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c-Ca3(PO4)2:Sm3+ samples were synthesized under high-pressure and high-temperature conditions. The
samples were characterized by X-ray diffraction measurements. The excitation and emission spectra and
fluorescence decay curves of synthesized samples were collected to study the photoluminescence
properties. The excitation spectra of c-Ca3(PO4)2:Sm3+ exhibit a series of narrow peaks attributed to
the typical f–f transition of Sm3+. The emission spectra of c-Ca3(PO4)2:Sm3+ compose of four bands attrib-
uted to transitions from 4G5/2 excited state to 6HJ/2 (J = 5, 7, 9 and 11) ground states of Sm3+. The average
decay lifetimes were obtained by fitting the decay curves for 6H7/2 level of Sm3+ emission using a double
exponential function. The photoluminescent spectra of c-Ca3(PO4)2:Sm3+ show that the samples belong
to a red-emitting phosphor and can be pumped in the near ultraviolet light region, which can easily
be applied for NUV LED chips and thus in WLEDs. There exists a concentration quenching of Sm3+ in
c-Ca3(PO4)2:Sm3+ samples. The critical concentration of Sm3+ in c-Ca3(PO4)2 is about 1.0 mol%.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Phosphates were regarded as important hosts for phosphor and
luminescent materials, and many phosphates doped with different
lanthanides were investigated [1–16]. Among those phosphates,
b-tricalcium phosphate (b-TCP, b-Ca3(PO4)2) is one of the impor-
tant calcium phosphates. Previous study shows that b-TCP is not
stable under high-pressure and high-temperature conditions. At
4 GPa and 950 �C, b-TCP transforms into c-tricalcium phosphate
(c-TCP, c-Ca3(PO4)2) [17]. There is a significant difference in the
crystal structures between b-TCP and c-TCP. In b-TCP, five kinds
of Ca exist complicatedly with coordinated number of 3, 6, 7, 8
and 8, respectively [18]. However, only two kinds of Ca exist with
coordinated number of 10 and 12 in c-TCP [19]. Due to the crystal
structure, c-TCP is regarded as an important host for rare earth
elements (REE) [19]. Actually, REE-bearing c-TCP was obtained in
high-pressure and high-temperature experiments [20].

A series of trivalent REE cations have photoluminescence and
have been widely used in cathodoluminescence, display phosphor
screens, lasers, and lamps due to their f–f or d–f transitions
[21–24]. It is interesting to investigate the luminescent properties
of c-TCP doped with REE. In our previous study, Eu3+-doped c-TCP
was investigated [25]. As we known, trivalent samarium (Sm3+) is
another most important luminescence center. Sm3+ has a
fundamental level 6H5/2 and three main emitting levels 4G5/2, 4F3/2

and 4G7/2, which gives visible reddish-orange emission and exhi-
bits relatively high quantum efficiency forming a practical view
point for lighting and displays [26,27]. Sm3+-doped b-TCP was
recently prepared and the luminescent properties were character-
ized [28]. In this study, Sm3+-doped c-TCP samples were first
synthesized in high-pressure and high-temperature experiments
and the luminescence properties of the samples were investigated.
2. Experimental

2.1. Sample preparation

The Sm3+-doped c-TCP samples were synthesized under high-
pressure and high-temperature conditions by using the mixture
of b-Ca3(PO4)2 and Sm2O3 (99.99%) as starting material. The experi-
mental procedure is similar to that described in our previous study
[25]. The Sm3+ doping concentrations were 0.25%, 0.5%, 1.0%, 1.5%
and 2.0% (in molar ratio), respectively. The experiments were car-
ried out using a 1000-tonne Kawai-type apparatus (USSA-1000)
installed at Institute for Study of the Earth’s Interior, Okayama
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Fig. 1. Schematic drawing of the 18/11 sample assembly.
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University, Japan. An 18/11 sample assembly is adopted, as illus-
trated in Fig. 1. The thermal insulators were ZrO2 tube and rods.
The heater was graphite. Two platinum capsules enclosed different
mixtures of Sm2O3 (99.99%) and b-TCP were put in one experiment.
Between the graphite heater and Pt capsules, MgO sleeve was
inserted. The temperature was monitored by a thin W97Re3/
W75Re25 thermocouple whose junction was set at the center of
the sample assembly. Quenched method was used to synthesize
Sm3+-doped c-TCP samples. The experimental conditions were
selected as 8 GPa and 1000 �C for 10 h based on the sample
assembly and the phase relationship of Ca3(PO4)2 [29]. After pres-
sure was applied, temperature was raised. The samples were kept
at desired pressure and temperature conditions for 10 h, and then
they were quenched by turning off the electric power supply.
Finally the samples were decomposed to the ambient pressure.

2.2. Characterization

The synthesized samples were ground into fine powder and
checked by powder X-ray diffractometer (Rigaku’s Smartlab) using
rotating anode Cu Ka irradiation. The acceleration voltage and the
current were 40 kV and 30 mA, respectively. The XRD patterns
were collected in the 2h range from 25� to 80� with step size of
0.01�. The photoluminescence excitation and emission spectra
and fluorescence decay curves of the synthesized samples were
recorded with a Jobin-Yvon FL3-211-P spectrofluorometer, using
a 370-nm pulsed spectral-LED and Xe lamp as an excitation source
for the samples.
Fig. 2. X-ray diffraction patterns of b-TCP, c-TCP and Sm3+ (0.25–2.0 mol%) doped
c-Ca3(PO4)2 samples.

Table 1
Unit cell parameters, average life time (s) and CIE of c-Ca3(PO4)2:Sm3+ samples.

Sm (mol%) a (Å) c (Å) V (Å3) s (ms) x y

0 5.2524(4) 18.681(3) 446.30(5) – – –
0.25 5.2531(3) 18.688(2) 446.60(6) 0.61 0.55 0.45
0.5 5.2536(5) 18.690(2) 446.74(8) 0.62 0.57 0.43
1.0 5.2547(4) 18.694(2) 447.02(7) 1.50 0.58 0.42
1.5 5.2557(4) 18.698(2) 447.29(7) 0.86 0.58 0.42
2.0 5.2570(5) 18.703(3) 447.63(2) 0.80 0.58 0.42
3. Results and discussion

3.1. Powder X-ray diffraction

c-TCP crystallizes in a rhombohedral structure with the space
group R-3 m (No. 166) [19,30]. Phosphorus atom is tetrahedrally
coordinated by oxygen atoms. Calcium atoms are located at two
crystallographic sites of Ca(1) and Ca(2) with coordination num-
bers of 12 and 10, respectively. Along the c axis, the structure
can be expressed by a translationally interconnected polyhedral
sequence PO4–Ca(2)O10–Ca(1)O12–Ca(2)O10–PO4. The powder
XRD patterns of 0.25–2.0 mol% Sm3+-doped c-TCP samples are
shown in Fig. 2. The XRD patterns of synthesized b-TCP and
c-TCP are also illustrated. The XRD results indicate that
Sm3+-doped c-TCP samples show an identical structure with
c-TCP since all peaks can be indexed to the c-Ca3(PO4)2 phase
according to PDF 32-176, and no obvious impurity phase was
detected when Sm3+ ions were doped into the host lattice. The unit
cell parameters of synthesized samples were listed in Table 1. With
increasing of Sm concentration, the lattice parameters slightly
increase. It is well-known that the radius of Sm3+ (0.96 Å) is similar
to that of Ca2+ (1.00 Å). Therefore, the substitution of Ca2+ by Sm3+

is easy in c-TCP. A substituted mechanism involving a vacancy at
Ca sites, i.e., 2Sm3+ + h = 3Ca2+, is responsible for the present study.
Indeed, such substituted mechanism involving vacancy was con-
firmed in previous studies on other rare earth elements in apatites
[31,32]. There are two kinds of Ca2+ in c-TCP, but we cannot
determine the occupancy of Sm3+ in c-TCP. According to mass
balance, CaO should appear in the sample. However, due to the
relative low intensity of peaks and overlapping with those of
c-TCP, it is difficult to index peaks of CaO in XRD patterns.

3.2. Photoluminescence spectra

The luminescent properties of Sm3+ (0.25–2.0 mol%) doped
c-TCP samples were investigated at room temperature. Fig. 3
shows the excitation spectra (kem = 601 nm) of Sm3+-doped c-TCP
samples with various concentrations. Sm3+-doped c-TCP samples
exhibit a series of narrow peaks attributed to the typical f–f transi-
tion of Sm3+ ions. The results show the bands corresponding to
transitions: 6H5/2 ? (4K, 4L)17/2 (340 nm), 6H5/2 ? (4D, 6P)15/2

(357 nm), 6H5/2 ?
4L17/2 (370 nm), 6H5/2 ?

4K11/2 (399 nm),
6H5/2 ?

6P5/2 + 4M19/2 (413 nm), 6H5/2 ?
4G9/2 + 4I15/2 (435 nm),

and 6H5/2 ?
4F5/2 + 4I13/2 (470 nm), respectively [13]. It is noted

that the strongest excitation sharp line corresponding to the
6H5/2 ?

4K11/2 transition of Sm3+ located at 399 nm, which indi-
cates that the samples can be pumped in the NUV light region,
and can easily be applied for NUV LED chips and thus in WLEDs [33].

The emission spectra (kexc = 399 nm) of Sm3+-doped c-TCP sam-
ples were illustrated in Fig. 4. There are four main sharp emission
peaks at 563, 597, 646 and 704 nm, among which the most intense
peaks are centered at 597 nm. The emissions are caused by the f–f
forbidden transitions of the 4f electrons of Sm3+, corresponding to



Fig. 3. The excitation spectra of Sm3+ (0.25–2.0 mol%) doped c-Ca3(PO4)2 samples.

Fig. 4. The emission spectra of Sm3+ (0.25–2.0 mol%) doped c-Ca3(PO4)2 samples.

Fig. 5. Effect of Sm contents on the excitation (a) and emission (b) intensities of
typical transitions of Sm3+ ions in c-Ca3(PO4)2 host.
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4G5/2 ? 6H5/2 (563 nm), 4G5/2 ?
6H7/2 (597 nm), 4G5/2 ?

6H9/2

(646 nm) and 4G5/2 ?
6H11/2 (704 nm), respectively [13].

It is obviously observed that the intensity of peaks in excitation
and emission spectra change with the concentration of Sm3+ while
the peak locations remain practically unchanged. The excitation
and emission intensity initially increases with the Sm3+ concentra-
tion increasing from 0.25 to 1.0 mol%, and then decreases as
the Sm3+ concentration increases from 1.0 to 2.0 mol%, showing
energy migration between Sm3+ at different sites in the lattice.
The excitation band with the highest intensity was the 399 nm
one, corresponding to the 6H5/2 ?

4K11/2 transition for Sm3+. And
the emission band with the highest intensity was the 597 nm
one, corresponding to the 4G5/2 ?

6H7/2 transition for Sm3+. Fig. 5
shows the relative intensity of excitation and emission bands with
different concentration of Sm3+ ions. It should be pointed out that
the intensity was normalized to highest intensity of each transition
of Sm3+ ions. The relative intensity of each transition of Sm3+ ions
shows similar trends for both excitation and emission bands. As
the Sm3+ concentration increases, the excitation and emission
intensities of each transition gradually increase and reach a
maximum at 1.0 mol%. The concentration quenching happens since
the intensity decreases when the concentration increases from 1.0
to 2.0 mol%.

The causes of concentration quenching may be attributed to the
facts that the activated Sm3+ concentration is higher, the distance
between the ions is shorter, ionic bonding interaction enhances
and the non-radiative energy transfer Sm (4G5/2) + Sm (6H5/2) ?
Sm (6F9/2) happens [22,24]. It is dependent on the critical distance
Rc as the shortest average distance between the nearest activator
Sm3+ ions at a critical concentration xc. Previous study pointed
out that if the activator is introduced solely on Z ion sites, the criti-
cal transfer distance Rc is approximately equal to twice the radius
of a sphere with this volume, expressed as the following equation
[34]:

Rc � 2
3 V

4p xcN

� �1=3

: ð1Þ

where V is the unit cell volume, xc is critical concentration, and N is
the number of Z cations in the unit cell. By using the available
values of V, xc and N (445.57 Å3, 0.01 and 6, respectively), the critical
distance is calculated to be about 24.21 Å.

In order to obtain additional information on the luminescence
properties of Sm3+ ions in c-Ca3(PO4)2 host, the decay curves of
the Sm3+ emission at 601 nm corresponding to the 4G5/2 ?

6H7/2

emission line have been measured and given in Fig. 6. As shown
in Fig. 6, the decay curves for 6H7/2 level of Sm3+ emission can be
well fitted into a double exponential function as follows:

IðtÞ ¼ I0 þ A1 expð�t=s1Þ þ A2 expð�t=s2Þ: ð2Þ

where I and I0 are the luminescence intensity at time t and 0, A1 and
A2 are constants, t is the time, and s1 and s2 are the decay times for



Fig. 6. Decay curves of the Sm3+ emission at 601 nm corresponding to the
4G5/2 ?

6H7/2 emission line for Sm3+ (0.25–2.0 mol%) doped c-Ca3(PO4)2 samples.
The solid curves represent fittings by using a double exponential function.

Fig. 7. CIE chromaticity coordinates of the Sm3+ (0.25–2.0 mol%) doped c-Ca3(PO4)2

samples.

1 For interpretation of color in Fig. 7, the reader is referred to the web version of
this article.
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the exponential components, respectively. Further, the average
decay lifetimes (s) can be calculated as follows:

s ¼ ðA1s2
1 þ A2s2

2Þ=ðA1s1 þ A2s2Þ: ð3Þ

The analysis yields the average decay lifetime as 0.61, 0.62, 1.50,
0.86, and 0.80 ms for the Sm concentration of 0.25, 0.5, 1.0, 1.5,
and 2.0 mol%, respectively, as listed in Table 1. Obviously, an effect
of Sm concentration on the decay lifetime of the samples exists. The
1.0 mol% Sm doped sample is with the longest decay lifetime.

Color is usually communicated on the basis of the color coordi-
nates established by the Commission International de l’Eclairage
(CIE) 1931, in a two-dimensional graphical representation of any
color perceptible by the human eye on an x–y plot. The obtained
results were shown in Table 1 and Fig. 7. The CIE of 0.25 and
0.5 mol% Sm3+-doped c-TCP are about x = 0.55, y = 0.45, and
x = 0.57, y = 0.43, as an open circle and open triangle in Fig. 7,
and the CIEs of other three samples are merged due to the
same x = 0.58 and y = 0.42. The present results are slight different
from that of Sm3+-doped b-Ca3(PO4)2 (0.615,0.385) [28], but
close in proximity to the Nicha corporation-developed amber
LED NSPAR70BS (0.575,0.425) and locates in the red1 region
(0.57,0.41). The CIE chromaticity coordinates of present samples
hardly change with the doped Sm3+ concentrations. The result is
easily comprehensible because the location of the luminescent
emission dose not shift and the dominant emission does not change,
as shown in Fig. 4. The results are consistent with previous studies
[28,33].
4. Conclusions

Novel red phosphor c-Ca3(PO4)2:Sm3+ was synthesized at
high-pressure and high-temperature conditions. The synthesized
samples exhibited an intense emission at 597 nm. The relationship
between the luminescent intensity and the concentration of
activated ions Sm3+ shows that there is concentration quenching
of Sm3+-doped c-Ca3(PO4)2, and the critical concentration is
1.0 mol%. The CIE of Sm3+-doped c-Ca3(PO4)2 show that they are
suitable to near-UV LEDs as the red phosphors.
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