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	 Ce:(MgxCa1−x)HfO3 (x = 0.5, 2.5, 5, and 10%) single crystals were successfully grown by the 
floating zone method, and their photoluminescence (PL) and scintillation properties were 
investigated. A broad luminescence band with a maximum at 430 nm was observed in both the 
PL and scintillation spectra. The PL quantum yield (QY) improved with the substitution of Mg, 
and the PL QY of Ce:(MgxCa1−x)HfO3 reached 50%. Fast decay due to the 5d–4f transition of 
Ce3+ was observed for both the PL and scintillation. Ce:(MgxCa1−x)HfO3 (x = 5%) showed the 
highest light yield of ~9500 photons/MeV among the synthesized samples, and this value is 
higher than that of common X- and gamma-ray detection scintillators such as Bi4Ge3O12 and 
Ce:Gd2SiO5 single crystals.

1.	 Introduction

	 A scintillator converts high-energy ionizing radiation to low-energy luminescence. A 
primary electron is generated when a material absorbs the energy of ionizing radiation, then 
many secondary electrons are generated by an interaction with the host lattice. Subsequently, 
electron–hole pairs are created and, finally, electrons and holes recombine at luminescence 
centers. The typical applications of scintillators are non-destructive inspection for medical and 
industrial diagnoses,(1–3) well logging,(4,5) and environmental monitoring.(6) The typical 
requirements for a scintillator are rapid decay, high light yield, high density (ρ), and large 
effective atomic number (Zeff). To explore novel scintillators, the scintillation properties of 
inorganic materials have been investigated.(7–28)  
	 To date, heavy scintillators have been developed because the interaction probability of 
photoabsorption depends on ~ρZeff

4.(29) For example, Bi4Ge3O12 (BGO),(30) PbWO4 (PWO),(31) 
Ce:Lu(2−x)YxSiO5 (LYSO),(32) and Pr:Lu3Al5O12 (LuAG)(33) have been developed as X- and 
gamma-ray detection scintillators. However, the light yields of BGO (8200 photons/MeV)(34) and 
PWO (200 photons/MeV)(35) are relatively low, and LYSO and LuAG have radioisotopes of 
176Lu. Hf-based materials are attractive hosts for developing novel heavy scintillators due to 
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their high ρ and Zeff. The melting points of Hf-based materials are over ~2400 ℃; thus, their 
scintillation properties have been investigated for materials in a powder or ceramic form.(36–38) 
Single crystals of Hf-based materials have recently been grown by the floating zone (FZ) 
method.(39–42) In particular, the scintillation properties of perovskite-type hafnate single crystals 
have been investigated.(43,44)

	 Ce:CaHfO3 single crystals have been grown from a Ca-rich composition because CaO is 
volatilized at the melting point of CaHfO3.(45) The light yield of 3% Ce:CaHfO3 is approximately 
7800 photons/MeV, which is one of the highest values among the Hf-based oxide materials. To 
enhance the light yield, in this study, we focused on Mg-admixed crystals. CaHfO3 single 
crystals have a Ca deficiency due to the volatilization of CaO, and the Ca deficiency may 
adversely affect scintillation properties. To compensate for the Ca deficiency, the addition of Mg 
at the Ca site is possible because the valence states of Mg and Ca are the same. In addition, MgO 
has a low vapor pressure; thus, Mg can be incorporated into the Ca site of CaHfO3 single 
crystals. Moreover, the bandgap and the activator energy level of CaHfO3 change upon 
replacement with Mg, and many successful results for the enhancement of light yield using 
admixed crystals have been reported.(46–48) In this study, the photoluminescence (PL) and 
scintillation properties of Ce:(MgxCa1−x)HfO3 single crystals were investigated. 

2.	 Materials and Methods

	 Ce:(MgxCa1−x)HfO3 single crystals were synthesized using an FZ furnace equipped with four 
xenon lamps. The single-crystal growth conditions were the same as those of previously 
synthesized Ce:CaHfO3 single crystals, and the concentration of Ce was fixed to 3 mol.%.(45) 
The nominal concentrations of Mg were 0.5, 2.5, 5, and 10 mol.% with respect to the Ca site. 
X-ray diffraction (XRD) patterns were measured in the range of 10–70° (Rigaku, MiniFlex600). 
Diffuse transmission spectra were recorded by a spectrophotometer (Shimadzu, Solidspec-3700). 
PL excitation and emission spectra were measured by a spectrofluorometer (JASCO, FP8600). 
The PL quantum yield (QY) was measured by a spectrometer (Hamamatsu Photonics, C11347). 
The PL decay curve was measured by a spectrometer (Hamamatsu Photonics, C11367). 
Scintillation spectra and decay curves were recorded using a laboratory-made setup.(49,50) The 
applied voltage and tube current during the measurement of the scintillation spectra were 40 kV 
and 1.2 mA, respectively. The pulse height distribution was measured by the same manner as 
previously reported.(49) As an irradiation source, 137Cs gamma-rays (662 keV) were used. The 
reference crystal was BGO, and the light yield of BGO was calibrated to 6800 photons/MeV 
using a Si avalanche photodiode and an 55Fe X-ray source. 

3.	 Results and Discussion

	 Single crystals of Ce:(MgxCa1−x)HfO3 were successfully synthesized by the FZ method. 
Figure 1 shows photographs and XRD patterns of Ce:(MgxCa1−x)HfO3. The synthesized samples 
were colorless and transparent, and their length and thickness were approximately 3–5 and 
1 mm, respectively. The remaining pieces of the samples were crushed for XRD measurement. 
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All XRD patterns of the samples were in good agreement with the reference XRD patterns of 
CaHfO3 (ICDD. 36-1473). The peak position shifted to a higher angle with increasing Mg 
concentration because the ionic radii of Ca2+ in 12-old coordination and Mg2+ in eightfold 
coordination were 1.34 and 0.89 Å, respectively.(51) Since the maximum coordination number of 
Mg2+ was eight, Mg2+ may be substituted in an eight-coordinated form at the Ca2+ site.  
	 Figure 2 shows the diffuse transmission spectra of Ce:(MgxCa1−x)HfO3. The maximum 
transmittance was approximately 80% in the range of 400–800 nm. The cutoff wavelength due 
to the 4f–5d transition of Ce3+ was observed at ~375 nm, and the cutoff wavelength shifted to a 
longer wavelength with increasing concentration of Mg. The cutoff wavelength may be affected 
by Ce4+;(52) however, the ratio of Ce3+ to Ce4+ was unknown in this study. In future work, we 
should investigate the valence state of the doped Ce. The 5% Mg-admixed sample showed 
almost the same cutoff wavelength as that of the 0.5% Mg-admixed sample. When Ce3+ was 
substituted for Ca2+, the coordination number of Ce3+ was 12. On the other hand, the coordination 
number of Ce3+ substituted for Mg2+ was considered to be eight. The crystal field strength was 
changed by the Mg substitution, and the 5d energy level of Ce3+ may also vary with the 
substitution site. Moreover, as mentioned above, the amount of Ce4+ may affect the cutoff 
wavelength. Therefore, the cutoff wavelength of the 5% Mg-admixed sample was shifted to a 
shorter wavelength.
	 Figure 3 shows the PL excitation and emission spectra of Ce:(MgxCa1−x)HfO3. A broad 
luminescence band appeared at ~430 nm under the excitation wavelength of 340 nm. Excitation 
peaks were observed at 285 and 340 nm. A similar spectral feature has been observed in 
Ce:CaHfO3 single crystals.(45) The Stokes shift of Ce:(MgxCa1−x)HfO3 was 6155 cm−1, which is 
larger than those of Ce-doped scintillators such as Ce:LYSO (2800 cm−1),(53) Ce:Lu2Si2O7 
(2200 cm−1),(53) and Ce:Y3Al5O12 (3800 cm−1).(54) The large Stokes shift of Ce:(MgxCa1−x)HfO3 
may lead to thermal quenching of the excited 5d level; thus, the temperature dependence on the 
scintillation properties of Ce:(MgxCa1−x)HfO3 should be investigated in the future. The PL QYs 
of the 0.5, 2.5, 5, and 10% Mg-admixed samples were 40.5, 39.7, 50.5, and 38.2%, respectively. 

Fig. 1.	 (Color online) (a) XRD patterns and photographs of Ce:(MgxCa1−x)HfO3 and (b) enlarged XRD patterns 
from 20 to 25°.

(a) (b)
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The highest PL QY was observed for the 5% Mg-admixed sample, and the value was about twice 
that of the non-Mg-admixed Ce:CaHfO3 single crystal.(45) The crystal field was changed by the 
Mg substitution, and the energy gap between the 5d energy level of Ce3+ and the bottom of the 
conduction band was optimized; thus improving the PL QY. Such manipulation of the energy gap 
has been reported.(55–57) Figure 4 shows the PL decay curves of Ce:(MgxCa1−x)HfO3. The 
excitation and monitoring wavelengths were 340 and 430 nm, respectively. The observed decay 
curves were approximated by a sum of two exponential decay functions. Table 1 lists the PL 
decay time constants of Ce:(MgxCa1−x)HfO3. The faster decay components (τ1) were 20–22 ns 
and the slower decay components (τ2) were 50–60 ns. The value of τ1 was almost the same as that 
of non-Mg-admixed Ce:CaHfO3 single crystals;(45) thus, the origin of τ1 was the 5d–4f transition 
of Ce3+. The slower decay component was observed in only the Mg-admixed samples, in which 
Ce3+ may substitute for Mg2+. Considering the decay time constant and emission and excitation 
wavelengths, we concluded that the origin of τ2 is also the 5d–4f transition of Ce3+ at Mg2+ sites.

Fig. 2.	 (Color online) (a) Transmission spectra of Ce:(MgxCa1−x)HfO3 and (b) enlarged transmission spectra from 
350 to 425 nm.

Fig. 3.	 (Color online) PL excitation and emission spectra of Ce:(MgxCa1−x)HfO3.

(a) (b)
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	 Figure 5 shows the X-ray-induced scintillation spectra of Ce:(MgxCa1−x)HfO3. A broad 
luminescence band at ~430 nm was observed in all the samples. The peak wavelength was 
shifted to a longer wavelength in the 2.5 and 10% Mg-admixed samples due to self-absorption by 
the 4f–5d transition of Ce3+. On the other hand, the 5% Mg-admixed sample exhibited no peak 
shift, which was consistent with the transmission spectra. Figure 6 shows the X-ray-induced 
scintillation decay curves of Ce:(MgxCa1−x)HfO3. The observed decay curves were fitted by a 
sum of two exponential decay functions. Table 1 lists the scintillation decay time constants. The 
faster decay components (τ1) and slower decay components (τ2) were similar to those observed in 
Ce:CaHfO3 single crystals.(45) Therefore, the origin of τ1 and τ2 was the 5d–4f transition of Ce3+ 
and host defects. 
	 Figure 7 shows the afterglow curves of Ce:(MgxCa1−x)HfO3. The afterglow level is defined as 
the intensity 20 ms after stopping X-ray exposure relative to the intensity during X-ray exposure. 
The obtained afterglow levels of the 0.5, 2.5, 5, and 10% Mg-admixed samples were 4800, 2300, 
3000, and 2400 ppm, respectively. These values were smaller than those in non-Mg-admixed 
Ce:CaHfO3.

(45) Figure 8 exhibits the pulse height distribution of 137Cs gamma-rays using 
Ce:(MgxCa1−x)HfO3. All the samples exhibited a clear photoabsorption peak, and the light yields 
of the 0.5, 2.5, 5, and 10% Mg-admixed samples were 7800, 7800, 9500, and 3600 photons/MeV, 
respectively. The highest light yield was obtained for the 5% Mg-admixed sample, which showed 
the highest PL QY among the synthesized samples.

Fig. 4.	 (Color online) PL decay curves of Ce:(MgxCa1−x)HfO3.

Table 1 
PL and scintillation decay time constants of Ce:(MgxCa1−x)HfO3.

Sample PL decay time constants Scintillation decay time constants
τ1 (ns) τ2 (ns) τ1 (ns) τ2 (ns)

0.5% Mg 22 (98.8%) 50 (1.2%) 21 (96.4%) 261 (3.6%)
2.5% Mg 22 (98.2%) 55 (1.8%) 20 (95.4%) 222 (4.6%)
5% Mg 22 (98.2%) 60 (1.8%) 27 (93.7%) 291 (6.3%)
10% Mg 20 (98.8%) 50 (1.2%) 19 (96.0%) 232 (4.0%)
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4.	 Conclusions

	 The PL and scintillation properties of Ce:(MgxCa1−x)HfO3 single crystals were investigated. 
The Mg-admixed samples showed similar spectra to those observed for Ce:CaHfO3 single 
crystals. The PL decay curves involved two decay components due to the 5d–4f transition of 
Ce3+ substituted at Ca2+ and Mg2+. The PL QY was improved by Mg substitution, and the 5% 
Mg-admixed sample exhibited the highest PL QY among the samples. The scintillation spectra 
and decay curves were almost the same as that observed for Ce:CaHfO3. The light yield was 
enhanced by Mg substitution, and the highest light yield of ~9500 photons/MeV was observed 
for the 5% Mg-admixed sample.

Fig. 7.	 (Color onl ine) Af terglow cur ves of 
Ce:(MgxCa1−x)HfO3.

Fig. 8.	 (Color online) Pulse height distribution of 
137Cs gamma-ray using Ce:(MgxCa1−x)HfO3.

Fig. 5.	 (Color online) X-ray-induced scintillation 
spectra of Ce:(MgxCa1−x)HfO3.

Fig. 6.	 (Color online) X-ray-induced scintillation 
decay curves of Ce:(MgxCa1−x)HfO3.
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