Available online at www.sciencedirect.com

SCIENCE@DIRECTO Egsas

ol TSR
ELSEVIER Journal of the European Ceramic Society 25 (2005) 3069-3073

Vi

www.elsevier.com/locate/jeurceramsoc

Dielectric spectra of a new relaxor ferroelectric system
BagLnTisz3015 (Ln =La, Nd)

S. Kamb&*, S. Veljko?, M. Kempa, M. Savino\?, V. Bovtun?, P. Varék?,
J. Petzelf, M.C. Stennet, I.M. Reaney, A.R. WesP

2 |nstitute of Physics, ASCR, Na Slovance 2, 182 21 Prague 8, Czech Republic
b Department of Engineering Materials, The University of Sheffield, Mappin Street, Sheffield S1 3JD, UK

Available online 5 April 2005

Abstract

BaLaTi,Nb3O;5 exhibits a smeared maximum of permittivity, characteristic of classic relaxor behaviour, with a peak shift from 185K

at 100 Hz to 300K at 1 GHz. BaldTi,Nb;O;5 undergoes a first order ferroelectric phase transition at 389 K apidaBaNd sTioNb3O;5

exhibits both a ferroelectric phase transition at 274 K and relaxor behaviour at higher temperatures. All three ceramic systems were investigated
across a broad frequency (100 Hz—1 THz) and temperature (10-500 K) range. Slowing down of the dielectric relaxation across the whole
investigated temperature range from the THz and microwave regions to below 100 Hz was observed on cooling in the relaxor ferroelectric
BaLaTi,Nb;O;5. The mean relaxation frequency obeys the Vogel-Fulcher law with freezing temperature of 40 KNuiTB&lb;O,5 and
BayLagsNdy 5sTioNbsO;5 the relaxations soften only in the paraelectric phase down to the 1 GHz and 100 MHz range, respectively, Below

the relaxations vanish. The origin of the dielectric relaxations is discussed on the basis of structural data.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction RFE BgLaTiaNbzO15 (BLTN) ceramic with maximum per-
mittivity near 200K at 10 kHz was reportédThe material
High and broad maxima in temperature dependence of has the tetragonal tungsten bronze structure, but from the
both components of complex permittivity =¢' —ie” and XRD data it was not possible to distinguish between the
their shift to higher temperatures with raising measuring fre- P4/mbmandP4bmspace groups. It should be noted that sim-
quency is a typical feature of relaxor ferroelectrics (RFES). ilar structure have also been seen in other well known RFEs
RFE materials are studied due to both their peculiar physi- like Sy 61Bag 39Nb2Og or BapNaNbsO15 (see, e.g. Re)
cal properties, which are thought to be connected with the  The aim of this article is to extend the dielectric data of
presence of polar nanoclusters above and below the temperaBLTN published in Ref* into the microwave and THz range
ture of the maximum of permittivityT,) and their potential ~ to better understand the dynamics of the phase transition
technical applications in piezoelectric devices and microelec- in this compound. The dielectric spectra of BLTN will be
tronics. For a recent overview of RFEs see reviews by Ye compared with the completely new ferroelectric compounds
and Samara:? BapNdTi,NbzO15 (BNTN) and BalagsNdysTioNbzO15
Most of the RFEs with potential piezoelectric applica- (BLNTN).
tions are lead-based compounds with the perovskite struc-
ture, however there is currently an increased need for more

environmental friendly lead-free compounds. Recently a new 2. Experimental

A new lead-free relaxor ferroelectric system

* Corresponding author. Tel.: +420 2 6605 29 57; fax: +420 2 8689 05 27. XBapLaTizNb3O15—(1—X)BapNdTi2Nb3O15,  with  the
E-mail addresskamba@fzu.cz (S. Kamba). tetragonal tungsten bronze structure, has been synthesized.

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.03.192



3070 S. Kamba et al. / Journal of the European Ceramic Society 25 (2005) 3069-3073

Two end member compositions=£ 0, 1) and one intermedi- 100 Hz

ate composition?(: 0.5) have been prepar_ed by solid state 804 [orn 1 ~ | —- 300 Hz

ceramic synthesis. The powders were calcined at 1@F0r | - 920 Hz

8h and uniaxially pressed pellets were sintered at 2450 777 N IR 3.6 kHz
for 4h. Sintered pellet densities were >95% of theoretical. sod O NSO\ | T 11 kHz

The powders were characterized by X-ray diffraction and the B agkkz

data sets were fully indexed on a tetragonal tungsten bronze ¢’ T e
unit cell with no evidence of any secondary phase. At room 400 - 5 MHz

temperature BLTN was assigned the centrosymmetric space
group P4/mbmand BNTN the non centrosymmetric space

groupP4bm 200 J

The low-frequency dielectric response in the
100Hz-1MHz range was obtained using a HP 4192A . T T . |
impedance analyzer with a Leybold He-flow cryostat 4y 30 MHz
(operating range 5-300K) and a custom-made furnace | [ | e 100 MHz
(300-900K). Dielectric measurements in the high- e 300 MHz
frequency (HF) range (1MHz-1GHz) were performed 604  HYEIUVAYNy | 1 GHz
using a computer-controlled HF dielectric spectrometer —®— 400 GHz
equipped with a HP 4291B impedance analyzer, a Novo- ¢
control BDS 2100 coaxial sample cell and a Sigma System 40 7

M18 temperature chamber (operating range 100-570K).
The dielectric parameters were calculated taking into
account the electromagnetic field distribution in the sample.
Time-domain THz transmission spectra were obtained
using an amplified femtosecond laser system. Two [110] 0
ZnTe single-crystal plates were used to generate (by optical 0
rectification) and detect (by electro-optic sampling) the THz
pulses. The THz technique allows determination of the com-
plex dielectric responsg () in the range from 3 to 75 cnt Fig. 1. Temperature dependence of the real and imaginary part of complex
(100 GHz-2.5 THz); the investigated samples were not trans- permittivity in BLTN ceramics at various frequencies.
parent enough in this entire range so that the transmission
spectra were evaluated in a narrower spectral range only. ~ of the microwave (MW) relaxation is observed at 450K in
Differential scanning calorimetry (DSC) measurements the range 18-1° Hz. The relaxation frequency decreases
were obtained on Perkin-Elmer Pyris-Diamond DSC (see thes” increase at 1 GHz) on cooling, reaches 1 GHz
calorimeter in the temperature range 100-570 K with a tem- at 300K and further decreases to 1kHz at 150 K. At lower
perature rate of 10 K/min. temperatures the relaxation slows down below the frequency
range of measurement. A characteristic feature of all the
dielectric spectra is a broadening of the dielectric dispersion
on cooling which can be attributed to a broadening of the
distribution of relaxation frequencies. This is a consequence
of the distribution of energy barriers, for hopping of the
disordered ions, that exists in a multi-well potential. XRD
The temperature dependence of the complex permittivity data shows that the B sites contain Ti and Nb ions in a
in the BLTN ceramic at frequencies between 100Hz and Statistical W&ﬁ which produce the random fields. The mean
400 GHz is shown inFig. 1 Typical relaxor behaviour  relaxation frequenc follows the Vogel-Fulcher law
is seen; the temperature of maximum permittivity shifts
from 185K (at 100 Hz) to 300K (at 1 GHz). No anomaly fr
was observed in the DSC measurement giving no evidence
for a structural phase transition in this material. Dielectric with the attempt frequendy = 6.4 x 102 Hz, activation en-
behaviour is qualitatively the same as in Rehut the value ergyE;=0.2 eV and Vogel-Fulcher temperatdig- =40 K
of ¢’ is more than twice as large. This supports the statement(seeFig. 3).
in Ref# that the BLTN ceramics may be non-stoichiometric, Let us now discuss the dielectric dispersion in the THz
and can have variable La to Ba and Ti to Nb ratios and range, shown irFig. 4. At high temperatures above 525K
variable O content. This explains the different values of per- only a phonon contribution te' (w) is seen. The increase of
mittivity obtained from different samples. Of more interestis permittivity between 625 and 525K is probably caused by
the frequency plot of" (w) below 1 GHz inFig. 2 The wing a softening of some of the polar phonons. Below 425K, the
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Fig. 2. Frequency dependence of the complex permittivity in BLTN ceramics 100 200 300 400 500 600 700 800

at various temperatures.
P Frequency, GHz

IOW_frequenCy part Oé’(c.o) starts to mcreas_e on CO_Olmg due Fig. 4. Complex dielectric response of BLTN ceramics in THz frequency
to the high-frequency wing of a MW relaxation, whichresults  5nge ot selected temperatures. Oscillations in the spectra are noise.
alsoinanincrease of the THz dielectric losses. The relaxation
could be caused by the dynamics of the polar nanoclusters.it is the same relaxation which is seenfig. 2, but it splits
This means that the Burns temperature, below which the po-into two components below room temperature. The lower fre-
lar clusters start to appear, lies somewhere between 450 an@uency component is responsible for #€T) anomalies at
525 K. The contribution of the relaxation to the THz disper- frequencies below 1 GHz and the higher frequency relaxation
sion increases on cooling, reaches a maximum at 250 K andis responsible for the shifted maximumeiigT) and ins”(T) at
than again decreases below 100 K. Above room temperature400 GHz (sedig. 1). The lower frequency component prob-
ably describes the flipping of the polar clusters, while the

109 4 . higher frequency one expresses the breathing of polar cluster
] walls.
1 BLTN
108 §
, ] 3.2. BaNdThNbzO15 ceramics
107 73
N
= - R — BNTN ceramics exhibits qualitatively different dielectric
= E xperiment . i .
‘ Vogel-Fulcher fit behaviour to BLTN. They exhibit a sharp first order ferroelec-
105 1 f = B6.4"1012H tric phase transition which is shown ifig. 5. Temperature
3 <] . z
] E=02eV hysteresis was observed between the cooling and heating cy-
104 § Tyr=40K cles (heating/cooling rate of 2 K/min) witR; changing by
1Y 26 K in both the dielectric and DSC dafg; was observed
103

45 60 190, DBO  Da0 DAD ©Des  @e5 | 80D on cooling at 389 K and a change of enthalpyH) of 2.5 J/g
Temperature, K was measured. There was a delay of several days between
’ the low- and the high temperature dielectric measurements,
Fig. 3. Temperature dependence of the mean relaxation frequency in BLTN IN the range up to 300 kHz therefore the absolute value§ of
fitted with the Vogel-Fulcher model. ¢ ande” show a step at 300 K. Nevertheless, the relaxation
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Fig. 6. Frequency dependence of the complex permittivity in BNTN ceram-

. N ics at various temperatures.
Fig. 5. Temperature dependence of the complex permittivity in BNTN ce-

ramics at various frequencies.

in ferroelectric phase below 390K is clearly seen and it is
probably connected with domain-wall motion.
A frequency-dependent plot of the complex permittivity

a mixed behaviour. Relaxor behaviour was observed above
room temperature and a first order ferroelectric phase
in Fig. 6 shows the low-frequency wing of the MW relax- transition at To=274K (coohng) was observed. PSC
. : S . . revealed temperature hysteresis between the cooling and
ation aboveT., which gives information about the softening :
of the relaxation on cooling td.. Below T the strength of heating cyclgs (25.K) and a Ch.af‘ge of _enthalpy of 1.2.J/g at
¢ N Tc. The maximum in the permittivity shifted from 290K at

ti/us relaxat{on suddenly decreases, which results ina step N 00 Hz to 375K at 1 GHz. MW relaxation was seen above
&'(T). The dielectric loss becomes almost frequency indepen-_"". . .
T, its mean relaxation frequency decreases on cooling to

dent. Similar behaviour was qbserved n qther highly disor- 00 MHz atT; and than the relaxations vanish on further
dered systems (polymers, ionic crystals, dipolar glasses, etc. . . : :
cooling. Almost frequency independent dielectric losses

but the most remarkable is seeing this behaviour in relaxorWere observed below 200K aiving evidence about the
ferroelectrice®” Inthe case of BNTN the frequency indepen- . . X giving o
large disorder in the lattice and a broad distribution of

dentloss is much lower than in the relaxor ferroelectrics. The >~ . : . . -
" : ) o activation energies for motion of disordered ions. Similar
shape ot*(w) can be modelled using a uniform distribution . . ) o
. . L . : behaviour was observed in BNTN ceramics. A striking
of relaxation frequenciésdescribing the motion of domain % .
. . step down ing” (T) occurs nearT. in the THz frequency
walls. The temperature dependence of the dlelectncresponseran e Corresponding figures will be published separatel
of BNTN was not measured in the THz range due to the small ge. P 919 P P y

size of the sample. The room temperature data Fige5), with the results of far-infrared reflectivity studies of all the

however shows that the phonon contribution to permittivity ceramics.
is about half of the value measured in BLNT ceramics.
3.3. BalLagsNdy5TioNbzO15 4. Conclusions
BLNTN is solid solution composition containing both A new ceramic system B&nTioNbsO;5 (Lh=La,

La3* and N&#* previous compositions, therefore it exhibits Nd), with tetragonal tungsten bronze structure has been
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synthesized and characterized in the broad spectral rangeReferences

from 100Hz to 800GHz. BLTN exhibits ferroelectric

relaxor behaviour, BNTN shows a normal ferroelectric 1. Ye, Z.-G., Relaxor ferroelectric complex perovskites: structure, proper-
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200 K.
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