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Phase transitions in the nanopowders
KTay ;Nbj; s05 studied by Raman spectroscopy

1.8.Golovina, V.P.Bryksa, V.V.Strelchuk, I.N .Geifman*

Institute of Semiconductor Physics, National Academy of Sciences
. of Ukraine, 41 Nauki Ave., 03028 Kyiv, Ukraine
"Quality Engineering Education, Inc., Buffalo Grove, IL 60089, USA

Received October 10, 2012

Raman spectra of KTa, zNbj ;05 nanopowder solid solution were obtained at the tem-
peratures from —190°C to 600°C and investigated for the first time. The compound was
synthesized by a new technology. Temperature dependences of the intensity, width and
frequency of the B(TO,), A;(TO,), B{(TO3), A{(TO3) and By(TO3) modes are thoroughly
analyzed. A significant expanding of the temperature ranges of all phase transitions,
correlated with a spread of particle sizes is registered. It was found that an average
temperature of each of the phase transitions is shifted in different way, in particular: a
low-temperature transition at 30 degrees higher, the middle transition at 10 degrees
higher, and the ferroelectric phase transition occurs at 20 degrees lower than the tempera-
ture of the corresponding transitions in single-crystal KTa, zNbj 5O4.

Buepebie momyueHbl u uccaegoBaHbl PaMaHOBCKME CHIEKTPBI HAHOIIOPOIIKOB TBEPOTO
pacreopa KTag zNbj 505 B muanasome Temmeparyp —190°C<T<600°C. MarepuaJ CHHTE3UPO-
BAH 110 HOBO# Texmojoruu. TemiiepaTypHble 3aBUCUMOCTH WHTEHCUBHOCTH, IIIUPUHELI U YACTO-
™ol Mox Bi(TO,), A(TO,), B{(TO3), A;(TOg) u By(TO3) TmaTelbHO NPOAHATN3UPOBAHLI.
3aperncTpUpoBaHO CYIECTBEHHOE PasMbITHe obsacTeil Becex (PasoBBIX MEPEXOJ[0B, CBABaHHOE
¢ pas0pocoM YACTHUIL MO pazMepaM. ¥ CTAHOBJEHO, YTO CPeJHUEe TeMIepaTypsl obaacreil Kaxk-
qoro u3 (Pa30BBIX IMEPEeXOJOB CABUTAIOTCS Pa3JNUYHBIM 00pasoM, a8 MMEHHO: HU3KOoTeMIepa-
TYpPHBIA Tepexo] ocyiiectriserca ua 30 rpagycos Boimre, cpexunit — ua 10 rpagycos Beilne,
a CerHeTosJIeKTPUUecKUil mepexo s mpoucxoauT Ha 20 rpagycoB HUMKe TeMIIepaTyp COOTBETCT-
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BYIOITUX HepexosoB B MoHoKpucTamaax KTa, zNbj ;05.

1. Introduction

Due to the high electro-optical and non-
linear optical coefficients, solid solutions
KTa;_Nb,O; (KTN) are attractive optical
materials, in particular for light modula-
tors, optical deflectors and waveguides, fre-
quency multipliers, holographic memory
systems, ete. [1-5]. Because these materials
are lead-free, they are also alternatives to
lead-containing materials that are currently
used in most ultrasonic applications. Re-
cently, special attention has been paid to
the research of size effects observed in film
samples of solid solutions KTa,_,Nb,O5; [6—
9]. These effects are manifested primarily
in the shift of phase transition tempera-
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tures. Particularly important is the knowl-
edge of the ferroelectric phase transition
temperature (i.e., the Curie temperature),
because exactly in this transition region
that materials are effective for practical ap-
plications. It is known that in large single
crystals KTa,_,Nb,O5 (with niobium concen-
tration of more than 20 mol.%) we observe
the following sequence of phase transitions
with increasing temperature: Rhombohedral
(R) — Orthorhombic (0O) — Tetragonal (T) — Cubic
(), where P-, O- and T-phases are ferroelec-
tric, and C is the paraelectric phase. And,
as it has been established by S.Triebwasser
[10], there is almost linear increase of tem-
peratures of all three transitions, and alsc
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increase of the intervals between them with
increasing content of niobium in the solid
solution. To date, the results on the effect
of crystal size on these temperatures are
ambiguous and therefore have not been sys-
tematized yet. A.Bartasyte et al. [6] in the
study of thin films of mixed compositions
KTa;_Nb,O; with x =0.35 and 0.5 found
the same sequence of phase transitions like
it was observed in the single crystals, but
the Curie temperature (T,) was 50 degrees
higher than in the single crystals. The
authors attribute the T, increase to the ex-
istence of biaxial stress, which is created
during the growth of the films. The film
thickness was 300 nm. In [7], in the study
of heterostructures KTaO3;/KNbO; it is
found that by decreasing the thickness of
the layer of KNbO5; to 17 nm the Curie tem-
perature becomes 535°C, i.e. 100 degrees
higher than in single-crystal KNbOj. Fur-
ther reduction in the thickness of KNbO5 to
5 nm or less leads to such a change in the
properties of the heterostructure
KTaO3;/KNbOj3, that it behaves like a thin
film solid solution K(TaggNbg5)O5. The
Curie temperature of such a heterostruc-
ture, T,=202°C [8], is also almost 100 de-
grees higher that in single-crystal
KTag gsNby 03 (T, = 105°C). These data
refer only to studies of the single-crystal
films. However, in [11], in the study of
polycrystalline thin films of Bag gSrg5TiO5 a
decrease of T, is observed. The authors sug-
gest that this is due to the influence of the
microcrystals sizes. It should be noted that
only the group of Chinese researchers has
obtained nano-sized KTN powders very re-
cently. Description of the synthesis and
structure of these samples are presented in
[12—-14]. The properties of these materials
have not been studied yet. Thus, to date
there are no data on the size effect (at the
nano-scale level) in powder samples
KTag sNbg 503. In addition, as can been seen
from the above works, there is a few data
on the effect of particle size on the phase
transition temperature in the film samples
of KTaggNbjy O3 solid solutions. Therefore,
the development of a new synthesis technol-
ogy and the investigation of size effects on
these objects are topical. In our previous
work we studied the nanopowders of pure
KNbOj3, synthesized by the technology devel-
oped by A.A.Andriiko’s group [15].

In this paper, a similar technology was
used to synthesize a mixed compound
KTag sNby 053 for the first time. It was es-
tablished that the obtained powders have
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dimensions less than 100 nm, and therefore
belong to nanocrystalline objects. First of
all, we set a goal of establishing the phase
transition temperatures of the synthesized
powders. To solve this problem we selected
Raman scattering method. This technique is
the most suitable for such objects, because,
on the one hand, it does not require the
high-density ceramic, in contrast to the di-
electric spectroscopy, and on the other
hand, it is quite informative. We carried
out a detailed study of the temperature de-
pendence of Raman scattering spectra for
synthesized powders KTag gNby §03. We ana-
lyzed data and determined the phase transi-
tion temperatures.

2. Experimental

There was recently developed a method
of synthesis of KTaO3; by oxidation of metal
tantalum in molten potassium nitrate with
the addition of potassium hydroxide. It was
shown that this method can be used to ob-
tain nano-sized powders [15-17]. In this
paper, the same method has been used to
synthesize powders of solid solutions
KTa;_(Nb,O; with niobium concentration
x = 0.5. The masses of the initial compo-
nents used were follows: Ta = 0.66 g, Nb =
0.34 g, KOH=10.49 g, KNO;=7.37 g.
Weighed portions of the initial components
were mixed and grinded. The mixture was
then placed in a furnace and melted at
600°C for 1.5 h. The resulting melt was
cooled in air and decanted in water. The
precipitate was dried at a temperature of
100°C in open air.

The product was investigated by X-ray
diffraction (XRD) method on a diffractome-
ter DRON-3M with Cug, radiation. The re-
sults confirmed the formation of compound
KTag sNby 03 and the absence of impurity
phases.

Dimensions of the crystallites were esti-
mated using the Debye-Scherrer formula:

_ 0.9 (1)
Bcos®’

where A = 0.1542 nm — the wavelength of
X-ray radiation, B — the half-width of the
diffraction peak in radians, ® — the angle
that corresponds to the position of the dif-
fraction line on XRD pattern. The calcula-
tions showed that an average crystallite size
equals 80 nm.

Measurements of Raman spectra were
performed on a Raman spectrometer Jobin-
Yvon/Horiba, equipped with a confocal mi-
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Fig. 1. Temperature dependences of Raman
scattering spectra for KTa, ;Nbj, 505 nanopowder.

croscope (lens focal length x 50, NA = 0.60)
and CCD detector. An excitation of Raman
spectra was performed using Ar*/Kr* laser
with a wavelength of 514.5 nm. Input
power was no more than 3 mW. The tem-
perature dependence of the spectra within
the range from —-190°C to 600°C was ob-
tained with the help of a thermoelectric cell
Linkam TMS 94. The temperature varied
with an interval of 5°C, a rate of 10°C/min
and an accuracy of 0.1°C.

3. Results and discussion

Fig. 1 shows the spectra characteristic
for the different structural states of
KTag sNby 503 powder. In the low-tempera-
ture rhombohedral phase, we see the lines
of the transverse and longitudinal phonon
non modes were observed in the crystals of
the solid solutions of KTN in [18]. For fur-
ther investigation, three transverse optical
phonon modes of B;(TO,), A;(TO;) and
B{(TOg3) were chosen; designated by letters
A, B and C, respectively (see Fig. 1).

It is known that during structural phase
transitions the phonon modes participating
in these transitions condense. At that, dur-
ing the para- to ferroelectric phase transi-
tion, the "condensation of the soft mode”
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Fig. 2. Decomposition of the experimental
wide band in the region 450-750 em™! into
three single Lorentzians.

normally means the condensation of the
lowest transverse optical mode of the pho-
non spectrum [19]. In our experiment, we
track a mode of B{(T'O5) (labeled mode A)
for a ferroelectric phase transition. Two
structural transitions are defined, as will be
shown below, by the condensation of modes
of A{(TO;) and B{(TOj3), designated by let-
ters B and C, respectively. As visible in Fig.
1, the lines of these modes are narrow at
low temperatures, and broaden with the fre-
quency shift as the temperature increases.
Unlike lines A and B, changes in line C are
difficult to see due to overlap C with lines
of A;(TOg) and Bo(TOs) modes. Therefore,
before analyzing the spectrum temperature
dependence we decompose this part of the
spectrum into three single Lorentzians, cor-
responding to modes of B{(T0O3), A{(TOj3)
and By(TO3) (Fig. 2).

The algorithm for decomposition of the
compound experimental contour is shown on
the inset in Fig. 2. At the primary stage,
we set the intervals for expected widths (I',)
and frequencies (w,) of the phonon modes.
Then, by tabulating I',, and ®, inside the
chosen intervals, we calculate the standard
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deviation of the values of the contour sums
from the experimental values. At the final
stage of the algorithm, we find, among the
tabulated values of I'), and ®,, the decompo-
sition of the compound contour for which
the standard deviation is minimal. So it is
smaller the standard deviation, as it is the
more precise and unambiguous the resulting
decomposition. The described procedure was
done for every experimental temperature.
Such way we determined the temperature
dependencies of the intensity, width and
frequency of each single Lorentzian, corre-
sponding to B{(TO3), A{(TO3) and By(TOg3)
modes.

Because no significant anomalies were
observed above 150°C, the dependences in
Fig. 3 are presented between —-200 and
150°C. Now let us analyze these depend-
ences. First, note that the condensation of
B{(TOg) mode (line C in Fig. 1) leads to its
complete disappearance (its integral inten-
sity becomes zero) at a temperature near
30°C. Above this temperature, the given
mode becomes unobservable. The width of
the line remains practically unchanged at
low temperatures, but at 0°C it begins to
increase quickly and continues to do so
until the line disappears at 30°C. The fre-
quency remains practically unchanged in
the interval between —200°C and -50°C,
then begins to decrease, from 531 +to
528.6 cm~1, and at 0°C begins to increase,
reaching 534 ecm™! at 380°C. The mode
A{(TOg) is observed in the entire interval
from —200°C to 600°C, but there are signifi-
cant changes in the slope of the graph in
three different regions. The centers of these
regions are at —50°C, 30°C, and 86°C. The
width of this line doesn’t change much be-
tween —200°C and 20°C, but if the tempera-
ture is further increased, the width in-
creases, with two significant slope changes
around 30°C and 86°C. The frequency of the
line decreases monotonically between -
200°C and —-110°C, then has a small jump
(from 577 em™1 to 588 em™1) at —100°C.
Above —50°C we once again observe a grad-
ual decrease in frequency, i.e. the condensa-
tion of the given mode. The line B5(TO3) is
similarly observed in the entire investigated
temperature range, but its integral inten-
sity does not change, with the exception of
a slope change around —100°C. The width
and frequency of the given mode also expe-
rience a slope change near there. It is likely
that the given mode is not nearly sensitive
to the three known structural transforma-
tions in the material, however it is sensitive
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Fig. 3. Temperature dependences of the inte-
grated intensity, width, and frequency of the
transverse optical modes B;(TO3) (squares),
A{(TOj3) (circles) and By(TO3) (triangles).

to whatever structure change occurs near
—100°C. This interesting experimental re-
sult requires further investigation. We can
speculate that at —100°C there is one addi-
tional structural transition, for example,
from a rhombohedral to a monoclinic phase.
For a more accurate explanation of this phe-
nomenon, an X-ray or neutron-diffraction
study is required.

Now let’s consider the temperature be-
havior of the mode B{(T0O,), i.e. line A in
Fig. 1. Dependence of the integrated inten-
sity of this line on temperature is shown in
Fig. 4. At low temperatures, there is almost
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Fig. 4. Temperature dependence of the inte-
grated intensity of B;(70,) mode.

a monotonic decrease of intensity. Starting
from about 60°C, the rate of the intensity
decreasing slows down and becomes almost
zero above 120°C. This interval corresponds
to the ferroelectric phase transition. We can
definitely say that the range of the phase
transition is quite broad; covering more
than 60 degrees. We believe that such a
wide phase transition interval indicates a
large spread of nanopowder particles sizes.
Or, in other words, the interval reflects the
effect of particle size on the Curie tempera-
ture value, so we have a whole set of Curie
temperatures, each of which refers to parti-
cles of a certain size. The average Curie
temperature related to the average size of
the particles can be defined as T, = 86°C.
Considering that the average particle size,
according to the established XRD data, was
80 nm, it can be assumed that T, refers to
particles of this size. The effect of blurring
phase transitions because of the spread of
particle sizes was earlier observed in work
[20] during investigations of the micron-
sized KNbO3 powders. The authors attribute
this to the fact that different mono-domains
near the surface change their orientation at
different temperatures. The theoretical cal-
culations of the effect of particle size on T,
also confirm this result. In the temperature
dependence of B{(TO5) mode frequency the
monotonous decrease is noted. At tempera-
tures above 100°C tracking the changes in
frequency is almost impossible due to the
overlap of the line with the other lines of
the spectrum.

Finally, look at the behavior of A(TO,)
mode, denoted as line B in Fig. 1. The inte-
grated intesity of this line decreases quickly
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at higher temperatures and at —50°C it al-
most reaches zero. Obviously, this branch of
the spectrum reflects the dynamies of the
structural elements of the lattice, which are
involved in the low-temperature phase tran-
sitions.

4. Conclusions

The analysis of the temperature depend-
ence of transverse optical modes of the pho-
non spectrum of KTag sNbg 503 nanopowders
allows us to make the following conclusion.
Characteristic inflections in the tempera-
ture dependences of spectroscopic parame-
ters indicate three structural changes in the
investigated powders. These rearrangements
include a broad temperature range, reflect-
ing the large spread of the powder particles
by size. The centers of the intervals corre-
spond to the temperatures — 50°C, 30°C
and 86°C. The temperatures of the relevant
structural transitions in KTagsNbg 505
macrocrystals are —80°C, 20°C and 105°C.
Consequently, an average temperature of
the area of each of the phase transitions is
shifted in different way, in particular: a
low-temperature transition 80 degrees
higher, a middle transition 10 degrees
higher, and the ferroelectric phase transi-
tion occurs at 20 degrees lower than the
temperature of the corresponding transition
in single-crystal KTag sNbg 505. In addition,
this study reported the sign of a new struc-
tural transformation around —100°C. How-
ever, its identification requires a further
investigation.
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Hocaigskennsa (pa3oBUX MepexoaiB Y HAHONMOPOUIKY
KTag sNbj 505 meTomom PoMaHIBCEKOI CHEKTPOCKOIIL

I.C.'onosina, B.Il. Bpurca, B.B.Cmpeavuyx, I.H.T'eiigpman

Brnepmie orpumano i gocnigskeno PamaniBChbKi ClIeKTpM HAHOMOPOIIKIB TBEPAOTO PO3UNHY
KTap sNby 505 v miamasomi temmeparyp —190°C<T<600°C. Marepias cUHTe3HPOBAaHO 3a
HOBOIO TexHoJorieio. TemnepaTypHi 3ajlelKHOCTI IHTEHCHBHOCTi, HIMPUHU i UYACTOTH MOJ,
B,(TO,), A(TO,), B{(TOg), A;(TO3) i By(TOg) peTenbHO IpoaHalizoBaHio. 3apeecTPOBAHO
CYTTE€Be PO3BMUTTA objacTeil ycix (asoBuX mepexXxofiB, MOB’fA3aHe i3 PO3KUAOM UYaCTOK 34
posmipamu. BeTanosieHo, 1o cepeni TeMmepatypu objacTeil Ko:KHOTO 3 Da30BUX MEPEXOIiB
3CyBalOThCA TIO PiBHOMY, a caMe: HMBLKOTeMIIepaTypHUII mepexinm peasisyerhca Ha 30 rpa-
ayciB Buie, cepeaHiii — ma 10 rpaxyciB BuIle, a cerHeTOENeKTPUUYHHE mepexim Bigby-
BaeThead Ha 20 rpaxyciB HMMKUe TeMIepaTyp BifMOBITHUX MepeXOoAiB Yy MOHOKPHCTAIAX

KTag gNbg 505.
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