LAIP e ) )

Light scattering from ( K 0.5 Na 0.5) 0.2 ( Sr 0.75 Ba 0.25 ) 0.9 Nb 2 O 6 with the
tungsten bronze structure: An analogy with relaxor ferroelectrics
I. G. Siny, S. G. Lushnikov, S. I. Siny, V. H. Schmidt, A. A. Savvinov, and R. S. Katiyar

Citation: Journal of Applied Physics 89, 1671 (2001); doi: 10.1063/1.1337923

View online: http://dx.doi.org/10.1063/1.1337923

View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/89/3?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Relaxor-like dynamics of ferroelectric K(Ta1- x Nb x )O3 crystals probed by inelastic light scattering
J. Appl. Phys. 116, 074110 (2014); 10.1063/1.4893363

Acoustic anisotropy in uniaxial tungsten bronze ferroelectric single crystals studied by Brillouin light scattering
J. Appl. Phys. 104, 104105 (2008); 10.1063/1.3021107

Diffused ferroelectrics of Ba 6 Ti 2 Nb 8 O 30 and Sr 6 Ti 2 Nb 8 O 30 with filled tungsten-bronze structure
J. Appl. Phys. 98, 084110 (2005); 10.1063/1.2120891

Low-temperature transverse dielectric and pyroelectric anomalies of uniaxial tungsten bronze crystals
J. Appl. Phys. 92, 1536 (2002); 10.1063/1.1491995

Broadband Brillouin scattering of relaxor ferroelectric crystals
AIP Conf. Proc. 582, 55 (2001); 10.1063/1.1399689

— )7
NEW'SpecialiORICEdEgions
-

P b INE Applied Physics
Lithium Niobate Properties and Applications: s
Reviews of Emerging Trends AI P Gl



http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/296339739/x01/AIP-PT/JAP_ArticleDL_021716/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=I.+G.+Siny&option1=author
http://scitation.aip.org/search?value1=S.+G.+Lushnikov&option1=author
http://scitation.aip.org/search?value1=S.+I.+Siny&option1=author
http://scitation.aip.org/search?value1=V.+H.+Schmidt&option1=author
http://scitation.aip.org/search?value1=A.+A.+Savvinov&option1=author
http://scitation.aip.org/search?value1=R.+S.+Katiyar&option1=author
http://scitation.aip.org/content/aip/journal/jap?ver=pdfcov
http://dx.doi.org/10.1063/1.1337923
http://scitation.aip.org/content/aip/journal/jap/89/3?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/7/10.1063/1.4893363?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/104/10/10.1063/1.3021107?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/8/10.1063/1.2120891?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/92/3/10.1063/1.1491995?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1399689?ver=pdfcov

JOURNAL OF APPLIED PHYSICS VOLUME 89, NUMBER 3 1 FEBRUARY 2001

Light scattering from (K sNag 5)0 2(Srg 75Bag 25) 0 oNb,Og with the tungsten
bronze structure: An analogy with relaxor ferroelectrics
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The Brillouin and Raman scattering from a complex single crystal from the tungsten—bronze family,
(Ko.sN@g 5)0 o Sto 7880 290 ND,Os doped with Cé" (KNSBN:Cu), have been comparatively
studied in a wide temperature range around the ferroelectric transition. Step-like anomalies in
hypersonic velocity and damping confirm the first-order structural transition. These anomalies look
like some perturbations on the high-temperature slopes of both a broad dip in sound velocity and a
broad maximum in damping that develop in a wide temperature range. The acoustic behavior of
KNSBN:Cu does not simply follow the Landau theory prediction valid for many ferroelectrics.
Instead it resembles that of relaxors, to which the KNSBN:Cu behavior is analogous intrinsically.
The total intensity of the Raman spectra as well as the intensity of separate internal and external
vibrations and their width correlate with acoustic anomalies, namely there are step-like drops at the
same temperature as the first-order transition and a broad range where the intensity is drastically
increased. All these broad anomalies imply the existence of a wide preceding phase in respect to the
relaxor ferroelectric state. Unusual properties of this preceding phase are discussed as well as the
phase diagram relation to the dynamical evolution of other relaxors from the perovskite family, such
as PbMg;sNb,,305; and Ng;Ba;,TiO3. © 2001 American Institute of Physics.

[DOI: 10.1063/1.1337923

I. INTRODUCTION unstable and exhibits a rather unusual sequence of six phases
including incommensurate structufes(and references
The present work is devoted to the Brillouin and therein. Even slight deviations from stoichiometry may pro-
Raman spectroscopy studies of a single crystaluce some discommensurations in BNN.
(Ko.8Nag 5)0 A Sto.79B8.25) 0 NP, O With copper—ion point Thermal stability of the KNSBN structure with the ion
defects(KNSBN:Cu). This complex compound has been de- arrangement just between that in SBN and BNN is a matter
veloped as a remarkable photorefractive matériNSBN  of considerable interest for both applied and scientific ap-
originates from the tungsten—bronze family of ferroelectrics proaches. However, the question about the structure stability
KNSBN has two close ancestors in this family, seems to be open. According to recent Raman scattering
Sr,Ba; _,Nb,Og (SBN) and BagNaNb;O;5 (BNN).?K and Na  studies® some hidden transformations may occur in KNSBN
additions to SBN increase the Curie temperature of materialselow the Curie temperature, manifesting a drastic thermal
of the KNSBN type, and also the advantage of large electrochange in the total intensity of the Raman modes apart from
optic coefficients of SBN remains available. The?Cuaop- any established phase transition.
ing provides the further enhancement of the photorefractive Brillouin scattering has been a sensitive method in our
properties of KNSBN:® From a crystallographic point of studies of dynamic changes in the structure of relaxor ferro-
view, the KNSBN CryStaI OCCUpieS an intermediate pOSitione|ectriCS from the Comp]ex perovskite fam”y’ such as
between SBN and BNN. On the one hand, there is a tenppmg, ,;Nb,30; (PMN) and Na,,Biy;TiOs (NBT).”® In
dency from order to disorder in the sequence of these threQBT, the sequence of cubic-tetragonal-trigonal transforma-
compounds. BNN is a mostly ordered material, whereasjons manifests itself by sharp damping peaks. In PMN with-
SBN is rather disordered because Sr and Ba ions are distrilgyt any electric field, Brillouin scattering reveals the tem-
uted randomly and a one-sixth fraction of interstices remain%erature range of the frustrated ferroelectric transition
vacant. On the other hand, the crystal structure stabilitynarked by a sharp peak in damping. No anomaly has been
changes in an opposite direction in the sequence. In spite ghynd in this range in the behavior of other characteristic
an obvious disorder, the SBN ferroelectric phase seems to Rgyjyes without the electric field. A definite ferroelectric tran-
rather stable below the sole transition, although incommensition to the trigonal phase at,~210 K occurs only in an
surate superstructures have been also detected for sorggiernal field above the threshold vaftfeSome phenomena
Sr-Ba composition$.The BNN crystal seems to be Very haye been found in PMN, such as dispersion of sound veloc-
ity in a wide temperature randé, pseudocubic acoustic
dElectronic mail: schmidt@physics.montana.edu anisotropy in spite of development of ferroelectric
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properties:>® and the unusual background in the Brillouin dering in the ion arrangement in the tungsten—bronze struc-
spectra with a pronounced temperature dependéribat  ture does not stabilize the ferroelectric phase. Unlike BNN,
evidenced the existence of a central peak in light scattéring. the amount of Sr and Ba ions in SBN is more than the pen-
Pseudocubic behavior in combination with a drastic changeéagonal interstices could accommodate but it is not enough to
in the background intensity of the Brillouin spectra by aboutoccupy all of the tetragonal and pentagonal interstices. The
two orders of magnitude were subsequently found in NBT. Sr and Ba ions are distributed randomly among these two
From a dielectric point of view, relaxor ferroelectrics positions and one-sixth of them remain vacant. In spite of an
from the perovskite family have much in common with the obvious disorder in comparison with BNN, the SBN struc-
tungsten—bronze ferroelectrics. SBN has even been consitlire seems to be more stable with only one ferroelectric tran-
ered as a ferroelectric with the classical relaxor behavior.  sition. The Curie temperature depends on the Sr—Ba compo-
this respect, the Brillouin spectroscopy study of thesition. However, in some cases there were found
tungsten—bronze ferroelectrics is expected to be interestinnpcommensurate superstructures in SBN as fvellhe
especially in comparison with that of other relaxors. Com-ferroelectric-paraelectric transition is assumed to be
bining the Brillouin and Raman spectra analysis, we continu¢etracritical” and one may suppose another phase transition
our search for hidden transformations in KNSBN:Cu fromaboveT,.*¥1°Probably, all possible structural modifications

the tungsten—bronze family. in crystals of SBN with different compositions have not been
clarified yet.
Il. EXPERIMENT The ion arrangement in KNSBN:Cu is of an intermediate

_ . type. All tetragonal and pentagonal interstices in KNSBN:Cu

The KNSBN:Cu single crystal was grown by the Czo- cannot be occupied though there are half as many vacancies
chralski method. This crystal was doped with 0.04 wt % ofyg iy SBN. A smaller Na ion prefers most likely the tetrag-
CuO. Two rectangular samples, one with edges about 5 migp 5| interstices as in BNN, whereas a part of the larger K
for Brillouin scattering and another one oKBx1 mm’s for  jons is expected to be found in the pentagonal interstices.
Raman scattering, were oriented along the principal axes. part of the Sr and Ba ions should be randomly placed in

Brillouin backscattering spectra were analyzed by a fiveyhe tetragonal interstices. The smaller trigonal interstices
pass Fabry-Ret interferometer. The sample was illuminated accommodate an additive of the small?Cuons. It seems
along the fourfold axis by an argon-ion laser Wk-514.5  {h1 the crystal stability is not affected by doping concentra-
nm. A narrow-band~1 A) interference filter was used to tions under 0.1 wt%. The KNSBN crystal with a close
eliminate the scattering contribution beyond the Brillouin slightly different composition, namelyK:Nao 2o 4
components. _ X (S 78820 250 eND,Og With @ changed relation between

The argon laser with the same wavelength was also use@< Na) and (Sr,Ba, has the Curie point at 448 2! As in
as an excitation source of Raman scattering. Spectra werg st tungsten—bronze materidlgshe symmetry changes
recorded py a tnple grat!ng .spectrometer ISA Model Tgom 4immmabove T, to 4mm below T.. Another phase
64000 equipped with a liquid nitrogen cooled charge coupledransition with a strong dielectric dispersion was found at
device detector and with a Raman microprobe system. Botfy,, temperature about 70 %2 That KNSBN composition
the backscattering and the right-angle .gleometry were useflaqg enoughK,Na) and (Sr,Ba ions to occupy all of the
For temperature measurements a modified Cryogenic TecCharagonal and pentagonal interstices. Slightly different com-
Closed-Cycle Refrigerator Model 20 was used with a Lakeysition and the appearance of vacancies reduce the Curie
Shore DRC-84C tempera_\tu_re controlleaccuracy of the point in our sample of KNSBN:Cu down to 413% Analy-
temperature control was within abott0.5 K). The raw Ra-  is of the low-frequency Raman spectra has confifified
man spectra were deconvoluted using the Jandel Peakfit sofi;at  the symmetry belowT. remains tetragonal in

ware program. KNSBN:Cu.

lll. CRYSTALLOGRAPHIC CHARACTERIZATION OF
KNSBN

Let us consider in general why KNSBN occupies somejy. BRILLOUIN SCATTERING
intermediate position between SBN and BNN. The frame-
work of sharing corner oxygen octahedra with the Nb ionsin ~ The longitudinal acoustic phonons, whose frequency
the center forms tetragonalAl), pentagonal A2), and was determined by thes; elastic constant, were followed in
trigonal (C) interstices in the tungsten—bronze structtfre. KNSBN:Cu from room temperature on heating up to 510 K.
Both the tetragonal and pentagonal interstices are completeljhe Brillouin spectra were recorded in the backscattering
occupied in BNN by the Na and Ba ions, respectively. Thegeometry, so that the wave vectors of incidek) (@and scat-
phase diagram for BNN shows a complicated sequence déred k) light as well as of phononsgg) were parallel to
phases, all of which below =853 K are ferroelectric and the fourfold axis €,). Several spectra are reproduced in Fig.
some are incommensuratésee references therginAn 1 to demonstrate a drastic change in the acoustic phonon
orthorhombic quasicommensurate phase is encounteredidth (v) in the range of the ferroelectric phase transition.
around room temperature. This extended phase of obviouslyhe other phonon parameteYp or the Brillouin shift from
unstable characteristics, even though they are remarkablthe laser line, also exhibits pronounced temperature depen-
hinders a reliable application of BNN. As one can see, ordence.
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FIG. 1. Brillouin spectra of KNSBN:Cu at different temperatures. Rayleigh I /.'.",-\ To
lines (R) reduced by a filter are shown for simplicity only for the spectrum
at 306 K. For clarity, the spectra are shifted one from another alony the
axes by 500 unit§306, 358, and 416 Kand by 1000 unit$434 and 508 K
To~420 K is schematically shown by an arrow in order to emphasize the
difference between adjacent spect#d6 and 434 K Free spectral range
(FSR of the interferometer is 40.31 GHz so that the Brillouin doublet
(Stokes and anti-Stokes lineappears in the second order of the spectra.
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The Brillouin shift and the width of the Brillouin com- . ' .
ponent at half maximum for the longitudinal acoustic O T e e 200 450 500
phonons under consideration are shown in Fig. 2 as a func- TEMPERATURE (K)

tion of temperature. The Brillouin shift is proportional to the . )
hvoersonic velocity of phonons. whereas the width deterFIG' 2. The'temperatur_e de.pendence of the Brillouin s{b)fanq the width
Yp ) Yy p ! . at half maximum of Brillouin component&). The average instrumental
mines the damping of phonons. As one can see, in the rangfoadening of 0.8 GHz has not been subtracted.
of the ferroelectric transition, there is a step-like anomaly in
the behavior of both the sound velocity and damping. It is
well known that a step-like anomaly for sound velocity is vicinity of the phase transition appear as a slight perturbation
usually expected in the vicinity of a second-order ferroelec-on the high-temperature slopes of the broad dip and of the
tric transition if there is a specific connection between thebroad peak, respectively.
phase transition and elastic properties, namely a coupling On the whole, the broad anomalies in sound velocity and
squared in order parameter and linear in strai@ g#u-type  damping are very similar to those in some relaxor ferroelec-
coupling, whereQ is an electrostriction coefficieR:*’ From  trics from the complex perovskite family, such as PMN and
this point of view, the sound velocity anomaly in KNS- NBT.”~%13The sharp structure of the hypersonic damping in
BN:Cu resembles the elastic behavior of many other materiKNSBN:Cu in the vicinity of the phase transition correlates
als with ferroelectric transition®:?® However, the hyper- with the “thin” structure of corresponding broad damping
sonic damping in KNSBN:Cu exhibits a more complex maxima in PMN and NBT mentioned above in the Introduc-
behavior than the Landau—Khalatnikov maximum, which istion section. This similarity confirms a special character of
expected in the case @ 7,?u-type coupling. The experimen- some intermediate phase marked by broad elastic anomalies.
tal points in Fig. 2b) show a small “sharp” shoulder in Now let us consider what anomalies appear in the Raman
damping as the phase transition is approached from belovgpectra of KNSBN:Cu in the same temperature range.
followed immediately by a step-like decrease in damping to
half its previous value. On the whole., the anomalc_>us .ste_pv_ RAMAN SCATTERING
like behavior of both the sound velocity and damping indi-
cates a first-order phase transition in KNSBN:Cu. The single crystal of KNSBN:Cu shows a set of differ-
A more important and interesting result is how these twoently polarized spectra with many lines that are rather broad
elastic characteristics, the sound velocity and damping, arand overlap one another. The diagonalZj Raman spectra
changing in a wide temperature range from 300 up to 500 Ktaken in the backscattering geometry are depicted in Fig. 3 at
Let us consider their behavior on cooling. The linear reduc{five characteristic temperatures. The diagoZal) spectrum
tion in sound velocity in the paraelectric phase is followedis the most intense one among all polarized spectra. The
by a broad dip in the ferroelectric phase. The hypersoni€ZZ) spectrum differs considerably from two other diagonal
damping develops like a very broad peak with the maximunspectra KX) and (YY) which are almost identic&I?® This
value at about 360 K far below the phase transition. Roughlymportant difference implies a tetragonal symmetry at room
speaking, the velocity dip and damping peak look like reflectemperature in accordance with the character of the Raman
tions of each other in a horizontal mirror plane. Sharptensor, namely only thé\;(z) modes appear in theZ@)
anomalies in both the sound velocity and damping in thespectrum, whereas both tihg(z) andB; modes are present
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in the (XX) and (YY) spectra. No difference among three 0.6 L L“L L
diagonal spectra appeared in the main ferroelectric phase of o 200 400 600
BNN around room temperature, and that result was consid-
ered as a proof of the orthorhombic structti8. TEMPERATURE (K)

The difference between the diagonal spectra is clearly g, 4. The temperature dependence of mode intensity inZ&@ Raman
seen in the low-frequency parts of the Raman spedra, spectra:(a) integrated intensityintegration in the range from 20 to 400
<120 cm’, which consist of some external lattice vibra- Cm’l):t (b) e}n igte;_nal vitbra;iont Tz%rqur?i r?GQ ?h(O;be—(ID bending (tt:)

: : : : . . _an external vibration at abou Cfh The intensity scale represents an
tions involving Cat_lon motions relative to t_he O_Xygen octahe area under the corresponding curves taken after elimination of the popula-
dron framework(Fig. 3). The framework vibrations are rep- tion factor by using Eqs(1) and (2).
resented by two sets of strong Raman lines of #éz)

symmetry around 260 and 640 ¢i(Fig. 3. These groups

of modes are characteristic of the tungsten—bronze structurgenter. Only about half as many modes remains Raman ac-
They were identified in BNRP and SBN® as interal modes  tive in the high-temperature phase, whereas another half be-
of the NbQ octahedron, namely the O—Nb-O bending andcomes only infrared active. This transformation implies that
Nb-O stretching vibrations. Certainly, the spectra of internakhe total spectrum intensity is a sensitive tool to detect the
vibrations are very similar in all three materials, SBN, KNS- ferroelectric phase transition. Comparison of t#&) spec-
BN:Cu, and BNN. Only the external mode analj$sevi-  ra at different temperature®ig. 3 shows that in fact the
dences that the KNSBN:Cu crystal has the tetragonal strugntensity of the broadband around 260 chthanges drasti-
ture characteristic of the tungsten—bronze-type ferroelectricgally in the range of the transition. Moreover, this band ob-
in spite of a formal similarity to BNN. The tetragonal SBN viously continues changing in intensity even at lower tem-
crystal exhibits spectra similar to that in KNSBN:Cu, al- peratures in the ferroelectric phase.

though the low-frequenci; mode has not been fourtd. In order to obtain a correct result, we eliminated from

~ However, the tetragonal character of the Raman spectrgur consideration the trivial temperature dependence of the
in KNSBN:Cu does not exclude the possibility of incom- mode intensity due to the population facfor(v)+ 1] that
mensurate structures. As we mentioned above, the orth@onnected the scattering cross-sectyfv) with the spec-

rhombic symmetry of BNN manifests itself by some charac-trg| response functio®(v) observed experimentally
teristic details in the Raman spectra, namely there are only

A;(z) modes in the three diagonal spectra and the inHial S(v)=Se(v)[n(v) +1], @)
modes from the tetragonal high-temperature phase split intwhere the population factor was given by
pairs of B; and B, symmetry in the off-diagonalX{Z) and L holkT 4
(YZ) spectra. These characteristic features remain without n(v)=(e - 2
altering throughout the orthorhombic quasicommensurate The thermal behavior of the scattering cross section in
phase as well as in both adjacent incommensurate phasesklfiISBN:Cu was calculated in a wide temperature interval
lower and higher temperaturéslhe characteristic splitting from 70 up to 580 K. The spectral intensity was integrated in
vanishes only above the incommensurate—commensuratie range from 20 to 400 cm that included the most char-
transition to the real tetragonal phase. acteristic Raman spectrum of the tungsten—bronze structure,
Soft modes have been found by Raman scattering neitheramely several external lattice modes as well as the strong
in KNSBN:Cu of the present composition nor in KNSBN internal bending modes of the Ng@ctahedron. The inten-
crystal$! with a close but slightly different composition sity integration was restricted to 400 cfbecause there are
mentioned above in Sec. Ill. The most pronounced anomalyo Raman lines in the range from 350 to 550 ¢nfFig. 3.
in the Raman spectrum behavior of KNSBN:Cu at the ferro-The lower curve(a) in Fig. 4 shows that there is an abrupt
electric phase transition could be connected with a change ireduction in intensity at about 420 K, which could be ex-
the selection rules when the ferroelectricidh point group  pected, and in addition there are two unexpected anomalies
transforms into the #mmpoint group with an inversion in the ferroelectric phase. There is a drastic change in inten-
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sity in the range 200—350 K and an anomalous reduction ithe tetragonal ferroelastic and trigonal ferroelectric phases.
intensity above a possible additional transition at about 70 KThis phase exhibits some very unusual properties including
that has been found in the related KNSBN matedafSOne  the most clearly expressed double hysteresis loops. This
should emphasize that the intensity change between 200 aipthase has been considered as an antiferroelectric phase for a
350 K exceeds the anomalous drop at about 420 K, althouglong time (Refs. 34 and 35 and references thereaithough

no transition has been reported in that temperature region fatructural methods, such as x-fayand neutron scattering

the KNSBN family. Thus, the Raman scattering studies givestudies:’ and recent dielectric measuremépteny the ex-

new evidence that the structure of KNSBN:Cu in the ferro-istence of any antiferroelectric phase. In any case, the pre-

electric phase is not so stable. ceding phaséor phaseswith some unusual properties does
really exist in NBT, and it plays a key role in the evolution to
VI. DISCUSSION the ferroelectric state. The preceding phase becomes

“softer” for sound propagation, namely the sound velocity
reduces, whereas the sound damping increases considerably.
One should emphasize first of all that the anomalousAs one can see, KNSBN:Cu exhibits a similar phase with
point at about 420 K exhibits both hypersonic step-likevery broad acoustic anomalies of the same type.
anomalies(Fig. 2) and Raman intensity drogFig. 4). This The broad acoustic anomalies in sound velocity and
temperature is slightly abové,~413 K obtained from di- damping in PMN and NBT are almost alikEig. 5 in Ref.
electric measurement$ Although the relaxor-type dielectric 9). The principal difference is that NBT possesses the proven
response of KNSBN:Cu does not imply an exact and solgequence of cubic-tetragonal-trigonal transformation®,
temperature for the Curie point, the difference seems togvhereas PMN evolves to the ferroelectric state without any
large to be ignored. We suppose that these two temperatur@gacroscopic structural chanéfeHowever, a definite ferro-
correspond to different events in the dynamical behavior oklectric transition occurs in PMN in an external electric
KNSBN:Cu. The first temperaturd,,~420 K, manifests a field.1° Being frustrated in normal conditions without an ex-
structural phase transition of the first order. The phase belowernal field, this transition manifests itself in a sharp fluctua-
Ty is characterized by many anomalous properties. The dition damping maximum at about 210 K in Brillouin
electric response reveals the mean Curie temperafiye, scattering®® Returning to the related results in KNSBN:Cu,
~413 K, characteristic of relaxors. In this respect, the evoone can emphasize that the acoustic anomalies measured by
lution of KNSBN:Cu correlates with the behavior of NBT Brillouin scattering correlate with hidden changes in the
that is a relaxor from the pervoskite family. The cubic- structure of relaxors, even if a ferroelectric transition is frus-
tetragonal ferroelastic transition of the first order is posi-trated.
tively detected by acoustic anomalies, such as a sharp maxi- As we know, on the one hand the broad acoustic anoma-
mum in hypersonic damping and a small step in veldci§}  Jies, found recently in PMN and NBT® and now in KNS-
without any anomaly in the dielectric response. The broadN:Cu, have no analogs among any other materials. On the
dielectric maximum in NBY appears at a lower temperature other hand, the preceding phase with double hysteresis loops
(T~640 K) just in the intertransition range between the has been found in a number of complex perovskite materials,
cubic-tetragonal transitioriTg; ~820 K) and the next transi- such as PbG@W,,,05 (PCW),***? PbYhy,Ta;,,05,* and
tion in the sequence, the tetragonal-trigonal transitidg, (  PbSg/,Ta;,0; (PST).* The transmission electron micros-

A. Definite structural transition at T,

~590 K. copy study of PCW evidences a complicated evolution to the
ferroelectric state through an “antiferroelectric incommensu-
B. Acoustic anomalies of the “relaxor type” rate” phase® That study has found a direct interaction be-

The similarity between KNSBN:Cu and some tween the “antiferroelectric domains” and the incommensu-

perovskite-type relaxors is emphasized by the broad acoust[@!€ Structure that implies a significant effect of pinning in
anomalies, which are much alike in KNSBN:CEig. 2) and the behavior of most physical values. Transmission electron

in both NBT and PMN?® Broad anomalies for both the hy- microscopy has also revealed a modulated antiferroelectric
personic velocity and damping in NBT are centered in theStat€ in the preceding phase of PST with an ordinary diffuse
intertransition region T~ 675 K) and extend beyond tran- ferroelectric phase transitidfi. R_eturnlng to KNSB_N:C_u,
sitions atT,; and T.,. This acoustic anomaly in the inter- one can hope for advanced microstructural studies in the
transition region was attributed to fluctuations of two N€arestfuture.

coupled order parametefsThe dielectric response of NBT ) o ) _

(Ref. 32 and references thergiis very close to that pre- C- AN exceptional change in intensity of the optical

dicted for a two phase transition sequence with coupled orderPOdes
parameters® This model with competing interactiotisnay Let us consider the behavior of Raman modes of KNS-
also explain the broad intermediate phase in NBT with suctiBN:Cu in the range of the broad acoustic anomalies. One
a special characteristic as double hysteresis loops observedrimay explain in principle the step-like increase in intensity of
the range near the low-temperature boundary. As one catme Raman modes &, [Fig. 4, the(a) curvel by flare-up

see, the preceding phase in NBih relation to the relaxor below T, of the former infrared modes in Raman scattering
ferroelectric stateis very broad and includes, in addition, an after the upper centrosymmetric phase transforms to the
enigmatic range near the low-temperature boundary. Alterlower phase without a center of symmetry. However, the
natively, this range may actually be another phase, betweeotal increase by 50% seems too large and, as one can see
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(Fig. 3), the increase concerns not the separate parts of the -
spectrum where the infrared modes may be flaring up, but 100 F
almost all parts of the spectrum. The intensity of flaring up
modes is a measure of the structure change at a phase tran-
sition. The structure distortions at the ferroelectric transi-
tions, especially of the second order, are usually very small,
so that even the first-order transition in KNSBN:Cu cannot
explain an increase of 50%. It is interesting to compare how
the mode intensity changes in KNSBN:Cu and SBN, which
also possesses a ferroelectric transition between two tetrago-
nal symmetries, 4/imm-4mm The mode intensity behavior
aroundT, in SBN withx=0.61(SBN:61J) is available!® The o

data discussed below are corrected according to @gysind 100 200 300 400 500

(2) in order to eliminate the population factor effect. In con- TEMPERATURE (K)

trast with KNSBN:Cu, the total intensity in SBN:61 changes _ ,

at T, only a little, about 1.03 times. However, this effect E;IGf'rﬁé;rr:‘irtnergff;aet“ggr‘?;gi”g::gea?c';uan”de;fgg%’%”;gdga‘;"r'gg fi?";e” at
seems to be enough to detect the ferroelectric phase tranghows an extrapolated monotonic behavior determined by the experimental
tion near 338 K and assume an additional one near 393 Iata beyond the anomalous range where the solid line is merely a guide for
with almost the same change in intensity, about $%06ne  the eve.

can make two conclusions. First, Raman scattering is rather

sensitive to some changes in the tungsten—bronze structurgqq by a dynamical change in the Raman mode intensities.
The possibility of another phase transition in the SBN family os tar as we know. no anomalies of this type have been
has been suggested earfi®just at 408 K for SBN withx  reported for any ferroelectrics.

=0.72. Second, the contribution of the infrared modes flar-

ing up in the Raman spectra bglo'w .is insignificant, as it Dynamical mode broadening

should be at small structural distortions. Another result on ) ] )

SBN:61 seems to be more interesting, especially in compari- "€ anhomalous evolution of intensity does not mean a
son with KNSBN:Cu. The intensity of the internal vibrations change of the spectra as aﬁwhole.. F'Q“fe 3 shows clearly that
around 630—640 ciit is unaffected by both the ferroelectric & Proad band around 260 Cfi which is structureless above

and additional transitions. The same behavior is assumed le0' becomes asymmetric below with a structure developing

the 250—-260 cm! band. Subtracting the unchanged intensi—suoIdenly along the I(_)W-frequency slope._ The most pro-
ties of these two intense bands from the total intensity, on ounced structure, which is also characterized by the broad-

can obtain a marked change for the remaining Iow-frequencg{St bandwidth, appears in the range of the largest intensity.
part of the spectrum, about 1.44 B and 1.25 at the next eduction in intensity below 300 K is followed by narrowing

ossible transition. These two are the only anomalies in thOf both the structure and the width owing to shrinking the
b ‘ y Fow-frequency slope of the band. In order to characterize this

thermal behavior of the Raman spectra of SBN that haV%rocess, we measured an effective total width of the 260

been reported® o) . L
. ] cm - band at different temperatures. The result in Fig. 5
The behavior of the Raman specira of KNSEN-Cu con- hows a monotonic increase of the effective width in a wide

trasts in several respects _W|th t_hat_ of SBN:61 considere mperature range plus an anomalous additional broadening
above. The effect for total intensity is large, about [F. i, the enigmatic phase. A drop in the effective widthTat

4, the (8 curvel. The intensity of the 260 cnt band of  finishes the anomaly and returns the width to an extrapolated
internal vibrations changes drasticallyig. 4, the(b) curvel  onotonic dependence. The width dropTatemphasizes a

as well as the intensity of external vibrations in the low- similarity between all anomalous properties considered
frequency spectrum. The behavior of a mode at about 12Qpgve: hypersonic velocity and damping as well as intensity
cm " is shown in Fig. 4, théc) curve as an example. An- of the Raman mode. Almost all modes in the Raman spectra
other important difference is that the total intensity as well agf KNSBN:Cu exhibit dynamical broadening in the enig-
the intensity of the separate modes continues increasing aftgiatic phase under consideration. A similar dynamical broad-
a jump atTo. The maximum value is reached at lower tem-ening around the singlet;, mode has been clearly demon-
peratures, about 350-370 K. This additional increase istrated in the Raman spectra of PETThe pronounced
about as great as the jump increase, or a little less in somgructure around a clearly singlet structureless mode in PST
cases. In this respect, the anomalous behavior of the Ramaat higher temperaturgsvas accompanied by both a width
mode intensity correlates clearly with the broad acoustitroadening and an intensity increase. These effects were
anomalies. At further cooling to about 200 K, the largestfound in the PST relaxor in the preceding phase above the
anomaly develops in the intensity behavior. The total intenso-called diffuse ferroelectric phase transition.

sity as well as the intensity of separate modes corresponding No evidence of a change in the crystal structure of KNS-
to both the external and internal vibrations reduces almosBN:Cu just below the ferroelectric transition has been pub-
two times on average. On the whole, there is a broad range iished. However, both Brillouin and Raman scattering re-
KNSBN:Cu from about 200 K up td@,, which is character vealed an anomalous broad phase with nontrivial properties.

a3
o
U

RAMAN HALFWIDTH (cm™)
(=]
o
T




J. Appl. Phys., Vol. 89, No. 3, 1 February 2001 Siny et al. 1677

By analogy with other relaxors like PMN or PST/one can  VIl. CONCLUSIONS

suppose that the complex structure and broadening of.modes The complex evolution of KNSBN:Cu to the ferroelec-

in KNSBN:Cu are mostly connected with a breakdown in theyic state has been revealed by light scattering experiments.
wave vector selection rules, so some symmetry points alongjq soft mode has been found in Raman scattering. However,
the corresponding optical phonon branches in the Brillouingome other characteristics, such as mode intensity, evidence
zone contribute to the Raman scattering around the initigdhe complex dynamic evolution that includes the first-order
modes in the zone center. The low-frequency slope of thetructural transition followed by a broad anomalous phase.
Raman modes is affected the most because the dispersionThe behavior of the longitudinal acoustic phonons in Bril-
the Brillouin zone usually reduces the phonon frequenciesouin scattering does not show any normal coupling with a
along the optical branches. Even a weak effect in the selegossible but “unseen” soft mode. Their behavior confirms
tion rules breaking may result in substantial contributions tahe first-order transition and reveals an anomalous phase be-
the initial mode intensities because the density of phonofow in agreement with Raman scattering.

states in the special points of the Brillouin zone is consider- We assume that an anomalous phase in KNSBN:Cu
ably higher than at the zone center. One should distinguisehould be considered as the preceding phase in respect to the
the present dynamical broadening from a disorder effectielaxor ferroelectric state. The preceding phase is character-
Disordering in the ion distribution leads to the relaxation ofized by high sound damping, reduction of sound velocity,
translational symmetry. One also expects the relaxation ofind breaking down in the selection rules for Raman scatter-
inversion symmetry for disordered systems. The loss of1d: The mode analysis implies that the translational symme-
translational and inversion symmetry allows us to see in Ral'Y iS dynamically distorted in this phase. The broad anoma-
man scattering some contributions from the Brillouin zone adi€S N KNSBN:Cu obtained from Brillouin and Raman
well as some infrared and silent modes. Significant effects 0§catter|ng resemble unusual features in the behavior of ot_her
this type due to the mixed nature of materials were found an laxors, such as NBT, PMN, and PST from the perovskite

analyzed in many crystals, perhaps first in the complex per_am|ly. KNSBN:Cu is distinguished from others by a strong

4 . . . combination of different features in one crystal. In this re-
ovskite KTa_,Nb,O;.*® Disordering leads to static broad- y

. . .spect KNSBN:Cu has no analogs among any materials stud-
ening of some modes. One may expect to find the statlﬁ:eF:j g g any

effect in KNSBN:Cu above; and below ZOO'K; however, The anomalous phase in NBT, PMN, and PST plays the
by analogy with relaxors from the perovskite family, the 1416 of a preceding phase in respect to the relaxor ferroelec-
contribution due to static disorder appears to be insignificanyic state’ 23244 A model with competing interactiofs*

We considered a mechanism of dynamical broadening o§eems to be very fruitful in the explanation of some unusual
some initially existent modes in the anomalous phase ofroperties of the preceding phase. The problem is that a real
KNSBN:Cu analogous to that in other relaxor ferroelectrics,interaction between ferroelectric and ferroelastic ordering
PMN and PST. Some additional modes may appear also dugas been confirmed only in NB*.In PMN, even the ferro-
to relaxation of inversion symmetry if the anomalous phaseslectric transition is frustrated under normal conditiéh®’
is really a preceding phase in the evolution to the ferroelecunlike NBT, this frustration may hide the competing inter-
tric state of a relaxor type. In this respect, there is a closeaction with anothefnonferroelectri¢ phase of unknown na-
analogy with such complex systems as KEawith off- ture. The microstructure of the preceding phase in relaxors is
center Li and Nb ions at low concentrati6fhe® where the  not quite clear, although some incommensurate features have
appearance of normally forbidden modes, namely infraredbeen noticed in PS'f and PCW® Returning to KNSBN:Cu,
active and silent modes, has been explained by precurs®n€ can assume that an incommensurate structure is quite
effects. The precursor order is initiated by polar microre-Possible, especially taking into account some energy compe-
gions, which are formed at relatively high temperaturestition between the commensurate and incommensurate struc-

above the ferroelectric transition. Unfortunately, the rich andures in the thermal evolutiott.Further structural studies are

complex Raman spectrum of KNSBN:Cu consists of broad'®€ded
and overlapping bands at temperatures ablyeespecially
in the range of internal vibrations. Therefore, it is difficult i
even possible to make real and justified fitting by the phonon  The authors thank H.-C. Chen for providing the samples.
functions in order to follow the behavior of separate modesThe work was supported in part by NSF DMR-9805272,
on cooling. The possible appearance of some contributionDAAG-55-98-1-0012, and NSF DMR-98-01759 Grants and
from the Brillouin zone does not allow us to use a usualRFBR Grant No. 99-02-18316.
phonon fitting belowT,. Any physically justified fitting is
impossible at present because the dispersion of optical pho*Q. Jiang, X. Lu, Y. Song, D. Sun, and H. Chen, Phys. Re\60B4185
non branches in the Brillouin zone as W,e” as the denSIty 0]CZE\;IL.QQE‘.D.Lines and A. M. GlassPrinciples and Applications of Ferroelec-
states are unknown for KNSBN materials. We have been yics and Related MaterialéClarendon, Oxford, 1977
compelled to confine ourselves to a qualitative analysis of®X. Yue, X. Lu, Y. Song, Z. Shao, D. Sun, Q. Jiang, and H. Chen, Appl.
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