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Crystal structure of barium titanate fine particles
including Mg and analysis of their lattice vibration
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Fine barium titanate crystallites with various Mg contents were prepared by a hydrothermal
method. These particles were spherical single crystallites with an average size of about

63 nm, regardless of Mg contents from 0 to about 0.15 wt%. It was confirmed that Mg
replaced substitutionally on Ti site. On the refinement of the crystal structure with a
Rietveld method, the crystal structure of the particles without Mg was tetragonal with a
tetragonality of 1.0015 while those including Mg approached from tetragonal to cubic
gradually with increasing Mg content. On the other hand, a Raman measurement indicated
that the local structure remained tetragonal regardless of Mg contents. Moreover, the
resonance frequency for each phonon mode was independent of Mg contents while their
damping factor increased with increasing Mg content, which suggested that state of the
phonon became more unstable with increasing Mg content. Therefore, the lattice defects
induced by Mg into the barium titanate particles can give the phonon a similar effect to that
of temperature in barium titanate single crystal. © 2000 Kluwer Academic Publishers

1. Introduction and thus, the crystal structure changed from tetrago-
Itis well known that as factors, which can cause a struchal to cubic gradually. Moreover, they also analyzed
tural phase transition of displacive-type ferroelectricsthe state of phonon from IR reflection spectra using
such as PbTi@ and BaTiQ, there are temperature, Four Parameter Semi-Quantum model, and revealed
[1-5] pressure, [6] particle size, [7, 8] grain size [9] that only a damping factor increased with increasing
and domain size [10]. Among the above factors, it con-concentration of the lattice hydroxyl group while a res-
firmed experimentally that some factors, e.g., temperaenance frequency is almost constant regardless of its
ture, [1, 2] pressure [6] and particle size, [7] can affectconcentration [20]. This result supported the availabil-
a stability of phonon, especially stability of soft mode, ity of their model concerning lattice hydroxyl group. It,
and then the structural phase transition caused by theowever, is doubtful whether this model can be applied
change ofthese factors has explained with the soft moden the case of other lattice defects except for lattice hy-
theory [11-14]. droxyl group. Thus, itis very important to investigate an
Recently, some investigators reported that lattice hyeffect of other lattice defects except for lattice hydroxyl
droxyl group included in BaTi@fine particles pre- group on phonon and crystal structure of BaJie
pared by a hydrothermal method could make its crysparticles.
tal structure an expanded cubic [15-17]. Hennings and In this study, we try to induce a lattice defect on Ti
Schreinemacher found that in hydrothermal BafliO site. This is because the soft mode of Bagi®Slater
fine particles, a cubic phase transformed gradually intanode Estretching vibration between Ti andsOcta-
a tetragonal phase with decreasing concentration of thieedra), and the defect on Ti site can significantly affect
lattice hydroxyl group under a constant particle size ofthe soft mode. For this purpose, the addition of Mg
about 200 nm [16]. Wadet al.also confirmed this phe- into BaTiO; fine particles was chosen. This is because
nomenon in hydrothermal BaTilfine particles with (1) ionic radius of Mg* (0.065 nm) is similar to that
particle sizes from 20 to 100 nm [18]. The above re-of Ti** (0.068 nm), and (2) in BaTig@ceramics, it was
sults showed that the lattice hydroxyl group can alsaeported that a Mg ion replaced substitutionally on Ti
affect the structural phase transition of perovskite-typesite [21]. Thus, we prepare BaTiGine particles in-
ferroelectrics, as well as temperature, pressure, particlduding various Mg contents by a hydrothermal method,
size, grain size and domain size. and investigate their crystal structure using XRD and
In order to explain the above phenomenon, Wad&Raman measurements and the states of their phonon us-
et al. proposed a new model that the lattice hydroxyling Raman and far-infrared measurements. Moreover,
group can affect the stability of phonon [19]. Using this we discuss a dependence of the crystal structure and
model, the state of phonon becomes unstable with inthe state of phonon on Mg contents, and describe about
creasing concentration of the lattice hydroxyl group,relationship between lattice defect and phonon.
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2. Experimental there was no weight loss. Previously, we reported that
BaTiOs fine particles including various Mg contents in hydrothermal pure BaTi¢particles, a crystal struc-
were prepared by a hydrothermal method using titature changed from cubic to tetragonal with desorbing
nium tetrahydroxide Ti(OH) magnesium dihydrox- lattice hydroxyl group and at the same time, a state of
ide Mg(OH), and barium dihydroxide Ba(ORBH,O.  phonon became more stable, which revealed that the ef-
After dissolution of titanium tetrachloride and magne- fects of lattice hydroxyl group on the crystal structure
sium dichloride in cooled water below 1Q at vari- and the phonon of BaTi§particles were very signifi-
ous Mg/Ti atomic ratios from 0 to 0.25, agueous am-cant [16—20]. In order to investigate precisely an effect
monia was added slowly to this solution below°@@  of Mg on the crystal structure and the phonon, it is most
and then a mixed gel of Ti(OHR)and Mg(OH)} was important to remove completely lattice hydroxyl group
formed. Ammonium and chloride ions in this gel so- included in the particles. Therefore, all particles were
lution were mostly removed by repeated decantatiorcalcined at800C for 1 h, and thenitwas confirmed that
(about 15 times), and the gel solution was used as there was no impurity, except for Mg, in all particles
B-site source. After the addition of Ba(OpFH3H,O to  treated at 800C from FT-IR and TG-DTA measure-
the gel solution at a constant Ba/(fiMg) atomicratio  ments. Through this manuscript, we will characterize
of 2, the mixed solution was stirred in a conventional au-about the particles treated at 8D,
toclave at 150C for 4 h, and then BaTigparticles were To estimate Mg content in the above particles, the
formed. These particles were filtered, washed and themeasurements using AA and ICP-MS were done.
stirred in acetic acid solution (6 mol/dinat 50°C for ~ The hydrothermal BaTi@ particles were dissolved
1 h, in order to remove unfavorable Ba(QHBaCQ;  completely into concentrated hydrochloric acid above
and Mg(OH). After the acetic acid treatment, the parti- 150°C, and adjusted to proper concentrations of Ba, Ti
cles were filtered, washed, dried under vacuum 4680 and Mg from 0.01 to 10 ppm using HCI{2 1) solution
for 16 h. The particles were calcined at 8@for 1 h  for the measurement. Fig. 1 shows a relationship be-
to remove hydroxyl group included in the particles, andtween Mg content included in the particles and Mg/Ti
used as the samples. atomic ratio in starting materials estimated from AA
The crystal structure and the phonon of these partimeasurement. In this study, we defined a Mg content
cleswere investigated at room temperature using a powas a percentage by weight of Mg. Mg content increased
der X-ray diffractometer (XRD) (RAD-2C, Rigaku, with increasing Mg/Ti atomic ratio in starting materi-
Cu-K,, 30 kV, 20 mA, and MXP18HF22/SRA, Mac als below Mg/Ti atomic ratio of 0.1, and became almost
Science, Cu-K, 45 kV, 200 mA), a Fourier trans- constant around 0.15 wt% above Mg/Ti atomic ratio of
form infrared spectrometer (FT-IR) (JIR-100, JEOL, 0.1 in starting materials. In the hydrothermal method, a
32 scans, 4000—400 crh), a Fourier transform far- obtained product is the one with the lowest free energy
infrared spectrometer (FT-FIR) (SPECTRUM 2000, for its formation under some conditions such as temper-
Perkin Elmer, 600 scans, 700-50chy and a Fourier  ature, pressure and kinds and amount of the starting ma-
transform Raman scattering spectrometer (Ramartgrials. This result suggested that the maximum of Mg
(SYSTEM 2000R FT-RAMAN [DPY], Perkin Elmer, contentin solid solution of MgO-BaTigsystem under
1064 nm, 100 mW, 50 scans, 4000-200¢jn The the condition used in this study was about 0.15 wt%.
impurity included in the particles was examined us-Thus, we could prepare the samples with various Mg
ing FT-IR and a differential thermal analysis with contents from 0 to 0.15 wt%. ICP-MS also showed the
thermogravimetry (TG-DTA) (TG-DTA2000, Mac Sci-
ence). The average particle sizes were estimated using
a transmission electron microscope (H-700H, Hitachi.
200 kV). Contents of Ba,Ti and Mg included in the
particles were measured by an atomic absorption (AA
(170-30 type, Hitachi) and a ICP-MS spectrometryo\°
(ICP-MS) (HP4500, Yokogawa). Impedance in the"é'
compacts of the particles was measured at room tern
perature using a LF impedance analyzer (HP4192A 4

/

Hewlett Packard, 5 Hz—13 MHz) in a four terminal pair &=
configuration. .9 0.1r
c
O
o
3. Results D)
3.1. Impurity and particle size =

To investigate kinds and amount of the impurity in-
cluded in the particles, the measurements using FT-If
and TG-DTA were done. As the results, there exists 06 0'1 0'2
only hydroxyl group, except for Mg, as a impurity in . . . . Y .
all as-prepared particles, and amount of hydroxyl groupl\"g/.rI atomic ratio in starting materials
0, -
(abOUt 24+ 05 wt% as I'iO) was almost constant re Figure 1 The dependence of Mg contents in hydrothermal BaTiér-
gardless of Mg contents. Moreover, the most of hy'ticles on Mg/Ti atomic ratio in starting materials estimated from AA

droxyl group desorbed below 60Q, and above 600C  measurements.
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using AA and ICP-MS

TABLE | Each percentage by weight of Ba, Ti and Mg measured 7 J
Bnght-fl*

Sample No. Ba/wt% Tilwt% Mg/wt%
1 53.3 20.9 0

2 545 21.9 0.0495
3 52.5 22.7 0.0543
4 515 223 0.0634
5 52.3 18.9 0.0956
6 52.2 18.2 0.122

7 54.5 19.1 0.152

8 53.6 18.7 0.155

9 51.9 17.9 0.156

similar results to the AA measurements concerning Mg
contents.

Table | shows each percentage by weight of Ba,Ti
and Mg measured using AA and ICP-MS. If there is no
defect in a BaTiQ@ particle, the percentages of Ba and
Tican become 57.88 wt% and 20.54 wt%, respectively. Dark-field
But in Table I, the percentage of Ba was less than ideal
one, and was almost constant around 53105 wt%
regardless of Mg contents. On the other hand, the per-
centage of Tidecreased with increasing weight percent-
age of Mg. This result suggested a possibility that the
most of Mg can exist substitutionally in Ti site of a
BaTiOs lattice.

Thus, in order to confirm whether Mg exists really
in a BaTiQ; lattice or exists as second phase except
for BaTiOs;, XRD and TEM measurements were per-
formed. From a XRD measurement, all as-prepared hy-
drothermal particles and all particles calcined at 800
for 1 h were assigned to BaTi&ingle phase despite
Mg contents. Fig. 2 shows a TEM bright-field image
(a), a dark-field image (b), and a selected-area electron
diffraction (SAED) pattern (c) of the particles includ- (b)
ing Mg of 0.155 wt%. The SAED pattern (Fig. 1c) indi-
cates that one particle is a BaB®ingle crystal, but it SAED pattern
was very difficult to determine from this SAED pattern
whether its crystal structure can be assigned to cubic or
tetragonal with a tetragonality near 1.0. A particle size
in the bright-field image were in a good agreement with
that in the dark-field image, which also confirmed that
one particle was a BaTiingle crystal. In the particles
including other Mg contents (0—0.152 and 0.156 wt%),
we could obtain almost similar results. Thus, the above
results revealed that Mg did not exist as the second
phase except for BaTiin the particles, and can ex-
ist substitutionally in a BaTi@ lattice. On the basis
of the above results, we think that in the hydrothermal
BaTiO; particles prepared at 15C, a solubility of Mg
into BaTiQ; is about 0.15 wt%.

Moreover, the average particle sizes were estimated
using 200-250 particles in TEM bright-field images. (©
Fig. 3 shows dependence of average particle size Opigure 2 A TEM bright-field image (a), a dark-field image (b), and a
Mg Fonte.nt' In the particles Wltho.Ut Mg, .the averageselected—area electron diffraction (SA,ED) pattern (c) of finevBaTiO
particle size was 6225 6.7 nm, while that in the par- . icies with Mg content of 0.155 wt%.
ticles including Mg of 0.155 wt% was 63:6.7 nm.

This result indicated that average particle sizes, i.e.,
crystallite sizes, were almost constant around 63 nmvhether Mg can exist on Ba or Ti site. Thus, to clear the
despite Mg contents. site where Mg replaced, impedance of the particles was

The above results showed that Mg ion could existmeasured. The particles were pressed into compacts by
substitutionally in a BaTi@lattice, but we must clear a hand-pressing, then pressed them by a cold isostatic
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Figure 3 The dependence of average particle size on Mg contents in

hydrothermal BaTi@ particles.

highest assigned to electrode [22]. On the basis of this
report, a semicircle toward lower resistance in Fig. 4
was assigned to that of intraparticle and one toward
higher resistance was assigned to that of interface be-
tween the particles. Moreover, it can be expected that
a resistance of interface between the particles becomes
much larger. This is because the samples were compacts
of the particles and a contact area between the parti-
cles became very small. Therefore, we can consider
that a very large semicircle toward higher resistance in
Fig. 4 can be assigned to that of interface between the
particles.

In the impedance diagrams of the compacts includ-
ing other Mg contents, the scale of a semicircle toward
higher resistance was almost constant regardless of Mg
contents, but that of one toward lower resistance de-
creased with increasing Mg content. In order to esti-
mate resistance of each part, the Cole-Cole plots must
be separated completely into two semicircles. However,
in this study it was very difficult to separate precisely
two semicircles by a calculation. This is because the
magnitude of a semicircle assigned to intraparticle was
much smaller than that assigned to interface between
the particles. Thus, instead of an estimation of semi-
circle resistance in an intraparticle part, we used the

500 reactance at various resistance in the intraparticle part
as a scale of its resistance.
C Fig. 5 shows the dependence of the reactance at var-
s 400 - o ious resistance (0.5-8 ) on Mg content, which all
T values in Fig. 5 were obtained from Cole-Cole plots
~ L of the compacts, as shown in Fig. 4. Each reactance
N 300 ¢ e decreased with increasing Mg content below Mg con-
> ;/'/ g w0l . tent of about 0.06 wt%, and above Mg content of about
S s by 0.06 wt%, each reactance was almost independent of
g 200 | // ’; . Mg contents. This suggested that an electrical resis-
o ¥ G20 & tance of the intraparticle became smaller with increas-
o d = ing Mg content below Mg content of about 0.06 wt%.
100 ¢ £
i/_ 0 :
EE L 0 5 10
= ( ] Real Z/ MQ 100
0 T J ‘ : I : ‘ : Reactance at Resistance
0 50 100 150 200 2 Reactance  Redsanca f 1 aMa
p 3: Reactance at Hes?stance ot20MQ
Real Z/ MQ o Resmer s
80 C 6: Reactance at Resistance of 8.0 MQ
Figure 4 A Cole-Cole plot of impedanceZ(= R—i X, R: resistance, G
X:reactance) measured in the compact of hydrothermal Bgia@icles z
including Mg content of 0.155 wt%.
~
)
&)

pressing£CIP) method at 157 MPa for 5 min, and used €
as the samples for the impedance measurements. Fig S
shows a Cole-Cole plot of impedancé£ R—iX, R: S
resistance X: reactance) measured at room tempera (Q
ture in the compact of the particles including Mg of&)
0.155 wt% as a typical example. In Fig. 4, there were
two partially overlapping semicircles, i.e., (1) a very
small semicircle toward lower resistance (0—1@M

and (2) a very large one toward higher resistanc®( 0

Me). In complete impedance diagram of the typical 0

ceramics composed of intragrain, grain boundary ant
electrode, it was reported that a semicircle toward low-

0:1 0.2
Mg content / wt%

est r_eSiStance. can be aSSi_gned to that of intragrain, oNyure 5 The dependence of reactance at various resistance (0.8)8 M
at middle assigned to grain boundary, and one towardn Mg content in hydrothermal BaTiparticles.
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At present, we can not explain why the reactance wa
almost constant above Mg content of about 0.06 wt%
But, we think that when the resistance of intraparticle
became smaller than a certain value, it may be difficul
to detect the smaller resistance of intraparticle, sinc
an influence of the resistance of interface between th 3
particles on the Cole-Cole plots was much larger.

If Mg?* ion substitutes B& ion on A site of the
BaTiO; lattice, there is no lattice defect (Mg owing
to the same charge {2 of both ions. Thus, we can
expect that an electrical resistance is almost constar e
despite Mg contents. On the other hand, if Wdon cC
substitutes Ti* ion on B site of BaTiQ lattice, there @
exists a lattice defect of Mg’ because of the difference
of charge between two ions. Moreover, to satisfy the:==
electroneutrality of the particles, oxygen vacangy V. ()
must be also needed as follows. <

0.155 wt% Mg

0.152 wt% Mg

/ a.

0.122w1% Mg

0.0956 wt% Mg

0.0634 wt% Mg

nt

0.0543 wt% Mg

0.0495 wt% Mg

[Mgri"] = [Vo'] (1)

0 wt% Mg

These lattice defects can increase a concentration

carrier co_ntrlbutlng to an electric conduction, and thus 44.5 45 45.5 46
the electrical resistance must decrease. The results o

Fig. 5 indicated that the most of Mg ions can substitute 20/ (CU Ka )

Ti on B site of the BaTiQ lattice, which also supported

those estimated from ICP-MS measurements. Figure 6 A (200) plane of hydrothermal BaTigJparticles with various

Informations about impurity, particle size and lattice M9 contents treated at 80 for 1 h.

defect in the particles obtained in this study could be
given as follows.

©
@©5 0.402
-

(1) As-prepared particles had only hydroxyl group, ‘©
except for Mg, as impurity, and the amount of hydroxyl =
group included in the particles was almost constant a ™~ |,
about 2.4 wt% as kD despite Mg contents.

(2) Most of hydroxyl group desorbed below 6TD,
and the particles treated at 8@Dfor 1 h had noimpu- ‘g
rity. —4

(3) Mg content included in the particles increased @
with increasing Mg/Ti atomic ratio in the starting ma- e\
terials, and became constant around 0.15 wt% above :
Mg/Ti atomic ratio of 0.1 in the starting materials. e}

(4) One particle was a BaTi3ingle crystal without
second phase, and their average particle sizes were
most constant around 63 nm regardless of Mg content:;

(5) Inall particles including Mg, the most of Mg ions L 30
substituted Ti ions on B site of the BaT{(attice.

(6) There were two kinds of the lattice defects, i.e.,
Mgri” and V™, in all particles including Mg.

ane

0.401

10.400

Lattice parameter / nm

0.399
0.2

0.1
Mg content / wt%

Figure 7 A lattice parametea-axis on the assumption that the crystal
structure was cubic, and FWHM of (200) plane on various Mg contents
in hydrothermal BaTi@ particles.

3.2. Crystal structure

Fig. 6 shows a (200) plane of hydrothermal Bagjgar-

ticles with various Mg contents (0—0.155 wt%) treatedassumption that the crystal structure was cubic, and
at 800°C for 1 h. A (200) plane of the particles with- FWHM of a (200) plane on various Mg contents. Their
out Mg seems to be one peak, but with increasing Mga-axis were almost constant around 0.4005 nm despite
content, a (200) plane splitted gradually into two peaksMg contents while FWHM of a (200) plane decreased
i.e., alarge peak at lowsZand a small shoulder peak at linearly with increasing Mg content.

high 20 assigned to Cu-k and Cu-K,,, respectively. Generally, the FWHM of a XRD peak can be de-
This result indicated that the crystal structure of thetermined by three factors, i.e., (a) a crystalline size,
particles approached to normal cubic with increasingb) a lattice strain and (c) a crystal structure [23]. At
Mg contents. Fig. 7 shows the lattice parametexxis  first, an effect of the crystalline size can be disregarded
estimated using-SiO, as an external standard on the since the crystalline sizes were constant regardless of

3893



Mg contents from TEM. Moreover, an influence of the the assumption that space group is P4mm converged at
lattice strain also can be neglected. This is because thyp of 8.91. This result indicated that the crystal struc-
slopes of lines in Wilson-Hall plots were almost 0 in ture of the particles without Mg was assigned to P4mm
both the particles including Mg of 0 and 0.155 wt%. (=tetragonal) with a/a ratio of 1.00154.
Therefore, these results suggested a possibility that the On the other hand, the calculation in the particles
change of FWHM must be caused by a change of thevith Mg of 0.155 wt% was very complicated. On the
crystal structure. assumption that a Mg ion can substitute a Ba ion on
However, it is very difficult to determine the crys- A site of a BaTiQ lattice, both the calculation using
tal structure using only peak profile of a (200) plane.space groups of Pm3m=Cubic) and P4mm diverged.
Thus, the crystal structure of two kinds of the particlesHowever, assuming that a Mg ion can substitute a Tiion
including Mg of 0 and 0.155 wt% were refined using of B site of a BaTiQ lattice, both the calculation using
a Rietveld method with a program RIETAN-94 [24]. space groups of Pm3m and P4mm convergeRat
Table 1l shows the space group, lattice parameters andf 9.83 and 9.48, respectively. These results supported
the reliable £R) factor refined in both the particles. the results obtained by an ICP-MS and an impedance
Moreover, Tables IlI-V show the positional parame-spectroscopy, which Mg ion replaced Ti ion on B site
ters refined finally in both the particles. In the parti- of the BaTiQ lattice. Moreover, this also suggested
cles without Mg, a calculation on the assumption thatthat the crystal structure of the particles including Mg
space group is Pm3m diverged while the calculation orof 0.155 wt% was around the boundary between cubic
and tetragonal with a/a ratio nearer 1.0, which sug-
TABLE |l The lattice parameters and the reliable factors for hy- gested that it is uncertain to clear its space group using
drothermal BaTiQ@ particles without Mg and with Mg of 0.155 wt% a Rietveld method.

Assuming space group of P4Amm and the substitution

No M9 0155 wiv% Mg of Mg into Ti site, in the first refinement cycle, the
Space group P4mm P4mm pm3m  refinement result was not converged to an acceptable
a-axis (nm) 0.400604 0.400641 0.400740 level for R factors. Thus, in the next refinement cycle,
‘;\;avx‘?(;r)‘m) :-;101222 90‘-1‘;;01054 oo when the occupation factors and the isotropic thermal
Ro E’%)" 5 85 6.00 621 parameter of each atom were refined, the refinement
R (%) 1.59 131 0.95 result was converged to an almost acceptable level for
Re (%) 0.90 0.88 0.78 R factors. However, the occupation factors of Mg, Ti

and O(1) refined finally were very doubtful values, as
shown in Table IV.

TABLE I11 The positional parameters as P4mm for hydrothermal ~ On the other hand, assuming space group of Pm3m
BaTiO; particles without Mg and substitution of Mg into Ti site, in the first refine-
ment cycle, the refinement result was converged to an

9 X Y z B almost acceptable level fdR factors. In the result re-
Ba 0.92 0.0000 0.0000 —0.01255 o.1s finedfinally, only the occupation factor of Mg was rela-
Ti 0.90 0.5000 0.5000 0.4865 0.32 tively large values while the other factors except for the
o) 0.89 0.5000 0.5000 0.003120 0.61 Mg occupation factor were converged to normal val-
o) 1.0 0.5000 0.0000 0.5008 0.57

ues, as shown in Table V. Therefore, we believe that in
hydrothermal BaTi@particles with Mg of 0.155 wt%,
it is suitable to assign its space group into Pm3m.

The above results revealed that the crystal structure

*g: occupation factorB (;&2): Isotropic thermal parameter.

TABLE IV The positional parameters as P4mm for the hydrothermal

BaTiOs particles with Mg of 0.155 wt% observed using XRD changed from tetragonal with a
c/a ratio of 1.00154 to cubic with increasing Mg con-

g X y z B tent. In other words, it means that a gradual structural
Ba 0.83 0.0000 0.0000  —0.005970 0.19 phase transition from tetragonal to cubic occurred with
T 0.60 0.5000 0.5000 0.4932 035 Increasing Mg content. Thus, the change of FWHM of
Mg 0.40 0.5000 0.5000 0.4896 0.45 a(200) plane in Fig. 6 was caused by the above change
0o(1) 0.54 0.5000 0.5000 0.01549 0.88 of the crystal structure.
0(2) 1.0 0.5000 0.0000 0.5184 0.74  However, in Tables IV and V, the occupation fac-
L ] oy ] tors of Ba, Ti and Mg were different from the values
g: occupation factorB (A<): Isotropic thermal parameter. in Table | obtained using AA and ICP-MS. First of

all, Mg/Ti atomic ratios calculated using the Rietveld
TABLE V The positional parameters as Pm3m for hydrothermal method were much Iarger than that obtained using AA
BaTiO; particles with Mg of 0.155 wt% and ICP-MS. Now, we think that Mg/Ti atomic ratios

g X y z B obtained using AA and ICP-MS were correct, but can

not explain this difference between values from two

Ba 0.93 0.0000 0.0000 0.0000 0.17

Ti 0.79 0.5000 0.5000 0.5000 0.30 methods.

Mg 021 0.5000 0.5000 0.5000 017 Fig. 8 shows powdegr Raman scattering spectra of

o 0.99 0.5000 0.5000 0.0000 0.99 the hydrothermal BaTI@parthIeS with various Mg
contents (0-0.155 wt%) treated at 8@for 1 h. In

*g: occupation factorB (A2): Isotropic thermal parameter. the crystallography, Raman-active modes in tetragonal
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0155 wioeblg tal structure from XRD measurements changed drasti-
2:0.152 wi%Mg cally from tetragonal to cubic at 12€ with increas-
s g;ggm)"@g ing temperature [3] while many investigators found that
5:0.0634 wi%Mg the local crystal structure from Raman scattering mea-
D 00005 ot ° surements remained tetragonal above 12(27-33].
8: 0 wi%Mg This difference indicated that a phase transition of
9: Standard BaTiO 3 BaTiO; is not simple displacive-type but complicated
displacive-type phase transition with order-disorder be-
‘ havior. Inthis study, we could observe thatin hydrother-
! mal BaTiG; particles including Mg, with increasing Mg
' content, the average crystal structure changed gradually
from tetragonal to cubic while the local crystal structure
4 remained tetragonal. This result is similar to the above-
ANY mentioned behavior of two kinds of crystal structure
> ‘ A (i.e., average and local) of BaTi@ingle crystal above
Tc. Moreover, in the hydrothermal BaTiQparticles

including lattice hydroxyl group, an observation of the
order-disorder behavior similar to that in the hydrother-
mal BaTiQ; particles including Mg was reported [20].
The above results suggested that the lattice defects in-
duced by an addition of Mg and OHnto BaTiO; can

' : ‘ ) ‘ cause the order-disorder behavior in the crystal struc-
1200 1000 800 600 400 200 0 ture of BaTiQ, i.e., these lattice defects can cause the

Raman shift/ Cm'1 structural phase transition of BaTjO

Figure 8 Powder Raman scattering spectra of hydrothermal Bgpad-
ticles with various Mg contents treated at 8@for 1 h.

Intensity / a.u.

3.3. Analysis of lattice vibration
For the purpose of the analysis of the phonon, we mea-

BaTiOz (P4mm)are 4E(TG- LO) + 3A1(TO+LO)+  sured the far-infrared reflection spectra (the incident
1B;, while in cubic (Pm3m) there is no Raman-active angle of 16 deg.) using only the hydrothermal BagiO
mode [25]. In Fig. 8, manyRaman peaks were ob-particles without the diluents such as KBr and Csl, in
served, and the most of peaks could be assignedddition to powder Raman scattering spectra (Fig. 8).
to those of tetragonal BaTyO The peaks around Inthe far-infrared reflection method using powder-like
720, 515, 305 and 260 cmh were assigned to the sample, it is known that specular reflection becomes
overlap of E(4LO}W A1(3LO), E(4TO)+A1(3TO), very weak due to a large ratio of scatting light, and it
E(3TO)+ E(2LO)+ B and A (2TO), respectively, on has ever been difficult to obtain the clear reflection spec-
the basis of the assignment reported by Scalabritra. In this study, we used aluminum fine powders with
et al. [26]. But only peak around 870 cmh can not an average particle size of a fewn as a reference to
be assigned. In our recent study, we measured powequalize anintensity of specular reflection from BagiO
der Raman spectra of the hydrothermal Baglarti-  particles with that from the reference (Al powders). As
cles only with various concentration of hydroxyl group, the result, we could obtain the clear reflection spectra
and found an unknown peak around 810¢gwhich  (=solid line), as shown in Fig. 9.
could not be assigned to phonon modes of BaTRD]. In Fig. 9, as the reference sample, there is a FIR
The peak around 810 cmh appeared with increas- spectrum of standard tetragonal BaZigarticles with
ing concentration of the lattice hydroxyl group, and in a tetragonality of 1.011. Raman measurements (Fig. 8)
BaTiO; particles without lattice hydroxyl group it was revealed that a symmetry of the hydrothermal BaTiO
not observed. Thus, we assigned the peak to deformaparticles with and without Mg was P4mm. In tetragonal
tion vibration of the lattice hydroxyl group. However, BaTiO; (P4Amm), there are seveninfrared-active modes,
in this study, we also found an unknown peak around.e., 3A(TO + LO) + 4E(TO~+ LO) modes [34]. Thus,
870 cnt!, and this one can not be assigned to phonorirom FIR reflection spectra in Fig. 9, we can do the
mode of MgO. At present, we consider that this peakanalysis of the phonon. In general, for the analysis of
may be caused by a defect structure formed by an adhe phonon, two models had been reported, i.e., (a) a
dition of Mg into BaTiG;. classical damped oscillator model [34] and (b) a Four-

In Fig. 8, the intensities of Raman peaks assigned t®arameter Semi-Quantum (FPSQ) model [35]. The
P4mm were almost constant despite Mg content, whicltlassical damped oscillator model can apply in only the
revealed that a local crystal structure of hydrother-case of well separated infrared bands such as GaF,
mal BaTiQ; particles with various Mg contents was and Bak, [36] while the FPSQ model can apply in the
tetragonal. On the other hand, an average crystal strucase of broad infrared bands such as ferroelectrics [37—
ture of hydrothermal BaTi@particles estimated using 40]. In recent study, we analyzed IR reflection spectra
XRD measurement could changed from tetragonal t@f the hydrothermal BaTi@particles including lattice
cubic with increasing Mg content. In BaTiGsingle  hydroxyl group using the FPSQ model, and then could
crystal, Kay and Vousden reported that the average crysestimate clearly the phonon parameters [20]. Therefore,
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Here, the reflectivity calculated from Equation 3 is a
physical quantity corresponding to infrared reflectance
measured by FIR reflection method. In tetragonal
Standard BaTio, BaTiOg, there are two kinds of reflectivities as the same
as the dielectric constants, i.&®; and R. means a re-
flectivity measured by an incident light parallel to a
direction ofa-axis andc-axis, respectively. ThuR,
and R. can be obtained by substitutirsg and e in
Equation 3, respectively.

30543 W Mg Here, we must make an important assumption as fol-
lows. In tetragonal BaTi@particles, the directions of
e s the spontaneous polarization of each crystalline are ran-
0.0956 Wit Mg dom. Thus, the ratio of tha-plane to thec-plane per-
pendicular to the incident light can assume 2 : 1. Using
this assumption, the whole infrared reflectivig/can

be expressed using, andR., as shown in Equation 4.

,,,,,,,,,, : Experimental

: Calculation

0.0495 wi% Mg

0.122 wi% Mg

Reflectance / %

0.152 wi%s Mg

2
0.755 wi% Mg R= :_3 Re + é Ra (4)

! : : ! : : In the above model, there are 30 phonon parameters.
700 600 500 400 300 200 100 O These phonon parameters were adjusted using a non-
Wave number/cm' linear least squares method with a program SALS [42]
until the calculated reflectivities fit the experimental re-
Fig_ure 9 FIR reflection spectra of hydrothermal Ba&iarticles with  f|activities. Fitting results using this method are shown
various Mg contents treated at 8D for 1 h. as dashed lines in Fig. 9. The fitting results (dashed
line) were in excellent agreements with the experimen-
o tal results (solid line).
in this study, the phonon parameters of the hydrother- By the adjustment using the above nonlinear least
ma_ll BaTiQ; particles including Mg were also estimated squares method, we could obtain 30 phonon parame-
using the FPSQ model. . _ ters, and there were the parameters of the phonon such
Here, tetragonal BaTig)s an anisotropic crystal, and g E(1TO), A(1TO) and A(3LO) modes, which can
has the different characteristics along two directiong,e gbserved experimentally only in the region below
i.e.,a-axis (=b-axis) andc-axis. Among some charac- 50 cnrl and above 700 crt. However, these three
teristics, itis also well known that the dielectric constantj,gdes could not be measured directly because of the
alonga-axis (=¢a) is different from that along-axis  |imitation of the equipment. Thus, in order to inves-
(=¢c), i.e., 4 is much greater thar, as reported by tigate the state of the phonon, it is a problem to use
Merz [41]. In the FPSQ model, the complex dielectric the calculated phonon parameters in E(1TQ)1X0)
c_onstant_(:e) can be expresse_d as a product of each osyng A(3LO) modes, and the accuracy of these pa-
cillator with four parameters, i.ewjLo (resonance fre-  rameters is also very doubtful. In this study, we used
quency of longitudinal optical LO mode);Lo (damp-  the phonon parameters of the other modes except for
ing factor of LO mode)w;To (resonance frequency of £(1T0), A (1TO) and A(3LO) modes for the analysis
transverse optical TO mode) apgro (damping factor  of the phonon.
of TO mode), as shown in Equation 2. Figs 10 and 11 show the dependence of the resonance
frequency for E and Amodes estimated from the anal-
ysis of FIR reflection spectra on Mg content, respec-
(2) tively. The resonance frequencies of E angdmodes
were almost constant regardless of Mg contents. On the
. . . . other hand, Figs 12 and 13 show the dependence of the
e A v daming Tactor Tor € and Amodes estimted o
active phonon moo?es aloneaxis are fourE(LQL T0) the ana]yss of FIR reflgctlon spectra on Mg content,
modes while those alongaxis are three ALO + TO) respectively. The damping factors of E ang modes

modes. Therefore.. can be exoressed as a product ofincreased linearly with increasing Mg contents.
. A p P As above mentioned, the phonon parameters can be
four oscillators while can be expressed as a product of

.~ "also estimated from the powder Raman spectra (Fig. 9).
9n Fig. 9, on the assumption that Raman peak can be
expressed as Lorentz resonance curve, as reported by
Burns and Scott, [2] we estimated the resonance fre-
quency, which equals to the top of a peak, and the
damping factor, which equals to FWHM of the peak. I,
3) however, should be noted that the peaks in Fig. 9 were
overlapping peaks of some phonon modes, and could

2 2 i,
ijO_w +|VJLO
£ = €x > >
j” @jTo — @* F1YjT0

to the FPSQ model, an infrared reflectiviegR) can
be expressed using the complex dielectric constant,
shown in Equation 3.

2

Je—1
Ve+1

R=|
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Figure 10 The dependence of the resonance frequency of E modes ed~igure 12 The dependence of the damping factor of E modes estimated
timated from the FIR reflection spectra on Mg content in hydrothermalfrom the FIR reflection spectra on Mg content in hydrothermal BgTiO
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Figure 11 The dependence of the resonance frequency j;ofmddes Figure 13 The dependence of the damping factor @iAodes estimated
estimated from the FIR reflection spectra on Mg content in hydrothermafrom the FIR reflection spectra on Mg content in hydrothermal BgTiO
BaTiO; particles. particles.

not be separated into each phonon mode. Therefor@honon modes agreed almostly with our results while
a accuracy of the phonon parameters estimated frortheir damping factors were smaller than our results of
Fig. 9 is less than those from analysis of FIR spectrahydrothermal BaTi@ particles without Mg.

but the tendency of the parameters on Mg contents has In hydrothermal BaTi@ particles including lattice
high accuracy. Figs 14 and 15 show the dependendeydroxyl group, we could obtain the results, that the
of the resonance frequency and the damping factor estamping factor increased linearly with increasing
timated from the powder Raman spectra on Mg con-concentration of lattice hydroxyl group while the
tent, respectively. The resonance frequencieseffs  resonance frequency was almost constant despite the
modes were almost independent of Mg contents whileoncentration of lattice hydroxyl group. This tendency
the damping factors of E A; modesincreased linearly agreed almostly with that in the hydrothermal Ba3iO
with increasing Mg content. This result agreed with particles including Mg. Moreover, the phonon param-
that obtained from the analysis of FIR spectra. Servoireters of @ octahedra deformation mode-E(4L0O),

et al. measured the FIR reflection spectra of tetragoE(4TO), A (3LO) and A(3TO) modes) in the hy-
nal BaTiQ; single crystal at room temperature, and ob-drothermal BaTiQ@ particles including lattice hydroxyl
tained phonon parameters using the FPSQ model [38froup of 0.9 wt% [20] agreed almostly with those in
Their calculated resonance frequencies of all BgTiO the hydrothermal BaTi® particles including Mg of
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800 tion spectra. Among the phonon parameters, the reso-
nance frequencies of A3TO)+ E(4TO) modes from
the powder Raman spectra were about 510%rand
independent of Mg content, while those of the same
modes from the FIR reflection spectra also were about
480-510 cmt, and independent of Mg content. These
results indicated that difference between resonance fre-
AGTONEWTO) gquencies of the same phonon mode obtained by two
———eoe—0 o @ methods was present within the error of 5%. This is be-
cause the phonon parameters from the powder Raman
spectra have an experimental error owing to their over-
lapping peaks, and those from FIR reflection spectra
have a calculation error owing to curve-fitting by the
FPSQ model.
On the other hand, the damping factors of
o -— " A1(3TO)+ E(4TO) modes estimated from the pow-
A@TO) der Raman spectra increased slightly with increasing
200 ‘ . Mg contents while a sum of the damping factors of
0 0.1 0.2 A4(3TO) and E(4TO) modes from the Flli reflection
o spectra were almost constant at about 40 toespite
Mg content / wt A’ Mg contents and was smaller than that of about 60'cm
) from the Raman spectra. Therefore, we think that dif-
Figure 14 The dependence of the resonance frequency of E and A -
modes estimated from the powder Raman spectra on Mg content ixerence b_etween dampmg factors of the same phonon
hydrothermal BaTi@ particles. mode estimated by two methods was present without
the error of measurement and calculation. Moreover,
the damping factors of A3LO) + E(4LO) modes from
Raman spectra increased slightly from 50 to 60°&¢m
with increasing Mg contents while damping factor of
AGTONEETO) O only E(4LO) mode from FIR spectra increased largely
006 o from 10 to 100 cm! with increasing Mg contents.
. These results indicated that the resonance frequencies
O 606 o of BaTiO; phonon estimated from two methods were
/ almost same while the damping factors from two meth-
ods were quite different.
In general, the Raman scattering measurement can
A ELONEALO) . give_directly the state of the _phon_on while the IR re-
flection measurement can give directly the reflective
® . .
50 / !ndex, anq can est|m§1te the state of the phonon from
e g its reflective index using FPSQ model, which means
that the phonon parameters from Raman spectra have
better accuracy than those from IR reflection spectra.
Moreover, in Raman spectra, the change of damping
factors of A (3TO)+ E(4TO) modes was similar to that
, of A1(3LO)+ E(4LO) modes, which showed that the
0 0.1 0.2 dependences of both LO and TO modes on Mg contents
o was similar. But, in the analysis of E(4TO) and E(4LO)
Mg content / Wt A"’ modes from FIR spectra, the change of damping fac-
, _ tor of TO mode was quite different from that of LO
Figure 15 The dependence of the damping factor of E andrddes es-
timated from the powder Raman spectra on Mg content in hydrotherma[nOde' . . .
BaTiO; particles. In BaTiO; single crystal, Luspiret al. reported that
the damping factors of TO and LO modes of the same
. phonon except for a soft mode showed the similar de-
0.156 wt%. Thus, we believe that the effects of the, o, jancies on temperature [37]. Thus, in this study, the

lattice defects induced by Mg an'd Iatticg hydroxyl gimijar dependence of damping factors of both LO and
group on the phonon can be explained using the samgqg ygqes obtained from Raman measurement on Mg

A(BLO)+E(4LO)
Fa Fa

(224

o

o
T

Frequency /cm’
Y
(=]
o

B.(1TO)+E(3TO)+E(2LO)

70

m1

Damping /

40

mechanism. contents was reasonable, but the different dependence
of damping factors of LO and TO modes obtained from
4. Discussion FIR measurement on Mg contents was abnormal. The
4.1. Dependence of phonon parameters on above discussion suggested that among the phonon pa-
Mg contents rameters estimated from FIR reflection spectra using

In this study, we could estimate the phonon parameterthe FPSQ model, there may be a certain problem only
using two methods, i.e., powder Raman and FIR reflecin a estimation of the damping factor.
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Essentially, in order to estimate the phonon parame- This result showed that with increasing Mg con-
ters from IR reflection spectra, it is necessary to meatents, the average crystal structure of the hydrothermal
sure a spectrum using an incident and a reflex light norBaTiOs particles approached from the tetragonal to the
mal to the surface=£an incident angle of 0 deg.) [34]. cubic while their local crystal structure remained the
In this study, however, we measured the FIR reflectiortetragonal. In our recent study, we could report that
spectrausing anangle of theincidence and the reflectioim the hydrothermal BaTi@particles including lattice
of 16 deg. because of the limitation of the equipmenthydroxyl group, with increasing concentration of lat-
In our recent study, the IR reflection spectra were meatice hydroxyl group, the average crystal structure of the
sured using an angle of incidence and reflection of &ydrothermal BaTi@particles became from the tetrag-
deg. In the use of an angle of incidence and refleconal to the cubic while their local crystal structure re-
tion of 8 deg, the phonon parameters from IR reflectionrmained the tetragonal [20]. These results suggested that
spectra agreed with those from Raman spectra. Thu# the crystal structure of BaTi#particles, the lattice
we regarded these spectra (8 deg.) as the same spetefects induced by lattice hydroxyl group or Mg can
tra as IR reflection spectra measured using an angle afause an order-disorder behavior, which the local crys-
incidence and reflection of 0 deg. However, it is im- tal structure is the tetragonal while the average crystal
possible to regard an angle of incidence and reflectiostructure is the cubic, i.e., the polar direction of each
of 16 deg as 0 deg. Therefore, in these FIR reflectionetragonal unit cell is flipping by the thermal energy of
spectra (Fig. 9), the contribution of other componentkT (k andT is Boltzmann constant and room temper-
except for normal component to the surface was largemature, respectively).
and may not be neglected. These confirmation of the order-disorder behavior

Moreover, Equation 3 is the equation established orns found for the first time in the crystal structure of
the basis of the assumption that only normal componerBaTiOs; particles, but in large BaTi9single crystal,
to the surface can be contributed in the reflectivity [34].some investigations have already reported the similar
Therefore, for the analysis of the FIR reflection spectrebehaviors above Tc [27-33, 43—46]. In BaZi€ingle
measured using an angle of incidence and reflection afrystal, it has been well known that above Tc, there was
16 deg, it can be a problem to estimate the phonon pahe order-disorder behavior, which the average crystal
rameters using the Equation 3. This suggested that thetructure from the XRD measurements was the cubic
values themselves of phonon parameters obtained froavhile the local crystal structure from Raman measure-
the analysis of FIR reflection spectra were meaninglessnent was not the cubic phase. This indicated that the
but its dependence of these phonon parameters on Mgrder-disorder behavior in the crystal structure was an
contents were useful, i.e., the tendency from the FIRntrinsic characteristic of BaTi@above Tc.
measurement, that the resonance frequency was almostin this study, the lattice defect induced by Mg in
constant despite Mg contents while the damping factoBaTiO; particles caused the order-disorder behavior
increased with increasing Mg content, was useful andnto the crystal structure at room temperature, which
agreed with that from the Raman measurement. Thus, isuggested that this lattice defect made the average and
this study, we believe that the dependence of the phonolocal crystal structures of BaTgparticles at room tem-
parameters on Mg contents, which the resonance freperature the similar ones to the crystal structure of large
quency was almost constant depend Mg contents whilB8aTiO; single crystal above Tc. Why could the lattice
the damping factor increased with increasing Mg con-defect affect the crystal structure of BaTiParticles?
tent, was correct. We will discuss about this question in the following

section.

4.2. Difference between local and average

crystal structure of BaTiO3

including Mg 4.3. Role of lattice defect introduced by Mg
In this study, we observed an average crystal structure  on phonon and crystal structure
of the hydrothermal BaTi@particles including Mg us- Generally, the introduction of a lattice defect into an
ing a XRD measurement while observed its local crys4ideal crystal can result in the formation of a mass and
tal structure using a Raman and a FIR measurementa.spring constant quite different from intrinsic those of
The refinement of the average crystal structure by théhe ideal crystal in its phonon, considering the phonon
Rietveld method showed that the average crystal strudsehavior using the Einstein model. Thus, it can be ex-
ture of the hydrothermal BaTigparticles without Mg  pected that the kinetic and potential energies in the sur-
was the tetragonal with @a ratio of 1.00154, and the roundings of the lattice defect are quite different from
average crystal structure of hydrothermal Badffar- those in a part without defect [47]. In other words, the
ticles including Mg of 0.155 wt% was the cubic. More- phonon parameters such as the damping factor, the os-
over, XRD measurement of a (200) plane of BagiO cillation strength and the resonance frequency, which
indicated that the tetragonality of the tetragonal struccan express the state of the phonon, can also change
ture decreased linearly with increasing Mg contents. Omear the defect.
the other hand, the powder Raman and the FIR mea- In this study, the lattice with Mg ion substituted in
surements revealed that the local crystal structure ate position of Ti ion of a BaTi@ lattice can have a
the hydrothermal BaTi@particles was the tetragonal lighter mass than that of the defect-free BaJl@ttice.
despite Mg contents, and Raman intensity was also inThis is because a mass of MgZ4.3 g/mol) is much
dependent of Mg contents. lighter than that of Ti £47.9 g/mol). Moreover, the
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substitutional Mg ion can also form a weaker springtant to estimate the difference between the vibration
constant, i.e., make much weaker Coulomb attractiveenergies of the BaTi®lattices with and without lat-
forces of Mg-O than that of Ti-O. This is because (a)tice defects. In our model, it can be expected that as
a fractional ionic character in Mg-O bond was greaterthis difference between the vibration energies of two
than that in Ti-O bond owing to a smaller electroneg-state increases, the influence of the lattice defects on
ativity of Mg (=1.2) than that of Ti£1.5), and (b) a the phonon and the crystal structure also can increase.
charge number of Mg=£+2) was much smaller than Thus, we will discuss about the effects of Mg ion and
that of Ti (=+4). Thus, it can be expected that a vibra- lattice hydroxyl group on the phonon and the crystal
tion energy £resonance frequency) ofthe BaMglat-  structure of hydrothermal BaTiJine particles in the
tice including a Mg ion and an oxygen vacancy is quitenext section.

different from that of the BaTi@lattice without de-

fect. However, the resonance frequencies of all phonon

modes estimated from Raman and FIR in this study4.4. Modification in definition of the

were almost independent of Mg contents, as shown correlational size of dipole

in Figs 10, 11 and 14, and were almost similar val-Inthe recent study, we proposed the correlational size of
ues to those obtained in BaTi@ingle crystal without dipoles as one of the physical quantities which can ex-
defect, which indicated that although BaMgf@ttice  press a propagation length of a phonon, i.e., a mean free
including a Mg ion and an oxygen vacancy has thepath of aphonon, because a phonon is adamped oscilla-
resonance frequencies different from those without detion [19]. In an ideal single crystal, which is defect-free
fect, the BaMgQ lattice must vibrate really at the res- and enough large, there is a maximum mean free path
onance frequencies equivalent to those without defecf a phonon £S) at certain temperature (in general,
This means that in order to make the lattice includingit is known thatS at room temperature can be a cou-
a Mg ion and an oxygen vacancy vibrate at the resople nm). However, in the single crystal with the lattice
nance frequencies equivalent to those without defecidefects, on the assumption that these defects are the
an excess energy corresponding to the difference beyoint defects and have the uniform and random distri-
tween vibration energies of the lattice with and withoutpution in the crystal, a distance between neighboring
defects is required. As the result, the substitutional Mgdefects becomes shorter with increasing number of the
ion can act as a resister in all phonon of Ba3;i{34] |attice defects. As above mentioned, in the surround-
e.g., the @ octahedra deformation mode, silent modeings of the lattice defects, a phonon loses its vibration
(=04 torsional mode), Last mode=Ba-TiOs trans-  energy, i.e., one ideal phonon can be disturbed near
lational mode) and Slater mode:{i-Og translational  the lattice defects. We defined this distance between
mode). These modes lose gradually its vibration energyieighboring lattice defects as the correlational size of
near the defect, and thus the life time of these phonoaipoles &S). Fig. 16 shows a one-dimensional model
becomes shorter, i.e., its damping factor increases. Thef the correlational size of dipoles. In the occasion of
increase of the damping factor can make the state of < S, the state of a phonon is almost similar to that of
the phonon very unstable, which means that the latan ideal single crystal, but & ~ Sor S > S, the state

tice defect can give the influence similar to the increasef a phonon can change significantly to unstable state,
of temperature on the crystal structure of Baji@s and the state of a phonon becomes more unstable with
reported by Luspiret al. [37]. decreasing.

As mentioned above, BaTiohas intrinsically the In the hydrothermal BaTi@fine particles with high
phase transition with an order-disorder behavior as weltoncentration of lattice hydroxyl group, we could ex-
as well-known displacive behavior at 130, and the plain the role of lattice hydroxyl group using this model,
lattice defect such as a Mg ion substituted in the positiorand defineds, as shown in Equation 5.
of Ti can enhance the vibration energy at room tempera-
ture up to that of pure BaTigabove Tc. The hydrother- v\ 13
mal BaTiQ; particles including Mg of 0.155 wt% can S= < ) (5)
have very unstable phonon corresponding to that of pure
BaTiO;s single crystal above Tc, owing to the presenc : . i ,
of higher Mg contents, while the hydrothermal Ba3iO e):Nn?s?;on) Isar? dl;ni'; rtr;:()el \riﬁlr%rggr c())ff ?ﬁglgtﬁéé? é]?:' ots
particles without Mg very stable phonon correspondlng,mvolved inVV. But, Equation 5 means th& can be

to that of pure BaTi@single crystal below Tc. Idepend on only the number of the lattice defects, and is

BaTiOs fine particles with high Mg contents becomes‘mdependent of other factor. Thus, Equation 5 suggests

to cubic or tetragonal with a small tetragonality. The
above discussion could be applied on the occasion of the
hydrothermal BaTi@fine particles with high concen-
tration of lattice hydroxyl group. This suggests that the
effect of the lattice defect on the phonon and the crysta
structure can be explained using the same mechanis A

despite the kinds of the lattice defects. Therefore, inor- "o deteat Lattice defect

der to predict the effect of lattice defect on the phonorkigure 16 A one-dimensional model of the correlational size of dipoles
and the crystal structure of BaTiQit is very impor-  (=9S).

-«—S = Correlational size of dipoles
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that the correlational size of dipolé&is independent Here,O; is assumed to be inversely proportional to the
of the kinds of the lattice defects. magnitude of the difference between vibration energies
In this and recent studies, [20] with increasing con-in the BaTiQ lattices with and without defect, which
centration of the lattice defects, the phonon becameneans that as the difference between vibration energies
more unstable and the average crystal structure changéudthe BaTiQ; lattices with and without defect becomes
from tetragonal to cubic. However, there was a largdarger, O; becomes smaller, i.eS becomes smaller
difference between the effects of Mg and lattice hy-while as the difference becomes small@r,becomes
droxyl group on the phonon and the crystal structurdarger, i.e.,.S becomes larger.
of BaTiOs. In fact, when with increasing concentra- On the occasion of a use of Equation $jn the
tion of the lattice defects, a damping factor of E(4LO) hydrothermal BaTi@ particles including Mg and lat-
mode increased to about 120 ththe average crys- tice hydroxyl group is 1.65 nm and 0.63-0.80 nm,
tal structure was assigned to cubic from the Rietveldespectively. In this caseSfy=0.63-0.80 nm and
method, and FWHM of a (200) plane decreased toSyg = 1.65 nm), the additive effect of Mg and lattice
about 4x 1072 rad, there was lattice hydroxyl group of hydroxyl group on the phonon and the average crystal
about 0.9 wt% as bD in the hydrothermal BaTigXine  structure of BaTi@ can became almost same. There-
particles (62.5 nm) including lattice hydroxyl group fore, forS,; ~ §,, aratio ofOo to Oyg mustbecome
while there were Mg of about 0.15 wt% in hydrother- about 2.0-2.6 in Equation 6. This value is an experi-
mal BaTiQ; fine particles (63.1 nm) including Mg. mental result, and in order to prove this concept, it is
In the hydrothermal BaTigfine particles including necessary to calculate the difference between vibration
lattice hydroxyl group of 0.9 wt% as4@, there is one energies in the BaTiglattices with and without defect
substitutional lattice hydroxyl group in 13 lattice oxy- using a Molecular Mechanics method, e.g., a calcu-
gen sites, i.e., there is one lattice hydroxyl group inlation of the difference between vibration energies in
four BaTiO; lattices, while in hydrothermal BaT#) the pure BaTiQ@ lattices and the pure BaMg(attices,
fine particles including Mg of 0.15 wt%, there is one where there are a substitutional Mg ion and an oxygen
substitutional Mg ion in 70 Ti sites, i.e., there is onevacancy in a BaTi@ lattice, and confirm that a ratio
Mg in 70 BaTiG; lattices. Here, each correlational size of a vibration energy in the BaT¥attice including
of dipoles in hydrothermal BaTi©particles including 0.9 wt% as HO to that in BaTiQ lattice including Mg
lattice hydroxyl group of 0.9 wt% as4® and Mg of  of 0.15 wt% becomes about 2. But, the normalization
0.15 wt% estimated using Equation 5 is 0.63—0.80 nrrusing Equation 6 was introduced only for the purpose
and 1.65 nm, respectively. This result indicated that inof the correction of the different correlational sizes of
order to give the same effect on the phonon and the avedipoles by the kinds of the lattice defects, afdvas
age crystal structure of hydrothermal Bagi@articles, meaningless itself.
the correlational size of dipoles in BaTi@articles in- Onthe basis of the above discussion, in order to study
cluding Mg was about twice longer than thatin BaZiO the state of the phonon, it is most important to estimate
particles including lattice hydroxyl group. Therefore, it a mean free path of a phonon. After this, using a mea-
is necessary for the correlational size of dipoles to consurement of a thermal conductivity, it will be possible
sider about an influence of the kinds of lattice defectsio estimate the mean free path of a phonon. Moreover,
and it is much important to redefine the correlationalwe believe that the effect of the lattice defect on the
size of dipoles considering the kinds of lattice defectscrystal structure of BaTi@can be also explained us-
In order to correct the different correlational sizesing the modified soft-mode theory, and thus it will be
of dipoles by the kinds of the lattice defects, a nor-much important to detect directly and analyze the soft
malization of the correlational size of dipoles is nec-mode &Slater mode) in the hydrothermal fine BagiO
essary. Here, it must be considered that what physicalarticles.
quantity can be affected by the lattice defects. As men-
tioned above, the lattice defect can act as aresisterin the
BaTiOs; phonon. This is because a vibration energy in .
the BaTiQ; lattice without defect is quite different from 5- Conclusion , _
that in the BaTiQ lattice with defects. At present, we BaTiOs fine particles with various Mg contents were
think that as the difference between vibration energiegrepared by the hydrothermal method. TEM observa-
in the BaTiQ lattices with and without defect becomes tion showed that these particles were spherical single
larger, the effect of the defect on the phonon and thé&rystallites of BaTiQ with an average size of about
average crystal structure of BaF@articles also be- 63 nm regardless of Mg contents. AA and ICP-MS in-
comes larger. Thus, in order to correct the differencelicated thatM_g contents included in the particles could
of the kinds of the lattice defects, we propose a newP€ controlled in the range from 0O to about 0.15 wt%,
constant,O; (i: the kinds of the lattice defect), in the a@ndmoreover, animpedance spectroscopy revealed that
redefinition of the correlational size of dipol& on f[he resistance of mtrapartu_:le decreased w_lth increas-
the basis of the difference between vibration energie§!d Mg content. On the basis of the resullts, it was con-

in the BaTiQ lattices with and without defect, as shown firmed that Mg replaced substitutionally on Ti site in
in Equation 6. a BaTiQ; lattice. As a result of a XRD measurement,

an average crystal structure of the particles without Mg
13 was tetragonal with a tetragonality of 1.0015 while the

S x O (!) (6) average c_:rystal structure approached to cubic gradu-
ally with increasing Mg content. On the other hand,
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a Raman measurement indicated that the local crysto.

tal structure was tetragonal regardless of Mg contents.

This suggested that there was order-disorder behavidt- ,
12. Idem, Adv. in Phys9 (1960) 387.

13.
ticles including Mg of 0.155 wt%. The similar order- 14,

in the crystal structure of hydrothermal BaTi@ar-

disorder behavior was observed in the crystal structure
of hydrothermal BaTi@ particles including lattice hy-
droxyl group of 0.9 wt% as §D, and in the crystal
structure of BaTiQ@ single crystal above Tc. Thus, we
believe that the order-disorder behavior in the crystal
structure of the hydrothermal BaTi@articles was in-
trinsic characteristics of BaTif)and the lattice defects

could make this order-disorder behavior in the crystalls'
9. Idem, J. Ceram. Soc. Jpri04(1996) 383.

0. T. NOMA,S. WADA,M. YANO andT. SUZUKI, J. Appl.

structure occur.
Moreover, Raman and IR spectra showed that res—

onance frequency for each phonon mode was indez1.

pendent of Mg contents while their damping factor in-

creased with increasing Mg content, which suggested®

that state of the phonon became unstable with increas-

ing Mg content. Thus, we discussed about the additives.

effect of Mg on the crystal structure of hydrothermal

BaTiO; particles, based on the stability of phonon. As?24.

a result, we found that the lattice defects introduced
by Mg into BaTiG; lattices can act as resister on the

BaTiO; phonon, and then a life time of phonon was ¢

shorter with increasing Mg content. This suggested that

the additive effect of Mg into hydrothermal BaT{O 27.
particles was the almost similar effect as the increasing®

temperature in BaTi@single crystal.
Atlast, we modified the definition of the correlational

size of dipoles considering the kinds of lattice defects3o0.

and proposed a new constant. In order to prove this corl.
32.B. JANNOT, L.

cept, we will calculate the difference between vibration
energies in the BaTi@lattices with and without defect .,
using a Molecular Mechanics method.
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