, and the coupling constant. The imaginary part of Eq.
共2兲 gives information about damping of acoustic phonons
and the real part about frequency shift due to the coupling. In
principle, fitting of the recorded spectra to the coupled CPacoustic mode response function 关Eq. 共9兲 of Ref. 14兴 should
be performed to obtain information about temperature dependence of k, ␥, no, and three coupling constants. The large
number of fitting parameters makes such analysis not very
reliable and, therefore, we present in our paper a simplified
but more precise analysis with Lorentzian functions. This
analysis provides information on temperature dependence of
 p 共and related cij elastic constants兲, ␥, CP intensity, and
acoustic mode dampings. According to Eq. 共2兲,  p 共damping兲
should exhibit decrease 共increase兲 in comparison with the
uncoupled values. The anomalous increase in damping is
very clearly observed at high temperatures for the acoustic
phonons of KNBO corresponding to the c33 and c44 elastic
constants 共see Fig. 4兲. It is, however, weak below 600 K
indicating weak coupling of the acoustic phonons to the CPs
below this temperature. We may assume, therefore, that the
c33 and c44 values below 600 K approximately correspond to
the bare elastic constants which are expected to exhibit a
linear temperature dependence.44 The best fit of the experimental data to c共T兲 = c共0兲 + mT yields c共0兲 = 26.3 GPa 共m
= 0.0087兲 for the c44 elastic constant and c共0兲 = 177.3 GPa
共m = −0.061兲 for the c33 elastic constant. As can be noticed in
Fig. 3, a clear departure from the linear behavior is observed
above 600 and 650 K for the c33 and c44 elastic constants,
respectively, i.e., above the same temperatures as the anomalous damping. Figure 8 shows more clearly that the temperature dependence of the anomalous parts of the elastic constants, ⌬c33 and ⌬c44, is very similar to the temperature
dependence of the acoustic phonon damping, presented in
Fig. 4. It is also worth noting that the plot of the ⌬c44 as a
function of temperature exhibits a clear change in the slope
near 780 K, which reflects the onset of the phase transition at
T1. An anomaly near T1 is also observed for the ⌬c33.
Changes in the slopes near T1 are also observed for the
E⬙-symmetry CP as well as the narrow A1⬘-symmetry CP 共see
Fig. 7兲. All these facts confirm our conclusions that the observed strong increase in damping of the acoustic phonons
and their anomalous frequency decrease have the same origin, i.e., they are due to coupling of the acoustic modes to
the relaxation modes observed as CPs in the present studies.
It is worth noting that the former studies revealed a very
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= 0.48 eV. The fitting of the ⌬c33 gives Ea = 0.16 eV. The
value of the activation energy obtained from the fitting of
⌬c44 is in good agreement with the value estimated from
conductivity normally measured to the c axis 共0.43 eV兲.8
This result indicates that behavior of ⌬c44 can indeed be well
explained by ionic-acoustic interactions, and the coupling
between the order parameter and acoustic phonon corresponding to the c44 elastic constant is weak. The value of the
activation energy estimated from the temperature dependence of ⌬c33 seems to be too small. Possibly, this is caused
by stronger coupling of the LA phonon corresponding to the
c33 elastic constant to the order parameter as well as inaccuracy in estimation of ⌬c33.
C. Mechanism of the phase transitions and possible symmetry
changes

FIG. 8. Temperature dependence of the anomalous parts of c33
共a兲 the and 共b兲 c44 elastic constants obtained after subtraction the
experimental data from the values estimated from the linear fits
presented in Fig. 3. Solids lines are fits to Eq. 共4兲.

similar temperature dependence of acoustic mode dampings
and frequency shifts, as those observed for KNBO, at the
transition into a superionic phase of ␣-AgI.45 This result supports our conclusion that the observed strong acoustic
anomalies in KNBO can be attributed to increased hopping
of the ions due to the onset of the order-disorder transition at
T3 associated with melting of the K+ sublattice.
It has previously been shown that the anomalous decrease
in acoustic mode frequency ⌬共T兲 = k −  p due to coupling
between an acoustic mode and a relaxation mode can be well
approximated in a superionic conductor by the Arrhenius
law,46

冉 冊

− Ea
,
k BT

⌬共T兲 = C exp

共3兲

where C is the proportionality coefficient and Ea is the activation energy. Since elastic constant is proportional to the
square of the phonon frequency, ⌬cij共T兲 could be approximated by the formula

冉 冊

⌬Cij共T兲 = D exp

− 2Ea
,
k BT

共4兲

where D is the proportionality coefficient. Figure 8 shows
that the temperature dependence of ⌬c44 below 780 K can be
well described by Eq. 共4兲 with the activation energy Ea

The observed acoustic anomalies and temperature dependence of the CPs do not give answers regarding possible
symmetry changes at T1 and T2. The observation of very
clear slowing down for the broad A1⬘-symmetry CP near T2
indicates, however, that this mode plays an important role in
the mechanism of the phase transition at T2. Since this mode
is observed only in the x共zz兲x polarization, it involves ionic
motion in the c direction, i.e., along the polar axis. This kind
of collective motion of ions is the origin of the very strong
dielectric anomaly, observed previously.8,9 As far as the
phase transitions at T3 and T4 are concerned, the observation
of critical slowing down for the relaxation mode observed in
x共zy兲x polarization indicates that this mode plays a major
role in the mechanism of these phase transitions. This mode
is related to the E⬙-symmetry excitation in the hexagonal
phase involving motions within the xy plane. If a groupsubgroup relation is fulfilled for this transition, as suggested
in previous papers,5,9,10 instability of the E⬙-symmetry mode
could lead to point symmetry lowering into a triclinic 共C1兲 or
monoclinic 共C2 or Cs兲 structures. In the triclinic structure, the
spontaneous polarization Ps may have a general direction. In
the C2 structure, Ps should be along the y direction and in the
Cs structure within the yz plane. Since the dielectric permittivity showed the pronounced anomaly only along the z
direction,8,9 we may exclude the C2 possibility. Therefore,
the phase transition at T3 could occur into Cs or C1 structures. Although, for these structures, some component of Ps
in the direction perpendicular to the z direction is expected, it
might be much weaker than that along the z direction. The Cs
or C1 point symmetries were indeed suggested below T3 on
the basis of domain structure observations by Kharitonova et
al.9 If we assume Pm symmetry, the E⬙-symmetry CP should
split below T3 into A⬘ and A⬙ components. Since our studies
show very clear critical slowing down of the depolarized CP
near T4, it is very likely that instability of the A⬙ mode triggers the transition at T4 and the symmetry decreases to C1. If
this is the case, the e4 spontaneous strain should appear below T4 and a clear anomaly in frequency shift of the TA
mode corresponding to the c44 elastic constant should be observed. Clear acoustic anomaly for the c44 elastic constant is
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also expected if the phase transition occurs from Cs into C2v
symmetry. Our results show that, indeed, a clear anomaly of
the c44 is observed at T4. Although the C1 symmetry is consistent with the dielectric studies and the present Brillouin
studies, it is in contradiction with the established orthorhombic structure at room temperature.12 On the other hand, the
orthorhombic structure is consistent with the x-ray studies,
but it is in contradiction with the dielectric studies and Brillouin selection rules 共the TA modes are forbidden to be observed for the orthorhombic phase in back-scattering geometry兲. It is also worth noting that the phase transition at T3
has a first order character and it cannot be excluded that the
point groups of the phases above and below T3 are not symmetry related. Therefore, the establishing of symmetries of
the observed phases on the basis of the Brillouin studies is
not conclusive and requires further investigations with other
techniques.
Since the conductivity studies suggested that ionic conductivity is due to K+ ions, the x-ray structure determination
showed that the main differences between the high- and lowtemperature structures can be observed for the positions and
thermal displacement factors of potassium and the present
studies revealed that the CPs are correlated with strong increase in conductivity; it is plausible to assume that at higher
temperatures the main contribution to the observed relaxation modes comes from motions of the potassium ions.
However, at lower temperatures, both orderings in the potassium as well as niobium sublattice are responsible for polar
ordering and the observed relaxation modes.
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