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ABSTRACT

(Ba0.96Nd0.04) (Ti0.96Ho0.04) O3 (BNTH4) ceramic with a cubic perovskite structure was prepared using the cold-
pressing ceramic technique of solid-state reaction. Under 638-nm excitation, the photoluminescence (PL) monitoring 
provided the evidence of a small number of Ho3+ ions at Ba-sites. BNTH4 exhibits the multiplicity of PL signals of Nd3+ 
and Ho3+. Ho3+ in BNTH4 exhibits an asymmetric amphoteric behavior, i.e., 3.82 at. % Ho3+ ions dominantly occupy Ti-
sites and 0.18 at.% Ho3+ ions occupy Ba-sites.  
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1. INTRODUCTION

Rare-earth-doped barium titanate (BaTiO3) ceramics with a perovskite 

structure are widely applied in multilayer ceramic capacitors (MLCC) [1]. 
When double rare earths are used as co-dopants in BaTiO3, most 
researches focused on the up-conversion luminescence, the energy 

transfer between two rare-earth ions, and core-shell-structured BaTiO3 

ceramics prepared at lower sintering temperatures (Ts ≤ 1300 °C) [2‒11]. 

Neodymium (Nd) and holmium (Ho) in BaTiO3 were all reported to exhibit 
a photoluminescence (PL) behavior [12-16]. PL of Nd/Ho co-doped BaTiO3 

was reported under 532-nm laser over the last few mouths [17]. However, 
no investigation was reported about PL of this kind of ceramic under 
different laser wavelengths. 

In this work, a Nd/Ho co-doped BaTiO3 ceramic was investigated using 

638-nm laser excitation. The multiplicity of PL signals of Nd3+/Ho3+ was 

reported.

2. EXPERIMENTAL

Raw materials were reagent-grade BaCO3, TiO2, Nd2O3, and Ho2O3 

powders. The ceramics was prepared according to the nominal 
compositions (Ba0.96Nd0.04)(Ti0.96Ho0.04)O3 (BNTH4) using the cold-
pressing ceramic technique of solid-state reaction method, as described 

elsewhere, The final sintering condition was Ts = 1400 °C for 12 h in air 
[17]. 

Powder X-ray diffraction (XRD) measurements were performed between 

20° ≤ 2θ ≤ 85° and in steps of 0.02° using a DX-2700 X-ray diffractometer 

(Dandong Haoyuan). Lattice parameters and unit cell volume were 

calculated by MS Modeling software package (Accelrys) using Rietveld 

refinement in Reflex Package and Cu Kα1 radiation (λ = 1.540562 Å). 
Scanning electric microscopy (SEM) (Zeiss) investigation in backscattered 

electron (BSE) mode was performed to detect potential secondary phase. 
PL of ceramic powders were measured at room temperature using a  

LabRAM XploRA Raman spectrometer (Horiba Jobin Yvon), with a 638-nm 

excitation wavelength. The laser power level was limited to 1 % of the 

normal output of 25 mW. 

3. RESULTS AND DISCUSSION

3.1 Crystalline Structure and Microstructure

The powder XRD pattern of BNTH4 is shown in Figure 1. BNTH4 exhibited 

a single-phase cubic perovskite structure, as marked by a symmetric (200) 
characteristic peak. The Miller indexes are given in this figure. The unit-
cell volume (V0) of BNTH4 was calculated to be 64.68 Å3. 

BSE was used to detect potential secondary phases. The BSE image of the 

polished and thermally etched surfaces of BNTH4 is shown in Figure 2. No 

secondary phase was observed, which is in agreement with the above XRD 

result. Both XRD and BSE results reveal that Nd3+ and Ho3+ ions were 

completely incorporated into the BaTiO3 host lattice. 

Figure 1: Powder XRD pattern of BNTH4. The inset shows Gaussian 

fitting of the XRD peak in the vicinity of 45°. 
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Figure 2: BSE image of the polished and thermally etched surface of 

BNTH4. 

3.2 PL INVESTIGATIONS 

The PL spectra under 638-nm excitation for (Ba1−xHo3x/4)(Ti1−xHox/4)O3 (x 

= 0.01) (BHTH), and BNTH4 ceramics are shown in Figure 3 [18]. The 

enlarged peak bands at around 750 nm for BHTH and BNTH4 are shown 

in two insets in Figure 3. The PL signals from Ho3+ ions in BNTH4 were so 

intense that they concealed the traditional Raman spectra of BaTiO3. Upon 

638-nm excitation, two PL bands of around 653 and 755 nm wavelength
appeared in the spectrum of BNTH4 (Figure 3b), originating from 5F5→5I8
and 5F4/5S2→5I7 transitions of Ho3+, respectively, as observed in Figure 3a; 

two additional PL bands at 804 and 875 nm correlated to PL of Nd3+
(Figure 3b), which are attributed to 4F5/2→4I9/2 and 4F3/2→4I9/2 transitions
of Nd3+ [13,17–21]. 

Figure 3: PL spectra of (a) BHTH, and (b) BNTH4 ceramics. Excitation: 
638-nm laser line [18]. The two insets show enlarged peak bands at 

around 750 nm for BHTH and BNTH4. 

The energy level diagram for Ho3+ and Nd3+ ions in BNTH4 is shown in 

Figure 4. No evident energy transfer and down-conversion luminescence 

between Ho3+ and Nd3+ occurred under 638-nm excitation. The emission 

mechanism of Nd3+ ions in BNTH4 is as follows: Nd3+ ions are excited 

through one-photon absorption from the ground state 4I9/2 to the excited 

state 4F9/2 that relaxes non-radiatively to the lying excited state 4F5/2/4H9/2 

via continuous multi-phonon relaxation processes (4F9/2-4F7/2/4S3/2-
4F5/2/2H9/2). Finally, the transitions of 4F5/2→4I9/2 and 4F3/2→4I9/2 occurred 

at 804 and 875 nm.  

Figure 4: Energy level diagram for Ho3+ and Nd3+ ions in BNTH. 

3.3 Ba-Site Occupancy of Ho3+ in BNTH4 

It was reported that 0.75 at. % Ho3+ ions substituted at Ba-sites and 0.25 

at.% Ho3+ ions substituted at Ti-sites in BHTH sintered at Ts = 1400 °C, and 

these two peaks at ~653 nm and ~755 nm in Figure 3 a arise from Ba-site 

Ho3+ [18]. They also appeared in the spectrum of BNTH4, which gives the 

evidence of some Ho3+ ions at Ba-sites in BNTH4. That is to say, Ho3+ ions 

dominantly occupy Ti-sites and a certain amount of Ho3+ ions occupy Ba-
sites in BNTH4; Ho3+ exhibits an amphoteric behavior. On the basis of 
comparison in PL intensity between BNTH4 to BHTH, it is inferred that 
0.18 and 3.82 at.% Ho3+ ions were substituted respectively for Ba-sites and 

Ti-sites in BNTH4. 

4. CONCLUSION

BNTH4 ceramic was prepared using the cold-pressing ceramic technique. 

BNTH4 has a cubic perovskite structure. Upon excitation with 638-nm 

laser line, the PL monitoring provided the evidence of Ho3+ at Ba-site in 

BNTH4 and BNTH4 exhibits the multiplicity of signals of Nd3+/Ho3+. Ho3+ 
in BNTH4 exhibits an amphoteric behavior, i.e., 3.82 at.% Ho3+ ions 

dominantly occupy Ti-sites and 0.18 at.% Ho3+ ions occupy Ba-sites. 
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