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In situ Observation of BaTa,0g up to 1573 K by Ultraviolet Laser
Raman Spectroscopy
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Raman spectra of BaTa,;0g have been successfully obtained at temperatures up to 1573
K for the first time, using a continuous-wave ultraviolet Raman spectroscopic system
designed to measure the Raman scattering from materials at high temperature. The typical
Raman spectra of the orthorhombic phase (Type I) were recorded in the region of room
temperature to 1573 K. The present result is described in terms of the parameter related to
temperature variation at constant pressure, defined in a similar way to the Gruneisen
parameter. Raman bands located above 250 cm~! and the mode at 169 cm~! show smaller
values of the parameter than lower frequency modes below 250 cm~! except the mode at
169 cm 1, suggesting that these higher frequency modes and the mode at 169 cm~1 are as-

signed to TaOg internal modes.
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1 Introduction

The BaO-Tay,0;5 system has long been studied
because of its wide possible applications?.
BaTay0g is one of the most interesting materials
in current technologies due to photocatalytic
property? and electrical property®4. The na-
ture of chemical bonds in the crystal structure is
one of the most important keys to deciding their
physical and chemical properties®. Introducing
structural perturbations into the structure of
these compounds gives valuable insight into the
properties of the chemical bonds. Variations of
pressure and temperature and substitution of
isomorphous ions are available means to in-
troduce structural perturbations.

The structural studies of BaTa,Og have been
performed using X-ray diffraction (XRD)
analysis®~7". However, XRD reveals structural
variation through static atomic displacements.
On the other hand, Raman scattering approaches
the issue of structural perturbations from a dy-
namic point of view, through the frequency shifts
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of vibrational modes. The same vibrational spec-
tra recorded at high temperatures and high pres-
sures reveal detailed information on bonds and
crystal physical properties, and also provide con-
straints on thermodynamic properties at temper-
atures and pressures beyond the range of direct
thermodynamic measurements. However, the
measurable region of the temperature is limited
under conventional Raman spectroscopy using
visible-region excitation®9. It is difficult to de-
tect weak Raman scattering from substances at
high temperatures in comparison with an intense
continuous background due to thermal emission.
In such a case continuous-wave (CW) ultraviolet
(UV) Raman spectroscopy is more suitable for
the measurements at high temperatures, be-
cause the UV excitation shifts the Raman scat-
tering to shorter wavelengths away from the in-
tense thermal emission peak. Recently, we have
used UV Raman spectroscopy to observe the
phase transition in SrZrO; at ~1473 K9, OH
vacancies arising in hydroxyapatite at high
temperatures!?, the phase transition of hafnia at
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~2085 K2, an anharmonic lattice mode of
CaySi0, up to 1723 K and vibrational spectra
of Ca3SiOs!¥.

In the present study, we have successfully ob-
served the Raman spectra of BaTa,O¢ at high
temperatures up to 1573 K, which have not yet
been reported, using UV Raman spectroscopic
system designed to measure the Raman scatter-
ing from substances at high temperature. The
result is discussed here from the point of view of
the properties of the chemical bonds in terms of
the parameter y,p, defined in a similar way to the
Gruneisen parameter, y;7. Moreover, the assign-
ments of the respective bands of the BaTa,Os
Raman spectrum are predicted through the
properties of the chemical bonds. This informa-
tion would help to understand the relation be-
tween the photocatalytic and electrical proper-
ties and the structural change.

2 Experimental procedure

A compositionally homogeneous sample is im-
portant for measuring the Raman spectra. For
this reason, the polymerized complex method
was used to synthesize BaTay;Og which is a
proper method for synthesis of polycrystalline
samples due to different metal ions dispersing
homogeneously at atomic level’®. TaCls (Junsei
chemical Co., LTD, Japan) was used as a source
of tantalum, which was precisely weighed and
dissolved into methanol in nitrogen atmosphere
in order to avoid hydrolysis. The TaCl; methanol
solution was added into a mixture of ethylene
glycol (Kanto Kagaku Co., Ltd., Japan) and an-
hydrous citric acid (Wako Pure Chemical Co.,
Inc., Japan). BaCO; (78.48 % as BaO content,
Seimi Chemical Co., Inc., Japan) was placed in
this solution. A quantity of three times the anhy-
drous citric acid was used when the charge
balance was taken into account assuming
charged valences of Ta ions, Ba ions and CsHgO;
to be +5, +2 and —3, respectively. Above
procedures were carried out with stirring at
room temperature. After adding all needed
chemicals, the mixture was heated up to ~403 K
with stirring until all chemicals added were dis-
solved into the solution. For promoting ester
reaction, the temperature was raised up to 473
K. As the solution became concentrated, it
became highly viscous, accompanied by a
change in color from colorless to yellow. The
pyrolysis of the polymerized complex was car-
ried out in air at 723 K in order to remove most
organics. The obtained powder was treated ther-

mally at 1073 K for 2 hours. The treated powder
was pressed to be pellet shape. This pellet sam-
ple was sintered at 1273 K for 24 hours. X-ray
diffraction was used to identify the phase of the
sintered powder of BaTay0y.

Raman measurements for the BaTa;0g sample
at various temperatures were performed using a
new CW UV Raman spectroscopic system based
on an ultraviolet argon-ion laser (363.8nm), a
spatial filter, a triple monochromator, and a two-
dimensional charge-coupled device detector.
The sample was set in a furnace with a Pt-Rh
heater, where the sample was fixed onto a Pt-13
%Rh thermocouple with alumina cement. The
sample was heated at a rate of 10 K/min. Each
measurement was conducted in air after a con-
stant temperature had been maintained for 10
minutes. The laser power at tube level was at
130 mW, and the entrance slit width was set at
100 ym, which corresponds to a full-width-at-
half-maximum of 4.7 cm~!. An Hg line was used
for Raman-shift calibration for each measure-
ment. At 1573 K, the background of thermal
emission from the sample and the furnace was
measured without the laser line, and then that
was subtracted from the Raman spectrum meas-
ured at this temperature. At room temperature,
the Raman spectrum of the sample was finally
measured again after the furnace was cooled
down. No artificial smoothing was used on the
acquired Raman spectra.

3 Results

It is currently accepted that four phases of
BaTa;0 can exist at atmospheric pressure.
BaTay0p is structurally characterized by layer
networks of TaOg octahedra®”. Orthorhombic
phases probably have a structure in which pairs
of edge-sharing octahedra are joined at corners.
In the tetragonal phase, the octahedra may share
only corners. In the hexagonal phase, there are
both a network of edge-sharing pairs-and corner
sharing octahedra. Two kinds of orthorhombic
phases were reported: type I and type II as
described in Refs. 5 and 16. Layden® has report-
ed that the orthorhombic (type I), tetragonal,
and hexagonal phases were obtained when the
specimen was quenched from below 1423 K, be-
tween about 1423 K and 1573 K, and from 1573
K to its melting point, respectively. At room
temperature, the powder XRD pattern of the
present sample (Fig.1(a)) showed that the
sample was the orthorhombic phase (Type I)
and the single phase.
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Fig. 1 XRD patterns of the BaTa;0s samples at
room temperature (a) before and (b) after
the sample has been heated for Raman
measurement up to 1673 K and then cooled
down in the furnace. The symbols, @, ¥,
and I, denote the diffraction peaks from or-
thorhombic, hexagonal, and tetragonal
phases, respectively.

Fig. 2 shows the result of Raman spectra
measured at high temperatures. Raman spec-
trum at 298 K shows the typical spectrum of the
orthorhombic BaTa,0¢ (Type I)!7. The spectra
showed sixteen Raman bands and more, i=1to ¢
=16, in order of increasing frequency. With an
increase in sample temperature, all bands broa-
dened and showed a continuous shift, however,
did not change significantly up to 1573 K. Ac-
cording to the XRD pattern of the sample quen-
ched from 1573 K, there would be present of a
mixture of Raman spectra of the orthorhombic
(Type I) and the tetragonal phase at 1573 K. At
1673 K, the full-width at the half-maximum of
the Raman spectrum was too large to observe.
The spectra did not return to the initial pattern at
298 K after the sample had been heated up to
1673 K and then cooled down in the furnace. The
XRD pattern of the sample after cooling shows
the hexagonal phase with a small amount of the
tetragonal phase (Fig. 1(b)). Two-phase coexis-
tence and hysteresis are characteristic of first-
order transition. This interpretation is consistent
with the fact that transitions among those phases
are reconstructive®. The overcoming of an
energy barrier is responsible for the occurrence
of the phase transitions.

Pattern decomposition of the Raman bands
was performed assuming the Lorentzian func-
tions. Relations describing the dependencies of

295K
After cooling

1573 K

M 1473 K
1373K

M 1273K
M .

Intensity / a. u.

873K

673K

573K

473K

295K

] 200 400 600 800 1000

1

Raman shift/ cm™

Fig. 2 Temperature dependence of the Raman
spectra of BaTa,04 excited by the 363.8 nm
UV laser line. Peaks of considered Raman
bands are labeled by =1 to 16 with small
peaks (@).

the frequencies on temperature were obtained by
fitting the results by the least-squares rule, as
follows:

w;=wi+ Bw;/aT)p(T— Tp) o))
where the subscripts “0”’ refer to the parameter
values extrapolated at 298 K and 0.1 MPa. The
results are presented in Table 1 and Fig. 3.
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Table 1 Slopes of Regression Lines for Frequen-
cies as a Function of Temperature, and
a-y;p Values for each Raman—Active

Mode.

) Wi (Cn’l_l) <3ma.)_’1/ %T)f ahgﬁfl%oii
1 64.49(7) —0.01374(7) 2.128(9)
2 859(1) —0.01140(8) 1.327(8)
3 114.4(7) —0.0122(7) 1.11(6)
4 129.3(5) —-0.0122(6) 0.94(4)
5 168.89(8) —0.0057(1) 0.336(6)
6 203.002) —0.0204(3) 1.00(1)
7 233.5(3) —0.0385(4) 1.65(1)
8 261.9(1) —0.0139(2) 0.531(6)
9 297.3(9) —0.018(1) 0.59(4)
10 307(1) —0.016(1) 0.51(4)
11 341(1) -0.017(1) 0.49(3)
12 398.6(4) —0.0167(5) 0.42(1)
13 447(1) -0.012(1) 0.26(3)
14 534(1) —0.030(1) 0.55(2)
15 600(2) —-0.013(3) 0.22(5)
16 652.8(1) +0.0033(1) -0.051(2)

Numbers in parentheses represent standard devia-
tion in the last digit of numerical values. w; refers to
the frequency at 298 K and 0.1 MPa estimated by
extrapolating Raman shifts in the whole range of
temperature.

4 Discussion

We discuss the present results here in terms of
the temperature-varied parameter at constant
pressure associated with the Gruneisen
parameter. In the following equations, v;7 is the
Gruneisen parameter of a considered mode (7),
related to pressure variation at constant temper-
ature, and y;» the constant-pressure parameter
with temperature variation, defined in a way
similar to y;718-19),

L (6 In co,~) _Kr ((M),) @)
v dlnp/r w; \oP/r
_(dnow; _ 1 %) 3)
vie dlnp /p aw; \dT /p

Here, p is the molar density, « the volume ther-
mal expansion of the crystal, and K7 the bulk
modulus, which characterizes the incompres-
sibility of the structure. These parameters are
crucial to assigning Raman bands. Values of
a-y;p for each Raman-active mode, estimated
from Eq. (3), are summarized in Table 1. In this
study, the a-y; parameter was estimated as a
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Fig. 3 Temperature dependence of the Raman
bands of BaTa)Os at room pressure.
Straight lines represent fits by least-squares
regression with weights w= (error) ~2 on
the considered Raman bands (i=1 to 16)
denoted by symbols (O). The frequencies
of bands other than the ¢th considered ones
are plotted using symbols (A\).
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substitute of y;p because the value of « is not yet
reported. The value for (dw;/d7T)p is estimated
from the spectra observed at high temperatures.
The y;p parameter is proportional to the local
thermal expansion coefficient of a considered
bond (7)), as; yipo< o/ a??.

Raman and IR spectra generally can be
described in terms of internal modes and exter-
nal lattice modes. Modes derived from motions
into the TaOg group are considered to be the in-
ternal modes, to distinguish them from the exter-
nal modes involving Ba and Ta lattice vibrations.
For the higher frequency bands (/=8 to 16) and
the band at 169 cm~! (7=5), the values of the
o y;p parameter are smaller than for the lower
frequency modes (=1 to 7 except i=5), which
represents smaller o; values, reflecting their rela-
tive incompressibility, weak expansivity, and
strong bonds. The thermal expansion coeflicient
of the tetrahedral units is smaller than that of the
crystal?®. This result shows that these high fre-
quency modes above 250 cm~! and the band at
169 cm~! can involve stretching and bending
motions of the Ta—O bonds in the TaOg4 octa-
hedra (internal modes).

On the other hand, «-y;p is larger for the lower
frequency bands of =1 to 7 except ¢="5 than for
the bands of =5 and =8 to 16, which indicates
that the oscillators have a larger o; value, reflect-
ing their relative compressibility, strong expan-
sivity, and weak bonds. The weaker bonds are
caused by lower charged atoms and higher coor-
dination numbers. All the Ba ions are accommo-
dated in sixteen coordinated sites. Thus, these
bands can be mainly assigned to lattice vibration-
al modes (translational lattice modes of Ba or Ta
and/or rotational lattice modes of TaQg) . Overall
pressure- and temperature-induced volume
changes are taken up by weaker bonds in the
crystal structure. These results are qualitatively
supported by the force field calculated from a
vibrational analysis!®. Translational lattice
modes of Ba or Ta and rotational lattice modes of
TaOg were predicted to occur in the regions of
71-124 cm~! and 244-353 cm~1, which is cor-
responding to =1 to 4 and =6 to 7, respective-
ly.

5 Conclusions

In the present study, the Raman spectra of
BaTa,04 were successfully obtained at tempera-
tures up to 1573 K for the first time, using a new
system of UV Raman spectroscopy. The typical
Raman spectra of the orthorhombic phase (Type

I) were recorded at the room temperature and
high temperatures. The present results have
been discussed in terms of the constant-pressure
parameter with temperature variation, defined in
a similar way to the Gruneisen parameter. For
the Raman bands located above 250 cm~! and
the band at 169cm~!, the values of the
parameter are smaller than for the lower fre-
quency modes bellow 250 cm~1 except the band
at 169 cm~1, indicating that these higher fre-
quency modes and the band at 169 cm~! are as-
signed to the internal vibrations of the TaOg4 oc-
tahedra.
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