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Abstract. Barium sodium niobate (BNN) single crystals are studied by IR spectroscopy, time-domain
THz transmission spectroscopy, HF coaxial wave-guide technique and LF dielectric spectroscopy to cover
the frequency range 102°-10'* Hz in a wide temperature interval. The dielectric response parallel and
perpendicular to the polar c-axis is discussed. The ferroelectric transition at T. = 830 K is driven by a
relaxational soft mode coupled with another central-mode type relaxation which both gradually disappear
on cooling in the ferroelectric phase. Below T; the parameters of the expected IR active amplitudon were
estimated. The low-temperature permittivity increase on cooling for the E ¢ field direction has been
explained by an incipient proper ferroelectric-ferroelastic transition driven by an IR and Raman active

Ba-symmetry soft mode.

PACS. 63.20.-e Phonons in crystal lattices — 64.70.Rh Commensurate-incommensurate transitions —
77.80.Bh Phase transitions and Curie point — 77.84.-s Dielectric, piezoelectric, ferroelectric,

and antiferroelectric materials

1 Introduction

BasNaNb;O15 (BNN) belongs to the family of tungsten-
bronze-type ferroelectrics. It has been widely studied ow-
ing to its promising applications in nonlinear optics and
electro-optics [1] and to its rich sequence of phase transi-
tions. At high temperatures it has a tetragonal symmetry
(space group P4/mbm-D3, , Z = 2), then at T, = 830 K it
undergoes a proper ferroelectric phase transition (PT) to
another tetragonal phase 14bm-C2  with a spontaneous
polarization parallel to the c-axis [2]. At T} = 573 K
BNN passes through an incommensurate (IC)-ferroelastic
PT [3] and the resulting structure, with averaged or-
thorhombic symmetry, has a modulation vector ¢ = (1 +
8)/4(a;+b;)+1/2c* (referred to the tetragonal axes). The
space group corresponding to § = 0 is Bbm2-C316 [4]. The
unit cell is doubled along the c-axis and the commensu-
rate modulation gives rise to a doubling of the lattice pa-
rameter along the tetragonal a;:b;-diagonal (orthorhombic
a-axis) [5]. On further cooling (near T' = 543 K), domains
with a new modulation coexist and at 71, = 503 K an al-
most lock-in transition to a quasi-commensurate state oc-
curs [3], with a residual modulation (6 ~ 0.01) along the
orthorhombic a-axis. This d-value remains constant down
to room temperature (RT) at least [4]. At Tp = 110 K an-
other PT appears. Some authors reported that the sym-
metry below Tj remains orthorhombic or quasi-tetragonal
and that another doubling of the unit cell occurs along the
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orthorhombic b-axis [6-8], but it was also reported that the
appearance of the PT is strongly sample-dependent and
that in some cases the tetragonal 4mm point symmetry
was recovered [9-11].

Near the ferroelectric PT, an overdamped soft mode
plus a central mode of almost constant frequency (both
of A; symmetry) were revealed in Raman scattering [12].
Concerning the ferroelastic-IC transition, a Raman mode
of symmetry By was found below 573 K to soften on cool-
ing [13,14] together with another central mode. Neutron
scattering revealed an underdamped mode near the lock-
in wave vector [4], which softens approaching 7} and be-
comes overdamped below T;. The dielectric behaviour of
BNN was reported in [11,15,16].

Concerning IR measurements, we extended the RT IR
measurements on powders [17] and single crystals [18]
to the broad temperature range in two different polar-
izations in reference [19]. In the present paper we have
completed the IR data by the time-domain THz, high fre-
quency (HF), low frequency (LF) dielectric measurements
on the same samples and performed a new fit to the com-
bined IR and THz spectra to shed light on the origin of
the low-frequency dielectric behaviour and dynamic origin
of all the PTs.

2 Experimental

A BNN single crystal was grown by the Czochralski
method and cut in two plates of [001] and [100] orien-
tations to enable measurements in the E || ¢ and Elc
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Fig. 1. IR and THz reflectivity spectra together with their fits (thin solid lines) at several temperatures for (a) E || ¢ and (b)

E | ¢ polarizations.

polarizations. The samples were studied by means of
far-IR reflectivity, time-domain THz transmission spec-
troscopy (90 GHz-2.5 THz), HF coaxial technique
(1 MHz-1.8 GHz), and LF dielectric spectroscopy
(100 Hz—-1 MHz).

IR reflectivity measurements were performed using a
Fourier spectrometer Bruker IFS 113v equipped with two
RT DTGS pyroelectric detectors as well as He-cooled
(1.5 K) Si bolometer. Spectra were measured in the range
20-4000 cm ™. For low temperature measurements (from
300 to 10 K) we used a continuous-flow Oxford CF
104 cryostat with the sample mounted on a vacuum cold
finger. For high temperatures (300-900 K) a custom-made
oven was used. To polarize the light we used a metal-mesh
polarizer deposited on a thin polyethylene foil.

For dielectric measurements in the HF range two cylin-
drical samples were cut (of heights h and diameters d:
hi = 0.62 mm, d; = 0.78 mm and hy = 2.002 mm,
ds = 0.68 mm, with the polar axis parallel and perpen-
dicular, respectively, to the axis of the cylinder). A com-
puter controlled HF dielectric spectrometer equipped with
HP 4291B impedance analyzer, a NOVOCONTROL BDS
2100 coaxial sample cell and a SIGMA SYSTEM M18
temperature chamber (operation range 100-570 K) were
used. The impedance of the sample with Au electrodes
sputtered on the bases of the cylinders was recorded on
cooling at a rate 1 K/min. The dielectric parameters were
calculated taking into account the electromagnetic field
distribution in the sample [20,21].

THz transmission measurements were done on two thin
polished plane-parallel samples (4.7 x 7.8 x 0.33 mm? and
4.4 x 7.8 x 0.33 mm?) in the temperature range 15-300 K.
A custom-made time-domain THz transmission spectrom-
eter was used to obtain the complex dielectric response
from 3 to 80 cm™! with a resolution of 0.5 cm™'. This

spectrometer uses a femtosecond Ti: sapphire laser and
a biased large-aperture antenna from a low-temperature
grown GaAs as THz emitter, and an electro-optic sam-
pling detection technique [22]. An Optistat CF cryostat
with mylar windows (with thickness of 25 and 50 pm for
the inner and outside windows, respectively) was used for
measurements down to 10 K.

For LF dielectric measurements using the Hewlett-
Packard impedance analyser 4192A LF, silver paste elec-
trodes were added onto the faces of the above cited plates.
The samples were heated and cooled in the temperature
range of 13-930 K at a velocity rate of 3 K/min under a
measurement field of 40 V/cm.

3 Results and evaluation
3.1 IR measurements

The experimental reflectivity spectra published in [19]
were renormalized and refitted using the new THz and HF
values with the generalized oscillator model of the dielec-
tric function due to the presence of broad and asymmetric
reflection bands [23]

. , o S w? o — w? +iwyLo
¢w)=¢"(w)+i" =ex 5 N )
i1 Wroi — W + WYTO;

(1)

where €4, is the permittivity at frequencies much higher
than all polar phonon oscillator eigenfrequencies, wro;
and wyo; are the eigenfrequencies of the transverse and
longitudinal ith phonon mode and y7o; and vro; their
respective damping constants. In Figure 1 we present the
renormalized spectra including the THz reflectivity points
together with the fit for both polarizations at selected tem-
peratures.
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Fig. 2. Temperature dependence of the permittivity and losses obtained from the fit of the IR reflectivity for a BNN single

crystal for the E || ¢ polarization.
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Fig. 3. Temperature dependence of the permittivity and losses obtained from the fit of the IR reflectivity for a BNN single

crystal for the E ¢ polarization.

In Figure 2 the E || ¢ polarized dielectric spectra calcu-
lated from the fit are presented. One sees that the permit-
tivity due to the phonon contribution is low (¢/ ~ 25) and
that at high temperatures another excitation is present
below the phonon frequencies which increases the low-
frequency &’ and &” values. In the high temperature para-
electric phase five highly damped modes plus two low-
frequency overdamped excitations were detected. At low

temperatures new modes appear, altogether 23 at the low-
est temperature. In Figure 3 the E | c polarized spectra
are depicted. The most interesting feature is the increase
of the low-frequency permittivity on cooling (from ~150
at 900 K to ~380 at 10 K). More modes were detected in
this polarization (14 in the paraelectric phase and 34 in
the lowest one). The fitted modes in both polarizations
at 900 K (paraelectric phase), 300 K (ferroelastic-IC
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Table 1. Parameters of the IR phonons for both polarizations at selected temperatures.
Elc Ellc
10K 300K 900 K 10K 300K 900 K
or Yoo o Ae| or Yo Ae| or Yoo oAe| oy Yo Ae| oy Yo Ae| or Yo Ae
18.2 20 23.0 42 21.1 100 | 222 204 05| 177 356 21| 054 2421
225 38 519 321 75 320 211 245 995 478 84 01| 466 150 04| 141 1248 705
30.3 7.7 864 - 324 7.23 6.5| 59.9 42 006| 606 11.3 0.2 -
397 119 647| 396 124 213 - 714 2.7 0.1 -
440 141 476 | 494 90 347| 575 361 116| 76.0 0.3 03| 751 53 04 -
69.4 71 185| 729 136 224 - 78.3 38 0.06 - -
77.7 77 46 - - 85.9 14 02 - -
835 104 133| 885 118 23| 868 740 58| 894 53 08| 90.3 9.2 11 -
954 150 08| 957 153 54 - 94.3 54 07| 934 118 11 -
1116 135 1108|1152 157 9.2 - 109.7 119 0.1 - -
1283 120 20| 1303 164 38|128.7 361 3222|1223 6.2 15| 1206 7.8 13 -
1460 103 10 - - 1372 145 08| 1416 202 0.3| 1450 49.7 1514
1551 262 123|161.0 362 225|1731 663 2661560 19.6 07| 1574 273 12 -
1792 272 181809 321 33 - 2138 447 04| 2144 50.6 04| 2073 1581 201
1941 166 08| 2041 123 0.4 - 2572 339 56| 2614 450 6.6 -
2015 132 0.6 - - 2836 214 042830 240 0.3| 2933 1216 16
2222 116 03| 2247 232 16| 2275 392 21| 3069 146 05|3045 181 0.6 -
230.7 7.7 0.6 - - 3239 232 08| 3225 250 11 -
2434 249 0.9 - - 3820 316 02| 3790 538 03| 3772 912 0.03
2509 165 0.4 - - 408.4 89 0033|4075 277 0.1 -
2742 263 0.6 | 2714 430 12| 2704 544 16|4341 153 0.1|4325 260 0.2 -
2918 299 0.2 - - 4832 136 0.04|4819 321 0.1 -
3142 138 0.1| 314.0 409 04| 3078 477 0.4 | 5605 86.0 04| 619.8 675 13 -
3204 266 04| 3225 268 0.2 - 664.0 60.8 20| 6532 331 17| 606.7 105 3.2
358.0 452 0.1 - -
4264 161 03| 4261 415 0.7 -
4392 202 0.2 - -
5111 166 0.2| 5119 320 0.3 -
550.9 248 23|5505 333 23| 557.0 780 3.0
608.0 39.1 0.6 | 6025 455 03| 6019 779 04
7123 369 0017123 361 0.01 -
880.9 402 0.01)8809 402 001|8743 989 0.02

phase) and at the lowest measured temperature 10 K are
presented in Table 1. For each temperature the transverse
optical phonon frequency wr, its damping 7 and the di-
electric strength Ae are listed.

3.2 THz, microwave and dielectric measurements

In Figures 4 and 5 we present the permittivity and loss
spectra for selected temperatures in the spectral range 10°
to 10'* Hz in both polarizations including the IR fit. In
the E || ¢ polarization (Fig. 4) the THz data revealed that
there is no dispersion below but near the phonon region in
the temperature range 300-10 K. The agreement between
FIR and THz data is very good. The HF data measured
between 100-550 K showed anomalous oscillations, which
are attributed to piezoelectric resonances in the sample.
On lowering the frequency, they raise gradually the value
of the clamped permittivity up to the value of the stress
free permittivity below 1 MHz. The results of the LF di-
electric measurements revealed a strong increase in &’ due
to the ferroelectric transition at 830 K. Two overdamped
modes (relaxators) were used to account for the difference
between the IR-THz data and the HF-LF values follow-
ing reference [12], the lowest frequency one corresponding

to a central mode and the other to the ferroelectric soft
mode. At highest temperatures (700 K, 550 K) two cor-
responding peaks are seen in the loss spectra in the range
10910 Hz. At 900 K the central mode is so intense that
just one peak is seen around 10'° Hz. The LF values of the
permittivity are in agreement with those published [15].
We have to mention that the LF measurements show weak
anomalies in &/ between 200 and 400 K probably related
to the presence of discommensurations. No anomaly in &/,
is found near Tj.

For the E Lc polarization (Fig. 5), the THz, HF and
LF values agree quite well although the LF permittivity is
slightly higher than the HF one. The difference is due to
geometrical approximations, which differ for both experi-
mental approaches, and lies within the accuracy limits of
both techniques. The increase in ¢’ below RT on cooling
is detected by all the techniques. No additional disper-
sion is present below the phonons, but an extra central
mode was added to obtain the LF values at high tem-
peratures where the HF data are missing. This central
mode is weaker than the previous one seen in the loss
spectra. The LF data show two small anomalies in the loss
spectra in the range 500-600 K connected apparently with
the discommensurations.
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Fig. 4. Permittivity and loss spectra of BNN at several temperatures in the frequency range of 10°-10'* Hz for the E || ¢
polarization. THz data are represented by diamonds, HF data by black squares and LF dielectric data by circles. The IR fit is
shown by a solid line. Note the log scales and piezoelectric resonances in the HF spectral range.

4 Discussion
4.1 IR spectra and symmetry considerations

The factor-group analyses for the RT phase and for the
tetragonal phases were published in references [17,24]. In
Table 2 the symmetry classification of the phonon modes
in different phases is shown. In the paraelectric phase
138 modes exist at the I'-point of the Brillouin zone, cor-
responding to the 2 formula units in the unit cell. Out of
them, one A, mode and one E, doublet are the acous-
tic ones. 8 As, and 25 E, optic modes are IR active in
the E || ¢ and E Lc polarizations, respectively. The mode
dampings in this phase (T > 830 K) are very high so that

the number of IR modes detected in our IR experiment
is lower. Correlation into the ferroelectric phase follow-
ing the table gives the number of active modes below T.
The order-parameter representation should have symme-
try Aoy, giving rise to the spontaneous polarization par-
allel to the c-axis. Hence, the soft mode responsible for
such a transition should be seen in the E || ¢ polarized
spectra (Ag, and A; symmetries above and below T¢, re-
spectively).

At the IC-ferroelastic PT a quadrupling of the prim-
itive unit cell (doubling simultaneously along the a and
¢ axes) occurs, resulting in Z, = 8, (the index p refers
to the primitive cell, which is half the conventional crys-
tallographic cell). The factor-group analysis taking the
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structural results by Jamieson et al. [2], which neglects
both doublings, gives the result in the third column of
Table 2, in total 174 modes. In this analysis partial occu-
pancy of Ba and O atoms was taken into account, which
gives a higher number of effective atoms (vibrational de-
grees of freedom) in the unit cell. This orthorhombic cell
has the following axes with respect to the tetragonal ones:
a = (a: —b:), b= (a; + b:), ¢ = ¢;. However to make a
more rigorous estimation of the number of modes at RT
one should take into account both doublings. In this case
the space group is Bbm2-C3% [4]. As no new crystallo-
graphic data are available we took the positions and site
symmetries of the atoms in the symmetry group Ccm2-
Cil [2] and transformed them into the new group Bbm2-
C1%. In this case the new orthorhombic cell is related to

the tetragonal one by a = 2(a;—b;), b = (a;+b;), ¢ = 2¢;.
The Wyckoff positions for all the atoms are given in Ta-
ble 2. With these occupied sites the factor-group analysis
gives the results of the fourth column in Table 2. Again,
owing to the partial occupancy of some sites, there is a
disorder in the crystal and the number of effective modes
is higher.

Different attempts were made to explain the origin of
the PT at T;. The simplest case was considered by Yamada
et al. [15] in which the transition is due to an elastic insta-
bility, driven by a one-dimensional order parameter (the
strain component eg) of Bs symmetry. However, this at-
tempt did not consider both doublings of the unit cell. As
shown by Toledano [25] the PT taking into account the
doubling along the c-axis — this fact requires the space
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Table 2. Factor-group analysis of BNN showing the correlation among different phases. The results for the paraelectric and

ferroelectric phases are taken from reference [24].

Phase Paraelectric Ferroelectric Ferroelastic 1 Ferroelastic 11
Space group  P4/mbm (D3;,) P4bm (C3,) Cmm?2 (C3}) Bbm2 (C39)
7Z =2 Z =2 Ps]|(001) Zp =2 Z, =8 (6=0)
Active 10 A1g(a?, b2, 2
modes 1e(ai, b7, <) 19 Ai(c; af, b7, c2)
9 AQH(C)
46 A1 (c; a®, b2, c?) 183 Ai(c; a?, b2, &)
8 Biu(—
! ( ) 18 Bg(atbt)
10 ng (atbt)
5 Au(—
() 15 As(—)
10 AQQ(_)
39 Az (abd) 163 Az (ab)
10 Big(a?, b?
S s
4 BQU(_)
10 Eg(atc, bic 46 Bi(a, ac 165 Bi(a, ac
s(ar t€) 36 E(a¢, by; ae, bic) 1 ) i )
26 Ey(a¢, bt) 43 Ba(b, be) 185 Ba(b, be)
Total 138 modes 138 modes 174 modes 696 modes
Atom sites Na: 1(4c) Na: 2(4a)+1(8c)
Ba: 1(4d)+1(8f) Ba: 4(4b)+4(8c)
Nb: 1(2a)+1(2b)+2(8f)  Nb: 4(4b)+8(8c)
O: 3(4d)+1(4e)+8(8f)  O: 12(4b)+34(8c)

group of the low-temperature phase to be Cem2;-Ci2 —
would involve a two dimensional order parameter of E
symmetry (in the Z point of the Brillouin Zone). How-
ever, his approach neglected the doubling along the di-
agonal. The last attempt by Schneck et al. [4], including
both doublings and the incommensuration, lead to a four-
dimensional order parameter which corresponds to a lat-
tice instability at the lock-in wave vector (1/4, 1/4, 1/2),
revealed by neutron scattering. This order parameter is
linearly coupled with the strain only below the PT lead-
ing to improper ferroelasticity, which explains the absence
of a soft Raman mode above this PT.

4.2 Piezoelectric resonances

Owing to the mm2 symmetry of the IC-ferroelastic phase
at RT, piezoelectric resonances are allowed in all three
components of the dielectric response. The five piezoelec-
tric moduli and the elastic stiffness constants were already
measured [26], and the values are listed in Table 3. The
integral contribution of the piezoelectricity to the stress
free (low-frequency) permittivity can be calculated by the
formula [27],

piez __ _free clamped __
AEij = Eij — Ez’j = E dik dil Ckl/{:‘o, (2)
k,l
clamped

where 5%88 and ¢ stand for the values of the stress

free and clamped (above all the piezoelectric resonances)

ij

Table 3. Elastic stiffness and piezoelectric moduli for BNN
measured in reference [26].

Piezoelectric moduli  Elastic stiffness constants

(C/N) (N/m?)

dis 4.2x1071 & 2.39 x 101!

dos 5.2 x1071 & 1.04 x 101

dsi —07x107 & 050 x 10!

dzz —06x10"1 & 247 x 10"

dsz 3.7x 107 % 0.52 x 101!
cg  1.35 x 101!
& 0.65 x 101!
cg  0.66 x 10!
cg  0.76 x 10!

permittivities, d;;. are the piezoelectric moduli, ¢ are
the stiffness constants, and ey the permittivity of vacuum
(8.85 1072 F/m). This contribution is independent of the
sample geometry. For BNN, taking the values from Table 3

we obtained the results: Aeby” = 18.64 for the E | ¢
= 19.86 for the

geometry and Ael™ = 13.16, Aehy”
E1lc geometry. The piezoelectric contribution matches
very well the increase observed in the HF data at RT for
E || ¢, where the total increase is Aebi®” = efree (1MHz)-

Eglamped (1.8 GHz):50*32:18.
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A rough estimate of the fundamental resonance fre-
quencies —for plates of about 0.6 mm thickness— situates
them in the MHz range, with slightly lower frequencies for
transverse (shear) modes than for the longitudinal ones.
Even if our samples have different geometry we see the res-
onances of the longitudinal modes in the E || ¢ HF spec-
tra, which is in agreement with the predictions. However,
it is difficult to estimate if some resonances are present in
the FEc spectra. In this case the piezoelectric contribu-
tion is very small, about 8% of the clamped-permittivity
value (¢/ ~ 220), so that the resonances must be tiny.
Moreover the presence of ferroelectric and ferroelastic do-
main walls and in addition of the discommensurations
may attenuate the piezoelectric resonances, which could
explain their near absence in our dielectric spectra. Some
traces of them are seen in the HF loss spectra (see Fig. 5).

4.3 Dielectric behaviour

The dielectric behaviour of BNN is discussed using Fig-
ure 6, where the dielectric permittivity versus temperature
is depicted for several fixed frequencies in both polariza-
tions.

Figure 6a shows the permittivity values for the FE || ¢
polarization at several frequencies together with the tem-
perature dependence of the total phonon contribution
(Aepn), the contribution of the overdamped ferroelectric
soft mode (Aegm) and the excitation of central-mode type
(Aecm), and the summed up contribution of phonons, soft
mode and central mode, Aepnism4cm, in order to com-
pare it with the directly measured values. The phonon con-
tribution (A; symmetry in the ferro-phase) to . is about
25 at low temperatures but at 7' > 500 K the damping

is so high that the exact evaluation of the mode frequen-
cies is not unambiguous. According to the Raman exper-
iment [12], the Rayleigh wing is broad and temperature
dependent. This was interpreted as due to an overdamped
soft mode plus a central mode of almost temperature inde-
pendent frequency. The huge anomaly at the ferroelectric
PT seems to be caused by this overdamped soft mode
coupled with the central mode. Following this result, two
extra modes were added to our IR fit (the ferroelectric soft
mode is denoted by stars and the central mode by crosses
in Fig. 6a) which accounts practically for the whole di-
electric anomaly. The contribution to the permittivity of
these two modes can be seen in Figure 6a. On cooling, the
still overdamped soft mode hardens and loses its strength
disappearing from the spectra below 550 K, as well as the
central mode. This is a typical behaviour of a critical relax-
ation and therefore the ferroelectric PT can be considered
as almost order-disorder type. Above Ti, the goal of the
fit was to obtain the LF permittivity values in the para-
and ferroelectric phases, however we have to mention that
piezoelectric resonances and also contribution from ferro-
electric domain walls could be present in the MHz range
(see Fig. 4). Therefore the dielectric-strength value of both
overdamped modes is not quantitatively accurate.

Below T; a new polar soft mode (the uniform long-
wavelength amplitudon) is expected to become active in
E || ¢ polarization. This mode is related to the existence
of the IC modulation and was already discovered above T;
by neutron scattering [4]. Its IR frequency just below T;
should be close to zero and should increase on cooling. In
order to obtain the HF &’-values we added a new excita-
tion from 500 K to RT. Below RT it becomes very weak
but it helps to fit better the THz permittivity and re-
flectivity. This new excitation seems to correspond to the
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Fig. 7. Loss spectra of BNN measured in the kHz to THz range at temperatures below T;. Note the piezoelectric resonances in

the HF spectral range for the E || ¢ polarization.

amplitudon (denoted by stars in Fig. 6a). Its frequency
hardens on cooling and stabilizes below RT and its dielec-
tric strength therefore decreases from ~10 to ~1. We have
to mention that in the 300-550 K range, owing to the lack
of THz data and the presence of the piezoelectric reso-
nances and domains, it was difficult to estimate exactly
the parameters of the amplitudon.

Therefore, the results of our fit reveal that the ferro-
electric PT is caused by an overdamped soft mode coupled
with a central mode excitation. These excitations are an-
harmonic and the soft mode plays the role of a critical re-
laxation showing a critical slowing down. On further cool-
ing the soft mode becomes weak and finally disappears.
The ferroelastic-IC PT manifests itself by the amplitudon,
which becomes active in the IR spectra below T;.

In Figure 6b the permittivity versus temperature be-
haviour for the E ¢ polarization is presented for simi-
lar frequencies as above. Here as well, the IR phonons
(E-symmetry modes in the ferro-phase) are not able to
account completely for the LF permittivity (see Fig. 4).
The difference at high temperatures was accounted for by
an overdamped mode whose strength decreases on cool-
ing while the phonon contribution increases. The temper-
ature behaviour of this mode differs, however, from that
found from Brillouin [28] and neutron scattering [4] where
a maximum of the intensity/strength is seen near 7. Ne-
glecting the leakage of the strong permittivity anomaly
near the ferroelectric PT from the E || ¢ polarization, the
most interesting effect seen is the increase of the permit-
tivity on cooling. This increase remains present in the THz
range. Therefore it is clear that it has a phononic origin.
Below the THz range, no appreciable dielectric dispersion
remains below RT. A By soft phonon mode (symmetry
valid for the ferroelastic phase) was actually revealed in
the Raman spectra [13,14] and should be responsible for
it. Using our THz data, this mode can be localized between

20 and 30 cm ™! (B3 modes are both Raman and IR active,
see Tab. 2). Following the tables by Janovec et al. [29] it
can be seen that a Landau-type PT is approached from
the orthorhombic mm2 phase with an order parameter of
By symmetry to result in a monoclinic m phase. This PT
should be both proper ferroelectric and ferroelastic with
the appearance of a P; component along the b-axis and
shear deformation u,.. The detected soft mode together
with the increase in the permittivity is a precursor of this
new hypothetical ferroelectric PT below 0 K.

Interesting data were found in both loss spectra. The
values measured at lower frequencies were higher than
those from the IR extrapolation. It appears that the £”
values are higher due to the disorder causing a background
absorption of non phononic origin. In Figure 7 the con-
nection of all the measured spectral ranges is depicted for
both polarizations. One sees that BNN shows almost con-
stant losses in E || ¢ polarization from MHz to THz below
500 K (except for the piezoelectric resonances). This could
be interpreted by a broad distribution of relaxations as e.g.
in the case of another disordered material BZN [30]. In the
THz range the losses are temperature independent and
proportional to the frequency, which speaks in favour of a
disorder induced absorption of acoustic branches (propor-
tional to the one-phonon density of states) [31]. For E Lc,
in the IC phase, the loss spectra show again a constant
background below 0.1 GHz with a temperature depen-
dent low-frequency limit. Above 570 K no HF data are
available and moreover the sample conductivity prevents
reliable loss measurements.

The temperature dependence of the IR mode frequen-
cies is depicted in Figure 8. Figure 8a shows the modes of
A; symmetry active in the E || ¢ polarized spectra. For
comparison we added to this figure the soft Raman mode
and the central mode [12], another Raman mode of higher
frequency [32] and the soft mode detected in neutron
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scattering above the IC-ferroelastic phase [4]. Below T the
overdamped ferroelectric soft mode is seen. We have de-
picted its relaxational frequency, calculated as w2.,/y7r0-
The IR frequency values are in good agreement with the
Raman data around Tt [12]. Another mode of constant fre-
quency around 50 cm~! was added in agreement with a
weak mode seen in Raman spectra [32]. This mode appears
below T, and should be of A; symmetry (both Raman and
IR active). In our IR spectra it is very weak and is not di-
rectly seen. Below T; the polar amplitudon due to the IC
modulation should appear. The corresponding IR excita-
tion is overdamped down to 250 K and in Figure 8a its
relaxation frequency is shown. Below this temperature it
becomes underdamped. Its frequency hardens on cooling
from 500 K to RT and then saturates, in agreement with
the behaviour of the order parameter of the modulation,
which becomes already saturated at RT [4,33].

Figure 8b shows modes of E and both B;-Bs symmetry
(symmetries valid in ferroelectric and ferroelastic phases,
respectively) active in the E_le¢ polarized spectra. The
lowest mode denoted by stars is of the central-mode type.
Low-frequency Raman modes from the literature [13,14]
are also included (open circles). The Raman soft mode
is in very good agreement with the IR one around RT,
but on lowering the temperature, near 150 K, there is
a crossing between the IR soft and central mode, which
prevents precise evaluation of the mode frequencies. Cou-
pling between the central and soft mode is well known in
ferroelectric materials [34] and in BNN it seems that the
presence of the PT at Ty affects the dynamics of the two
modes. We have to note that there appears a shoulder in
the permittivity near 150 K (see Fig. 6b), which could be

expected from the coupling or the reported PT shifted to
a higher temperature.

5 Conclusions

We have shown that the use of combined techniques to
measure the dielectric spectrum from 102 to 10'* Hz is
helpful to understand better the phonon dynamics and
dielectric response of BNN crystals around all the known
PTs.

The strong dielectric anomaly at 7, = 830 K has
been satisfactorily explained by a relaxational ferroelec-
tric soft mode coupled with a central mode. Both these
relaxational modes gradually disappear in the ferroelec-
tric phase so that this PT appears to be of order-disorder
nature.

Below the incommensurate PT at T} the use of com-
bined Raman and neutron scattering data together with
our dielectric data enabled us to estimate the frequencies
of the IR amplitudon.

An incipient ferroelectric-ferroelastic PT is revealed,
which explains both the increase of the permittivity ¢’
on cooling and the presence of a Ba-symmetry soft mode.
In the hypothetical phase a new component of Ps should
appear along the b-axis.

The transition at Ty = 110 K was not revealed in our
measurements, but the behaviour of the IR phonons and
the LF permittivity seem to suggest that our sample shows
some anomalies at slightly higher temperatures around
150 K.
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