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The microwave characteristics of the BaTi4Og-BaPr2Ti4012 system were investigated, 
including its microstructure and infrared reflection spectroscopy. It was found that this 
system is entirely composed of two phases, BaTi409 and BaPr2Ti,O12, and it is suggested that 
the lattices of each phase are well matched obliquely at the interface in the sintered 
ceramics. The dielectric properties are compared with calculated values deduced from the 
mixing relations of the two components. Furthermore, the infrared reflection spectra of this 
system were analysed with the factorized form of the dielectric function, for the purpose of 
studying the applicability of the reflection analysis technique to this mixed phase system. 

1. Introduction 
Most microwave dielectric ceramics used in 
mobile communication systems and satellite broad- 
casting systems are composed of a single phase, which 
has excellent microwave characteristics e.g. 
Ba(Znl/3Ta2/3)O3 [1], Ba2TigO2o [2] and 
BaSm2TisOx4 [-3]. 

In order to obtain the desired dielectric properties, 
the mixing technique of two low loss materials, with 
positive and negative dielectric temperature coeffic- 
ients, has become well known. As reported by 
Paladino [,4], zero temperature coefficient of the res- 
onant frequency, ~f, was achieved at an intermediate 
composition of MgTizOs-TiO2 system. This ap- 
proach should have wide applicability, if the proper 
selection of two compounds is carried out. However, 
in general, it is not easy to realize a material with 
intermediate properties in such two components 
system because of the difficulty in retaining their indi- 
vidual properties at the sintering temperature. There- 
fore, as a basis for development of a dielectric material 
system perfectly composed of two compounds, it is 
necessary to investigate the system's microstructure 
and dielectric properties. 

As one possible selection of two compounds, the 
TiO/-Bi203 system, composed of two phases, TiO2 
and BizTi4O11 has already been investigated; the 
mixing relation for microwave dielectric properties, 
particularly, for Q values, has been examined [-5]. 
As a result, it was found that the Q values of mix- 
tures are determined from the volume fraction and 
Q value of each component; in a similar manner 
to the dielectric constant and temperature co- 
efficient [-4]. 
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In this study, as another possible selection, the 
microstructure and microwave dielectric properties of 
the BaTi409 BaPr2Ti4012 system is examined. For 
the microstructure, the ceramic interface, which is 
considered to influence the dielectric properties on this 
system, is studied. Furthermore, infrared reflection 
analysis of this system was carried out to obtain 
quantitative dielectric data. 

2. Experimental procedure 
Ceramic samples were prepared with high purity 
BaCO3, TiO2 and Pr6Oll. The powders were 
weighed to obtain a composition of ( 1 - x ) -  
BaTi409-x BaPrzTi4012(x = 0, 0.17, 0.36, 0.56, 0.77 
and 1.00), ball milled, dried and calcined at 1000 ~ for 
2 h. Following the addition of organic binder, the 
mixture was pressed into pellets and sintered at 
1300-1550 ~ for 2 h. The dielectric characteristics of 
these sintered ceramics were measured using the res- 
onant cavity method in the TE0z~ mode [6]. 

The infrared reflection spectra were obtained using 
a Fourier transform spectrometer, Broker IFS-113V. 
A glow-bar lamp was used for measurement from 50 
to 4000 cm- z. A polished ceramic was set in the vac- 
uum chamber evacuated to 1.3 Pa, and the reflectivi- 
ties were measured relative to the reflectance of an 
evaporated gold mirror. The incident angle of radi- 
ation was 11 o, and the spectra were recorded at a res- 
olution of 1 cm-1. 

The reflectance data were transformed to dielectric 
data with the factorized form proposed by Gervais 
and Piriou [7], instead of the classical dispersion 
theory, considering that vibrational modes with 
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different energy levels should not be equally damped 
[8]. The frequency-dependent complex dielectric func- 
tion is then written as 

~ rTf~j~~ - 0)2 + i~%0• 
e 2 0)2 (1) j ~jTO + iTjTO • CO 

where f2jTO and YjTO are the transverse optic (TO) 
mode frequency and its damping constant; and f~jLO 
and TiLO are the longitudinal optic (LO) mode fre- 
quency and its damping constant, respectively. Equa- 
tion 1 can be regarded as an extended 
Lyddane-Sachs-Teller (LST) relation [9,10] in 
which damping terms are induced. Infrared reflection 
spectra R were fitted with the aid of Equation 1 to- 
gether with 

R = (~1/2 + (2) 

The oscillator strength Aej [8] and the quality factor 
Q can then be obtained from 

~'~kLO --  ~')jTO (f~2LO 2 2 
=  o \nj% 1 I ] . - r -  (3) 

/ k # j aakTO ~jTO 
~3 t 

Q = 1/ tan5 d' (4) 

The microwave dielectric loss of each TO mode is 
calculated by tlae following equation [11] under the 
c o n d i t i o n s  0)2 ~ ~jT02 

tan 5j = AgJ( '~JT~ • 0))/(~2TO OC ~/jTO X 0) (5) 
~oo + ~ i  A~.i 2 f2j TO 

x=0 
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Figure 1 XRD patterns of ceramic samples in the (1 - x)BaTi409- 
xBaPr2Ti4012 system. 

40 

3. Results and discussion 
3.1. Microstructure 
It is well known that in the BaO-TiO2 system numer- 
ous phases, e.g. BaTi307, BaTi409 and Ba2TigO20 
exist 1-12]. Furthermore, various phases are also ob- 
served in the BaO-TiO2-rare earth oxide system 
[13]. Therefore, phase control is expected to be ex- 
tremely difficult in such a system. However, it was 
found that the (1 -x )BaTi409-xBaPr2Ti4012  sys- 
tem given here is composed of only two phases, 
BaTi409 and  BaPr2Ti4012. In fact, no peaks are 
observed except for those for BaTi409 and 
BaPr2Ti, Ox2, as shown in the X-ray diffraction 
(XRD) patterns, Fig. 1. The XRD patterns of pure 
BaTi, O9 (x --- 0) and BaPr2Ti4012 (x = 110), meas- 
ured as a standard, are almost the same as ones 
reported previously [14]. 

From scanning electron microscopy (SEM) obser- 
vations of polished and thermally-etched (at 1200 ~ 
for 10 min) cross-sections of two ceramic samples 
(x --- 0.36 and 0.77 in Fig. 1, respectively), it is obvious 
that grains can be divided into two classes, grey parts 
and white parts; and these grains are in coexistence 
without interference, as illustrated in Fig. 2a, b, as the 
backscattering electron image. X-ray microanalysis 
(XMA) shows that grey grains (spot 1 in Fig. 2b) are 
composed of onty BaTi409 (spot 2 in Fig. 2b) and the 
white grains are composed of only BaPr2Ti4012. 
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Figure 2 SEM photographs of ceramic samples in the (1 -x)- 
BaTi409-xBaPr2Ti, Olz system; backscattering electron image of 
(a) x = 0.36, and (b) x = 0.77. 
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Figure 3 TEM photographs of ceramic sample (x = 0.36 in Fig. 1). 

These results correspond well with the XRD data 
displayed in Fig. 1. Of particular interest is the behavi- 
our at the interface of two phases seen by transmission 
electron microscopy (TEM), as shown in Fig. 3 by 
electron diffraction images of the ceramic sample 
(x = 0.36 in Fig. 1). In contrast with expectations that 
the interface of each phase consists of a disturbed 
array of atoms, with a thickness of a few nanometres, 
the lattices of each phase are well matched obliquely 
(about 9 ~ i.e. double widths of the (0 20) plane for 
BaPr2Ti40~2 are nearly equivalent to the five-fold 
widths of the (120) plane for BaTi409 at  the interface 
(this observation can also be supported by a simple 
calculation using each lattice parameter, 
d ( o 2 o  ) = 1.115 nm [15] and d ( 1 2 o  ) ---= 0.47574 rim). Al- 
though it is necessary to observe various points in the 
ceramics for the matched interface, this fact may be 
related to the result that each phase can preserve its 
properties at the sintering temperature in this system. 

3.2. Microwave properties and mixing 
relation 

As shown in Figs 1 a n d  2, the system 
BaTi409-BaPr2Ti4Ot2 ceramics is entirely com- 
posed of two phases, and in such a case it should be 
possible to predict the dielectric properties of the mix- 
tures from dielectric properties of each component. 
The empirical models for predicting dielectric con- 
stants [4], temperature coefficients [4] and Q values 
[53 are expressed as follows 

In e = Vl lnel  + V21n~2 (6) 

z = Va'~I + V2"c2 (7) 

1/Q = Vl/Q1 + v2/Q2 (8) 

where Vt and V2 are the volume fractions of the two 
components; et and e2 are their dielectric constants, 
while e is the resultant dielectric constant of the 
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Figure 4 Room temperature dielectric constant, ~ ,  versus volume 
fraction of BaPr2Ti,~O~a in the BaTi4Og-BaPr2Ti40~a system. 
The solid cur)e represents values from the mixing relation, Equa- 
tion 6. 
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Figure 6 Q value versus volume fraction of BaPr2Ti~Ot2 in the 
BaTi409-BaPrzTi4Olz system. The solid curve represents values 
from the mixing relation, Equation 8. 
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Figure 7 xf of Ba6_rPrs+z/ayTi18054 ceramics. 

Figure 5 zf versus volume fraction of BaPrzTi4012 in the BaTi~O 9- 
BaPrzTi4012 system. The solid line represents values from the 
mixing relation, Equation 7, 

mixture; zl is the temperature coefficient; and Q1 and 
Q2 are the Q values of the two components. The room 
temperature dielectric constants, er, the temperature 
coefficient of resonant frequency, xf, and Q values are 
shown in Figs 4-6, respectively, compared with those 
obtained from the mixing relations, Equations 6-8. 
The volume fraction of each component is calculated 
on the assumption that the ceramic samples are per- 
fectly composed of BaTi409 and BaPr2 Ti40 t 2. From 
Fig. 6 it is found that the values of the measured 
Q values lie on the curve calculated from Equation 8, 
which indicates that this equation, for representing the 
mixing relation for Q values, is effective for predicting 
that of the mixture. On the other hand, the values of 
dielectric constants, and particularly those of zf, 
fail to fall on the curves calculated from Equations 
6 and 7. Though the origin of this result is now 
uncertain, it is considered that formation of the solid 
solution expressed by the general formula Ba6_y 

Pr8 + 2r/3 Ti 18 O 54 [16] is strongly concerned with this 
result. The phase BaPr2Ti4012 is the intermediate 
composition of y = 1.5 in this formula. Obtained 
was the experimental result that zf for Ba6_rPr8+z/ay 
Ti18054 ceramics rapidly increases with the decrease 
in y value, maintaining the same crystal struc- 
ture as shown in Fig. 7. Accordingly, it is deduced 
that Ba6_rPr8+z/arTi18054 ceramics (y < 1.5) with 
higher zf compared to the BaPrETi4Otz ceramic, was 
formed in the vicinity of x = 0.5 in the ( 1 -  x)- 
BaTi409-xBaPr2Ti4012 ceramic system. It is 
necessary, to investigat e this phenomenon in more 
detail. 

3.3. Infrared reflection analysis 
So far, the reflectance spectra of dielectric materials 
were usually analysed according to the classical dis- 
persion theory or to the Kramers-Kronig relation 
[11, 17-19], and these results suggest that infrared 
reflectance spectroscopy could be used for the charac- 
terization of dielectric ceramics. This technique 
was applied with the factorized model described in 
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T A B L E I I Calculated A ej and tan ~ for each TO mode 

BaPr2Ti4012 0.64BaPr 2 Ti a O 1 z-0"36BaTi4 09 BaTi409 

j Ae~ tan 8 bj (x 10 -3) Aej tan 6j (• 10 -3) A~ tanSj(xlO 3) 

1 8.20 0.035 89 2.19 0.00529 1.76 
2 20.68 0.081 17 9.87 0.03217 6.92 
3 9.62 0.032 51 6.91 0.029 54 0.89 
4 17.57 0.05740 2.97 0.01604 1.68 
5 9.04 0.022 31 12.06 0.097 97 0.05 
6 10.47 0.020 09 2.56 0.012 01 0.68 
7 4.49 0.006 69 1.70 0.002 18 2.91 
8 0.81 0.005 85 4.36 0.004 47 0.29 
9 1.11 0.007 45 1.37 0.000 90 3.14 

10 1.39 0.008 03 2.14 0.00147 0.44 
11 0.17 0.00093 1.67 0.001 10 1.83 
12 0.31 0.00129 0.58 0.000 29 3.62 
t 3 0.09 0.000 41 0.71 0.000 86 0.23 
14 0.18 0.000 58 0.61 0.000 53 0.93 
15 0.02 0.000 08 1.05 0.000 65 1.93 
16 0.43 0.001 12 0.16 0.00006 2.16 
17 0.78 0.002 39 0.28 0.00011 0.39 
18 0.03 0.00006 0.21 0.00006 1.13 
19 0.02 0.000 02 0.23 0.000 07 0.32 
20 0.04 0.000 07 0.40 0.00015 0.33 
21 0.00 0.000 00 0.03 
22 0.15 0.000 06 0.57 
23 0.00 0.000 00 0.01 
24 0.04 0.000 01 0.04 
25 0.04 0.000 01 0.08 

0.0020 
0.0219 
0.0023 
0.0038 
0.0003 
0.0017 
0.0059 
0.0001 
0.0019 
0.0001 
0.0012 
0.0029 
0.0000 
0.0008 
0.0023 
0.0013 
0.0002 
0.0004 
0.0001 
0.0001 
0.0000 
0.0005 
0.0000 
0.0000 
0.0000 

a Calculated using Equation 3. bCalculated using Equation 5 for each TO mode at 5 GHz. 
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Sect ion 2, ins tead  of  the  classical  d i spers ion  theory  to 
the  ma te r i a l  system c o m p o s e d  of  mixed  phases  men-  
t ioned  above.  Fig. 8 a - c  demons t r a t e s  the measu red  
and  ca lcu la ted  reflectance spec t ra  of BaPr2Ti4OI2 ,  
0 . 6 4 B a T i 4 0 9 - 0 . 3 6 B a P r 2 T i 4 O l z ,  and  B a T i 4 0 9  cer- 
amics,  respectively.  The  solid lines show the ca lcu la ted  
refiectivity, which are  in good  agreement  with the 
observed  ones (dashed lines) for the  three ceramics.  An 
a t t empt  was also m a d e  to fit the  reflectivity d a t a  wi th  
the classical  d i spers ion  theory,  but  the  ca lcu la ted  re- 
flectivities d a t a  d id  no t  fit the observed  ones well; 
which suggests tha t  v ib ra t iona l  modes  wi th  different 
energy levels should  no t  be equal ly  d a m p e d  [8]. 
Tab le  I shows the frequencies and  d a m p i n g  pa ra -  
meters  deduced  from the best  fit of  the reflectivity d a t a  
for these ceramics,  and  Tab le  I I  summar izes  A ej  and  
t a n 6 j  ca lcu la ted  using Equa t ions  3 and  5. In  
BaPr2 T i 4 0  12 ceramics,  the observed  reflectance spec- 
t rum was found to be well fitted by using 20 phonons  in 
to ta l  (Fig. 8a). I t  was found  tha t  six phonons  ( j  = 1-6)  
hav ing  low re sonan t  frequencies of 80-220  c m -  1 had  
large osc i l la tor  s t rength  (A~j > 8), and  thus  con t r ib -  
u ted signif icantly to dielectr ic  loss at  mic rowave  fre- 
quencies.  In a previous  work  [20] where  measu remen t  
of the reflectance spec t rum of BaPr2Tis  O 14 ceramics,  
whose crysta l  s t ruc ture  was ana logous  to tha t  of  
BaPrz  T i 4 0  12, 18 infrared modes  were observed.  The  
general  a p p e a r a n c e  of  the B a P r 2 T i 4 0 1 1  ceramics  
spec t rum is s imilar  to tha t  of B a P r z T i s O 1 4 ,  bu t  the 
BaPr2T i sO14  peaks  loca ted  at  2 0 0 - 4 0 0 c m  -~ are  

Figure 8 Measured (---) and calculated ( ) reflectivity for (a) 
BaPr2Ti4Oiz, (b) 0.64BaTi4Og-0.36BaPrzTi4OI2 and (c) 
BaTi409 ceramics. 
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sharper than those of the BaPrzTi4012 ceramics. 
In 0.64BaTi409-0.36BaPrzTi4012 ceramics, it 
is found that three phonons (j = 2,3, 5) have great 
strength (Aej > 6) and resonant frequencies were 
shifted to relatively higher frequencies compared with 
those of the BaPr2Ti4012 ceramics. This observ- 
ation can be seen clearly from Fig. 9, where com- 
puted e" as a function of frequency is shown. On 
the other hand, the observed reflectance spectrum 
of the BaTi409 ceramics was found to be well 
fitted using 25 phonons in total (Fig. 8b), and many 
resonances (j=1,2,4,9,11,12,15,16,18), with the 
same degree of intensity and damping, are distributed 
in a wide range of lower to higher frequencies 
(50 to 500 cm- 1) as shown in Fig. 9. 

The room temperature dielectric constant, er 
and Q from Equations 1 and 4 are compared with 
those obtained from direct measurements at 5 GHz 
in Table III for three ceramics. The calculated di- 
electric constant agree well with the measured 
values, and the calculated Q values are to some 
extent larger than the measured ones for the 
BaPrzTi4012 and 0.64BaTigO9-0.36BaPr2Ti4Oa2 

ceramics. The origin of the difference in Q values 
may be the result of an error in the reflectance 
measurements, due to factors such as scattering 
from porosity and scratches on the ceramic samples, 
as reported by Mhaisalkar et al. [18]. Though such 
problems must be solved for better estimation, it is 
suggested that this method of reflection analysis 
can be applied to such ceramic materials composed 
of mixed phases for investigating the dielectric 
properties. 

4. Conclusions 
The microwave characteristics of the system 
BaTi409-BaPrzTi4012 were investigated, including 
its microstructure and infrared reflection spectro- 
scopy. The following results were obtained. 

1. The system BaTi409-BaPrETi4012 is entirely 
composed of two phases, and it is suggested that the 
lattices of each phase are well matched obliquely at the 
interface in the sintered ceramics. 

2. The mixing relation for Q values can be well 
applied to this system. 

3. It would be possible to investigate the dielectric 
properties of ceramic materials composed of mixed 
phases by means of infrared reflection analysis. 

t -  

(a) 

(b) 

(c) 

800 0 
I , I , I , 

4 0 0  

Wavenumber (cm -1) 

Figure9 Computed  e" as a function of frequency for (a) 
BaPr2Ti4012,  (b) 0.64BaTi409 0.36BaPrzTi4012 , and (c) 
BaTi4 09  ceramics. 

T A B L E I I I Measured and calculated dielectric characteristics at 
5 GHz 

Material Measured Calculated 

(at 5 GHz) (at 5 GHz) 

BaTi40  9 35 10200 37 9700 
0.64BaTi4 O9-  
0.36BaPr2Ti4Ot2 57 1890 56 4200 
BaPr2Ti#O12 91 1000 90 2300 
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