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This paper investigated the optical properties and dielectric properties of neodymium doped BaTiO3 ceramics prepared by 
Ba(1-x)NdxTi1.005O3 powders synthesized via a hydrothermal method. The effects of Nd3+ions content on the structure, dielectric 
properties and optical properties of the ceramics were studied. The structural analysis performed on the X-ray diffractometer 
shows that the phase compositions of all ceramics are tetragonal phase structure. The red shift of the absorption edge 
indicates the presence of defect energy levels which was proved by the UV-Vis-NIR diffuse reflection spectra. Dielectric 
property measurements show that Nd-doped BaTiO3 ceramics possess improved dielectric properties at low Nd3+ contents
(x = 0.001 and 0.002), as demonstrated by decreased dependence to frequency for both the dielectric constant and dielectric 
loss.

INTRODUCTION

 The ferroelectric BaTiO3 is a widely studied elec-
troceramic that can be deployed in various areas such as 
optical, electric, thermistors, tunable microwave devices 
and multilayer ceramic capacitors due to its excellent 
characteristics [1-5]. By adding different dopants to 
BaTiO3, many characteristics for various applications 
can be obtained. The dielectric properties of BaTiO3 
ceramic can be modified by doping with different metal 
cations. By means of doping with Sr and La, high 
dielectric constant ceramics at room temperature have 
been achieved [6]. Doping of Mg led to the decrease of 
Curie temperature and the dielectric constant at peak 
temperature [7]. Among the metal cations, neodymium is 
an interesting dopant. It has been observed that Nd3+ can 
replace Ba2+ and Ti4+ in BaTiO3 [8-10]. It was reported 
that Ba-rich samples will drive amphoteric dopants to 
more frequently occupy B-sites, and Ti-rich samples will 
drive such dopants more frequently into the A-sites [11]. 
The dielectric constant of Nd-doped BaTiO3 ceramics 
which were pressed into disks with 10mm in diameter 
and about 1mm in thickness synthesized by conventional 
powder processing method increases significantly by 
adding Nd3+ wiht Ba/Ti molar ratio incresing [9]. With 
increasing Nd doping levels in BaTiO3 ceramics prepared 
by sol gel method, the phase transition of tetragonal to 
cubic structure appears [10]. It proves that Nd is a phase 
change inhibitor. The Nd3+ doped barium zirconium tita-
nate ceramics exhibite negative temperature coefficient 
of resistance (NTCR) and the diffuse phase transition 
behavior at higher Nd3+ content [12]. 

 Considering the importance applications of BaTiO3

ceramic in electronic devices and there is scarce 
systematic research on the effects of Nd doping content. 
The objective of the research was set to study the 
dielectric and optical properties. In this paper, we hope 
that neodymium occupies Ba sites and the Ti/Ba molar 
ratio of 1.005 was used for experiments. A series of 
Ba(1-x)NdxTi1.005O3 ceramics (x = 0.0005, 0.001, 0.002, 
0.005, 0.01, 0.02 and 0.05) were prepared. The ceramic 
samples were fabricated from powders synthesized by 
hydrothermal method. The influences of Nd content on 
the structure, dielectric properties and optical properties 
were investigated.

EXPERIMENTAL

 Pure and Nd-doped BaTiO3 were synthesized in 
23 ml Teflon lined autoclaves at 180°C for 12 hours by 
hydrothermal method. The required amount of barium 
chloride dehydrate (BaCl2

.2H2O (A.R.)), tetrabutyl tita-
nate (Ti(OC4H9)4 (C.P.)) and neodymium chloride 
(NdCl3

.6H2O (2.5N.)) corresponding to the composition 
of Ba(1-x)NdxTi1.005O3  were precisely measured. First, 
0.01(1-x) (x = 0, 0.0005, 0.001, 0.002, 0.005, 0.01, 
0.02 and 0.05) mol BaCl2

.2H2O were added to 10 ml 
deionized water with continuously stirring at 80°C to 
prepare aqueous solution. 0.01005 mol Ti(OC4H9)4 was 
added to the above solution drop by drop under quick 
stirring. Then 0.05 mol NaOH (A.R.) and NdCl3

.6H2O 
weighed in stoichiometric proportions were added to 
above solution respectively. After stirring for 30 min, the 
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mixtures were transferred into Teflon-lined autoclaves 
filled with deionized water of 80°C until a filling degree 
of 80 % was reached. The hydrothermal reaction was 
carried out in an oven. After the reaction, the autoclaves 
were cooled to room temperature, pure and Nd-doped 
BaTiO3 powders were washed with deionized water 
several times to remove the absorbed impurities and the 
products were oven dried at 90°C for 12 h. For BaTiO3 
ceramic studies, the as-prepared BaTiO3 powders were 
sintered at 1150°C in air for 2 h. For dielectric studies, 
400 mg of the resulting powders was ground with 2 ml 
aqueous solution of polyvinyl alcohol (1 mg/ml), and 
then the slurries were allowed to dry at 90°C for 10 h 
under atmosphere. The dried powders were then reground 
and pressed with an applied load of 6.5 MPa into disks of 
13 mm in diameter and 2 mm in height. The samples were 
sintered at 1150°C in air for 2 h. Colloidal silver paint 
(SPI, Inc.) was applied to both faces before annealing the 
pellets at 100°C for 1 h.
 X-ray powder diffraction measurements were per- 
formed on the X-ray diffractometer (XRD, Model 
DX2700) using a Cu Kα (λ = 1.54 Å) radiation source. 
Cell parameters of the samples were refined by the least 
squares’ fitting method based software unitcell-97. The 
morphology was analyzed using scanning elec-tron 
microscopy (SEM, VEGA3 TESCAN). The measure-
ments of FT-IR spectrum were carried out by means of 
Nicolet Avator 360. The diffuse reflection spectra in the 
UV, Visible, and near IR regions were recorded with a 
Hitachi U4100 spectrophotometer. Dielectric properties 
were measured on an Agilent 4294A impedance analyzer 
with a frequency sweep of 40 Hz - 5 MHz.

RESULTS AND DISCUSSION

 The XRD patterns of pure and Nd-doped BaTiO3 
ceramics are shown in Figure 1. It is obvious that pure 
BaTiO3 ceramics fit well with the tetragonal phase 
of BaTiO3 P4mm space group (JCPDF No.05-0626). 
The characteristic peaks of tetragonal (200) and (002) 
are observed at about 45° and grow gradually weaker 
with the increase of Nd3+ content. The result indicates 
that higher x values will restrain the phase change from 
cubic to tetragonal. When x = 0.05, a main phase with 

tetragonal phase and traces of a secondary phase of 
BaCO3 and BaTi2O5 (JCPDF No.34-0133) are observed 
and the stations have been indexed. It was reported that 
different phases such as BaTiO3, BaCO3 and BaTi2O5 
can coexist in BaTiO3 ceramics. The BaCO3 formation 
can be introduced through the contamination of CO2 
from the atmosphere, the impure phase BaCO3 decreases 
with increasing the sintering temperature [13-15]. It is 
believed that the metastable BaTi2O5 phase formed in Ti-
rich condition at high temperature [14]. It was reported 
that the position of the (002) and (200) peaks are slightly 
shifted towards the larger Bragg angle when Nd content 
increases [10], the result is accordant with the report in 
this experiment. In Figure 1, the diffraction peak intensity 
becomes weak in comparison with others when x = 0.05 
and it maybe caused by other phases in BaTiO3. The 
lattice parameter and unit cell volume of the BaTiO3 
ceramics were calculated from the XRD data and are 
given in Table 1. The data shows that the c parameters 
and unit cell parameters decrease, indicating that Nd3+ is 
incorporated into the crystal lattice of BaTiO3. The unit 
cell volume decreases with the increase of Nd3+ content. 
This is attributed to the fact that the ionic radius of Nd3+ 
is smaller than that of Ba2+ [16, 17]. The tetragonality, 
defined as the ratio c/a of the lattice parameters [18], 
decreases with the increase of Nd3+ content.

Figure 1.  XRD pattern of Ba(1-x)NdxTi1.005O3 ceramics (x = 0, 
0.0005, 0.001, 0.002, 0.005, 0.01, 0.02 and 0.05).
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Table 1.  Crystal system, lattice parameter, unit cell volume.

System  Composition, x crystal system a(Å) c(Å) c/a cell volume (Å3)

 0 Tetragonal  3.984 4.027 1.011 63.918
 0.0005 Tetragonal  3.999 4.031 1.008 64.464
 0.001 Tetragonal  3.999 4.030 1.008 64.448

Ba(1-x)NdxTi1.005O3
 0.002 Tetragonal  3.998 4.03 1.008 64.416

 0.005 Tetragonal  3.997 4.03 1.008 64.383
 0.01 Tetragonal  3.996 4.029 1.008 64.335
 0.02 Tetragonal  3.997 4.026 1.007 64.319
 0.05 Tetragonal  3.99 4.004 1.004 63.744
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 Figure 2 shows the SEM micrographs of pure and 
Nd-doped BaTiO3 ceramics sintered at 1150°C in air for 
2 h. As can be seen from Figure 2, the microstructure 
of pure BaTiO3 exhibits large grain size, however the 
grain size of Nd-doped BaTiO3 significantly decreases. 
The result suggests that the incorporation of Nd3+ can 
limit grain growth in the BaTiO3 ceramics. This observed 
behavior is believed to be caused by the replacement 
mechanism of Ba2+ + 2Nd3+ = 2Ti4+ [19]. But when x 
value is 0.05, the grain size increases. We do not exactly 
know the reasons of such change on the morphology. One 
can suppose that the impurity expands grain boundaries, 

which would cause increase of the grain size. In Figure 2, 
the porosity of Nd-doped BaTiO3 is higher than pure 
BaTiO3 ceramic. Therefore densities of Nd-doped cera-
mics are lower than that of pure BaTiO3. 
 The FTIR spectra of BaTiO3 ceramics doped 
with different Nd3+ content are shown in Figure 3. The 
absorption peak at about 524 cm-1 is the characteristic 
of the Ti-O stretching vibrations in BaTiO3 [20-22]. The 
peak at about 2.320 cm-1 is due to ambient CO2 [11]. In 
Figure 3, the bands of Nd-doped BaTiO3 are sharper and 
stronger than that of pure BaTiO3 and shift to higher 
wavenumbers. Figure 4 shows the UV-Vis-NIR diffuse 

Figure 2.  SEM micrographs of Ba(1-x)NdxTi1.005O3 ceramics sintered at 1150°C in air for different Nd3+ content. a) x = 0, b) x = 
0.0005, c) x = 0.005 and d) x = 0.05.

a) x = 0

c) x = 0.005

b) x = 0.0005

c) x = 0.05
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reflection spectra of BaTiO3 ceramics with different 
Nd3+ content in the wavelength range of 300 - 900 nm. 
It can be seen that six characteristic absorption peaks 
of Nd3+ at 526 nm, 586 nm, 689 nm, 749 nm, 810 nm 
and 886 nm are observed and assigned to the electronic 
transitions of 4I9/2 →2G7/2, 4G5/2, 4F9/2, 

4S3/2(4F7/2), 4F5/2, 
and 4F3/2. It can be seen that the base-line reflections 
decrease with increasing Nd content and it can be caused 
by coarse surface of ceramic samples. The characteristic 
peaks become sharper and stronger with the x value 
increasing. But when x value is 0, no absorption peak 
can be observed. As shown in Figure 4, for Nd-doped 
BaTiO3, their optical absorption edges shift to higher 
wavelength comparing to pure BaTiO3 in the range 
of 300 - 370 nm. The red shift of the absorption edge 
indicates the presence of defect energy levels [3]. 
 Figure 5a shows the influence of varying Nd3+ con-
tent in BaTiO3 ceramic samples on dielectric constant 
over the frequency range of 40 Hz to 5 MHz. As can 
be seen in Figure 5a, the dielectric constant decreases 
evidently comparing with pure BaTiO3 when x value is 
0.0005. The decrease of Nd-doped BaTiO3 grain size 
could be a possible reason for the dielectric constant 
decrease. When x value is 0.001, the dielectric constant 
increases dramatically and reaches a maximum value 
1.312 at frequency of 5 MHz. It can be assumed that low 
content of Nd3+ is completely incorporated in the BaTiO3 
lattice. Further addition of Nd3+ above 0.001 leads to 
a rapid decrease in the dielectric constant. The change 
is possibly connected with the high porosity [23] and 
tetragonality decreasing with the increase Nd3+ contents 
as mentioned XRD results previously. But the dielectric 
constant is slightly increased when x value is 0.05, it can 
be associated with the increase of grain size as mentioned 
SEM result. Otherwise, the Ba(1-x)NdxTi1.005O3 ceramics 
have far superior frequency stability with x value 
increasing and the result is similar to our previous report 

Figure 3.  FTIR spectra of Ba(1-x)NdxTi1.005O3 ceramics with dif-
ferent Nd3+ content.
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Figure 4.  UV-Vis-NIR diffuse reflection spectra of  
Ba(1-x)Ndx Ti1.005O3 ceramics.
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Figure 5.  Dielectric constant of Ba(1-x)NdxTi1.005O3 ceramics as a function of frequency (a) and dielectric loss of Ba(1-x)NdxTi1.005O3 
as a function of frequency (b).
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[24]. The values of dielectric loss (tan δ) for various 
Nd3+ contents are shown in Figure 5b. When x = 0, the 
dielectric loss value of pure BaTiO3 reaches maximum 
value 0.75 at frequency of 5 MHz. While the dielectric 
loss values are 0.41, 0.27, 0.18, 0.14, 0.11, 0.06 and 0.01 
with x changing from 0.0005 to 0.05. It is obvious that 
Nd3+ content can dramatically affect the dielectric loss 
and the frequency stability increases over the range of 
40 Hz - 5 MHz.

CONCLUSIONS

 In summary, Ba(1-x)NdxTi1.005O3 ceramics with x va-
lue ranging from 0.0005 to 0.05 were investigated. All 
the BaTiO3 ceramics show tetragonal structure. When x 
value is 0.05, the impurity phase of BaCO3 and BaTi2O5 

appears and confirmed by FTIR and XRD patterns. The 
UV-Vis-NIR diffuse reflection spectra prove that Nd3+ 
has been doped into BaTiO3. The dielectric constant 
decreases when x = 0.0005 comparing with pure BaTiO3 
ceramic. The maximum value of dielectric constant 
appears when x value is 0.001 and decreases with the 
increase of Nd3+ content. The dielectric properties of
Nd-doped BaTiO3 show frequency stability comparing 
with pure BaTiO3.
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