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A B S T R A C T   

Sm:YAlO3 (Sm:YAP) crystal with size of Φ28 � 80 mm3 was grown by Czochralski (Cz) method. Polarized ab-
sorption spectra and fluorescence spectra of Sm:YAP crystal were discussed for the first time. The peak emission 
cross-sections were calculated to be 0.80 � 10� 21 cm2 (604 nm for a-polarization), 1.82 � 10� 21 cm2 (604 nm for 
b-polarization) and 1.63 � 10� 21 cm2 (610 nm for c-polarization), respectively. The Judd-Ofelt (JO) intensity 
parameters were calculated to be Ω2  ¼ 2.59 � 10� 20 cm2, Ω4  ¼ 1.78 � 10� 20 cm2 and Ω6  ¼ 2.98 � 10� 20 cm2, 
respectively. The decay lifetime of 4G5/2 energy level was measured to be 2.51 ms. All above results indicate the 
Sm:YAP crystal may be a potential candidate of reddish-orange laser pumped directly by the GaN/InGaN laser 
diode.   

1. Introduction 

Visible lasers have many important applications in visible display, 
indoor optical communication and underwater detection [1–3]. Until a 
few years ago, the visible laser is generally realized through 
second-harmonic generation or sum frequency generation based on 
nonlinear crystals. The complexity and big volume of these methods 
restrict the applications in many areas. Fortunately, the emergence of 
GaN/InGaN semiconductor laser makes the direct pump of rare-earth 
doped crystals to be easier which significantly promotes the pumped 
efficiency and reduces the complexity [4]. 

Among rare-earth ions, trivalent praseodymium (Pr3þ) is the most 
famous one for the generation of visible lasers. But there is a minor 
drawback with the demand for low crystal filed strengths. Trivalent 
samarium (Sm3þ) with the corresponding emission wavelengths are 
close to those of Pr3þ-doped materials. Furthermore, the 5d-levels en-
ergetic position of Sm3þ is relatively higher than Pr3þ. Hence the excited 
state absorption (ESA) into 5d-levels of Sm3þ should be not a relatively 
big problem, even in a stronger crystal field material. Therefore, Sm3þ

should be less sensitive to host materials and oxide crystals could also be 
considered. In addition, the upper state radiative lifetime of Sm3þ (4G5/ 

2, in the order of a few milliseconds) is longer than that of Pr3þ (3P0, in 

the order of a few microseconds). The Sm3þ-doped materials are 
considered to be promising candidates for reddish-orange laser due to 
the strong emission transition of 4G5/2-6H7/2 near 600 nm. So far, a lot of 
researches on spectroscopic characteristics of Sm3þ-doped crystals have 
been reported [5–8]. However, laser operations of Sm3þ-doped mate-
rials are reported rarely. In 1979, the first Sm3þ-based laser was realized 
in the Sm:TbF3 crystal operating at 593 nm [9]. In the following, 28 mW 
of cw output power at 651 nm was obtained through a Sm3þ-doped glass 
fiber [2] and even 190 mW of output power corresponding to20% of 
slope efficiency was realized with a Sm:LiTbF4 crystal emitting at 
605 nm [10]. The laser operation of Sm3þ-doped materials were also 
reported in Sm:LiLuF4 (Sm:LLF) and Sm:SrAl12O19 (Sm:SRA) crystals 
[3]. Although fluoride materials can decrease the absorption and 
non-radiative transitions of excited states because of the low phonon 
energy, the thermo-mechanical properties are poor. So it is significantly 
desired for new materials with both excellent thermo-mechanical 
properties and low phonon energy. 

YAP is from the Y2O3–Al2O3 system, which owns similar physical 
characteristics with the famous YAG such as high mechanical hardness 
(Mohs hardness 8.5–9) and high thermal conductivity 
(~11 W m� 1K� 1 at room temperature) [11]. In addition, the phonon 
energy of YAP is as low as 570 cm� 1 [11]. The excellent physical 
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properties make lanthanide ions doped YAP host be widely investigated 
[12–18]. However, the polarized spectroscopic characteristics of Sm: 
YAP crystal have not been reported. In this work, XRD pattern, polarized 
spectral characteristics, JO theory analysis and the fluorescence lifetime 
of Sm:YAP crystal were discussed in detail. 

2. Experiments 

The Sm:YAP crystal with size of Φ28 � 80 mm3 was grown by Cz 
method(Fig. 1). Y2O3, Al2O3 and Sm2O3 powders with the purity of 
99.99% were used as the starting materials. They were weighed based 
on the formula SmxY1-xAlO3 (x ¼ 0.03). After mixed completely, the 
powders were pressed into bulks and then sintered in air at 1300 �C for 
20 h. The seed crystal was along the orientation b-axis. During the 
growth of Sm:YAP crystal, the pulling rate was 1 mm/h and the rotation 
rate was 16–20 rpm. To avoid the oxidation of Ir crucible, high-purity 
nitrogen gas was used as a protective atmosphere. 

The structure of Sm:YAP crystal was analyzed by X-ray powder 
diffraction method (XRD). The XRD pattern of Sm3þ-doped YAP crystal 
is shown in Fig. 2. The diffraction peaks are in agreement with the 
JCPDS 11-0662. The lattice parameters of Sm:YAP crystal were calcu-
lated to be a ¼ 0.5228 nm, b ¼ 0.7541 nm and c ¼ 0.5223 nm, similar 
with the pure YAP parameters of a ¼ 0.5330 nm, b ¼ 0.7375 nm and 
c ¼ 0.5180 nm [19], which indicates the as-grown Sm:YAP crystal 
possessed the structure of orthorhombic system with the space group 
Pnma-D16

2h (No.62), Z ¼ 4. The sample was ground into powders and 
then examined on an automated Ultima IV diffractometer (Rigaku, 
Japan). The concentration of Sm3þ ions was measured by inductively 
coupled plasma and atomic emission spectrometry (ICPAES, Ultima2, 
Jobin-Yvon). The concentration of Sm3þ ions at the head position of Sm: 
YAlO3 crystal was measured to be 1.9 at.% and the segregation coeffi-
cient of Sm3þ ions in YAP crystal was calculated to be 0.643. The con-
centration of Sm3þ ions corresponding to sample of Sm:YAlO3 crystal 
was calculated to be 2.1 at.% (i.e. 4.2 � 1020 cm� 3). The sample with 
size of 7 mm � 6 mm � 5 mm, each face of which is perpendicular to one 
of a, b and c crystallographic direction respectively, were polished for 
spectroscopic experiments. The polarized absorption spectra ranged 
from 300 nm to 1800 nm were measured by a Spectrometer 
(Lambda900, PerkinElmer UV-VIS-NIR), the polarized fluorescence 
spectra were recorded using a Fluorescence Spectrophotometer 
(FSP920, Edinburgh) and the fluorescence lifetime was obtained by a 
spectrometer (FLS-980, Edinburgh). All the measurements of this paper 
were performed at room temperature. 

3. Results and discussions 

3.1. Absorption spectra and JO theory analysis 

The polarized absorption spectra of Sm:YAP crystal in the region of 
300–1800 nm are shown in Fig. 3. It can be seen that the absorption 
spectra are polarization-dependent. The absorption spectra consist of 
eleven prominent absorption bands corresponding to the transitions 
from the ground state 6H5/2 to excited states 4K15/2 þ

4H11/2,9/2,7/2 þ
4D7/2, 4F9/2 þ (4D, 6P)5/2 þ

4D3/2, 4K13/2 þ
4L17/2 þ

6P7/2 þ
4D1/2, 4G11/2 

þ 4L15/2 þ
4K11/2 þ

6P3/2 þ
4F7/2 þ

4L13/2 þ (6P, 4P)5/2, 4F5/2 þ
4I15/2 þ

4G9/2 þ
4M17/2, 4G7/2 þ

4I9/2 þ
4M15/2 þ

4I11/2 þ
4I13/2, 6F11/2, 6F9/2, 

6F7/2, 6F5/2, and 6F3/2 þ
6H15/2 þ

6F1/2, respectively. The polarized 
absorption spectra between 520 nm and 880 nm is omitted because the 
absorption band around 565 nm is too weak to be observed. Some ab-
sorption bands are difficult to be resolved fully due to the interaction 
with each other, in other words the crystal-field splitting of neighboring 
transitions is relatively larger than that of their energy levels [20]. In the 
visible region, the most intense absorption peaks of Sm3þ ions for three 
polarizations are all located at 409 nm which is suitable for pumping by 
GaN/InGaN laser diode. The corresponding absorption cross sections for 
a, b and c polarization are 0.50 � 10� 20 cm2, 1.34 � 10� 20 cm2 and 
1.72 � 10� 20 cm2 with the full width at half maxim (FWHM) of 8.4 nm, 

Fig. 1. Photo of the as-grown Sm:YAP crystal.  

Fig. 2. XRD pattern of Sm:YAP crystal.  

Fig. 3. Polarized absorption spectra of Sm:YAP crystal.  
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10.2 nm and 9.4 nm, respectively. The absorption cross sections of Sm: 
YAP crystal are comparable with that of Sm:LiYF4 (0.72 � 10� 20 cm2 for 
σ-polarization, 1.37 � 10� 20 cm2 for π-polarization) [8]. 

The radiative transition of a lanthanide ion corresponding to the 4fN 

configuration could be analyzed using the JO theory [21,22]. In this 
work, nine absorption bands were used to calculate the JO intensity 
parameters and the detailed procedures were same with other literatures 
[23]. The parameters such as the refractive index n of Sm:YAP crystal 
was estimated from Ref. [24] and the reduced matrix elements 〈jjUðtÞjj〉 
between ground and excited states were adopted from Ref. [25]. The 
refractive index n, the calculated line strength Scal, the experimental line 

strength Sexp together with mean wavelength λ
— 

are listed in Table 1. The 
RMS deviations corresponding to a, b and c polarization were calculated 
to be 2.08 � 10� 22 cm2, 3.88 � 10� 22 cm2 and 1.96 � 10� 22 cm2, 
respectively. The relatively low values of rmsΔS indicate that the fitting 
JO parameters could be considered reasonable. 

Three JO intensity parameters corresponding to a, b and c polari-
zation were obtained by the least-square fitting between experimental 
line strength Sexp and calculated line strength Scal. For the biaxial Sm: 
YAP crystal, the effective J-O intensity parameters can be calculated by 
Ωt;eff ¼ ðΩt;aþΩt;bþΩt;cÞ=3 [26]. The effective J-O parameters of Sm: 
YAP crystal were obtained to be Ω2;eff  ¼ 2.59 � 10� 20 cm2, Ω4;eff   

¼ 1.78 � 10� 20 cm2 and Ω6;eff  ¼ 2.98 � 10� 20 cm2, respectively. The J-O 
intensity parameters of Sm3þ-doped different crystals are listed in 
Table 2. The parameter Ω2 is closely related to the asymmetry and 
contravalency of the rare-earth element sites. In this work, the value 
2.59 � 10� 20 cm2, which is lower than that of CaGdAlO4 and CaNb2O6 
but higher than that of LiLuF4 and LiYF4, indicates that grade of con-
travalency between the Sm3þ ions and the neighboring O2� ions of YAP 
is lower than that of CaGdAlO4 and CaNb2O6 but higher than LiLuF4 and 
LiYF4 [27]. 

The calculated radiative probability AðJ; J’Þ, fluorescent branching 
ratio βJJ0 and the radiative lifetime τrad are summarized in Table 3. The 
parameters of fluorescence branching ratio βJJ0 and radiative lifetime 
τrad are related to the laser power of potential emission transition. The 
high value of βJJ0 generally indicates the high possibility of laser oper-
ation. The 4G5/2 → 6H7/2 transition owns the highest fluorescence 
branching ratio of 36.08%, 51.35% and 38.13% for a, b and c polari-
zation, respectively. The branching radio of 4G5/2 → 6H7/2 transition in 
Sm:LiLuF4 was 44.57% and efficient laser operation of 4G5/2 → 6H7/2 
transition was obtained [3,7], which indicated that 4G5/2 → 6H7/2 tran-
sition of Sm:YAP crystal may be a promising channel for the generation 
of reddish-orange laser. The corresponding radiative lifetime τrad is 
3.31 ms which is obviously longer than that of Sm:CGA (1.22 ms) [5] 
and Sm:LiNbO3 (1.12 ms) [20]. 

3.2. Fluorescence spectra 

The polarized fluorescence spectra of Sm:YAP crystal are shown in 
Fig. 4. In the visible region, the transitions of Sm3þ ions are from the 4G5/ 

2 multiplet and four principle emission bands of 4G5/2 → 6H5/2, 4G5/ 

2 → 6H7/2, 4G5/2 → 6H9/2 and 4G5/2 → 6H11/2 are marked. As we can see 
that emission spectra are polarization dependent, which the peak loca-
tions and intensities are different with each other for a, b and c polari-
zation, due to the anisotropy of YAP crystal [16]. The peak wavelength, 
FWHM and stimulated emission cross-section for three polarizations are 
listed in Table 4. The maximum emission cross-sections corresponding 
to the transition 4G5/2 → 6H7/2 are 0.80 � 10� 21 cm2 at 604 nm for 
a-polarization, 1.82 � 10� 21 cm2 at 604 nm for b-polarization and 
1.63 � 10� 21 cm2 at 610 nm for c-polarization. The product of the radi-
ative lifetime of 4G5/2 multiplet and emission cross-section corre-
sponding to 4G5/2 → 6H7/2 transition for b-polarization is 
6.02 � 10� 21 cm2 ms (2.65 � 10� 21 cm2 ms for a-polarization and 
5.40 � 10� 21 cm2 ms for c-polarization), inversely proportional to the 
threshold of laser operation, comparable with that of Sm:LiYF4 
(4.69 � 10� 21 cm2 ms for σ-polarization and 7.17 � 10� 21 cm2 ms for 
π-polarization) [8] and Sm:LiLuF4 (3.03 � 10� 21 cm2 ms for σ-polariza-
tion and 6.54 � 10� 21 cm2 ms for π-polarization) [7]. The results show 
that laser threshold corresponding to 4G5/2 → 6H7/2 transition of Sm: 
YAP crystal is almost the same with Sm:LiYF4 and Sm:LiLuF4. As we all 
know, physical characteristics of fluoride materials such as mechanical 
hardness and thermal conductivity are relatively low. However, the 
excellent thermo-mechanical characteristics are essential for the stabil-
ity of laser output. The Sm:YAP crystal, owning similar physical char-
acteristics with the famous YAG and similar phonon energy with the 
fluoride materials, is favorable for the stable laser operation. The above 
results make Sm:YAP crystal to be a promising candidate for 
reddish-orange laser operation. 

The fluorescence decay curve corresponding to 4G5/2 → 6H7/2 

Table 1 

The calculated average wavelength λ
—

, refractive index n, experimental line strength SexpðJ; J’Þ and calculated line strength ScalðJ; J’Þ of Sm3þ ions in YAP crystal.  

Excited state 6H5/2 E//a E//b E//c 

λ 
(nm)  

n Sexp 

(10� 20 cm2)  
Scal 
(10� 20 cm2)  

λ 
(nm)  

n Sexp 

(10� 20 cm2)  
Scal 
(10� 20 cm2)  

λ 
(nm)  

n Sexp 

(10� 20 cm2)  
Scal 
(10� 20 cm2)  

4K13/2þ
4L17/2þ

6P7/ 

2þ
4D1/2 

379 1.992 0.129 0.144 378 1.983 0.273 0.279 379 1.966 0.281 0.273 

4G11/2þ
4L15/ 

2þ
4K11/2þ

6P3/ 

2þ
4F7/2þ

4L13/ 

2þ
6P5/2þ

4P5/2 

407 1.983 0.167 0.128 407 1.973 0.557 0.619 407 1.958 0.508 0.520 

4F5/2þ
4I15/2þ

4G9/ 

2þ
4M17/2 

420 1.979 0.014 0.017 419 1.970 0.064 0.034 419 1.955 0.062 0.033 

4G7/2þ
4I9/2þ

4M15/ 

2þ
4I11/2þ

4I13/2 

481 1.966 0.142 0.135 476 1.957 0.299 0.264 476 1.943 0.278 0.260 

6F11/2 948 1.936 0.097 0.096 948 1.927 0.159 0.186 948 1.916 0.161 0.182 
6F9/2 1085 1.933 0.662 0.646 1088 1.925 1.268 1.274 1081 1.913 1.241 1.241 
6F7/2 1239 1.932 0.863 0.871 1240 1.923 1.935 1.924 1244 1.912 1.842 1.829 
6F5/2 1381 1.931 0.173 0.194 1373 1.922 0.881 0.835 1386 1.911 0.759 0.742 
6F3/2þ

6H15/2þ
6F1/2 1519 1.930 0.762 0.758 1501 1.922 1.132 1.134 1495 1.910 1.506 1.501  

Table 2 
The JO intensity parameters of Sm:YAP crystals.  

Crystals Ω2(10� 20 cm2)  Ω4(10� 20 cm2)  Ω6(10� 20cm2)  Ref. 

CaNb2O6 6.33 6.49 3.72 [23] 
LiLuF4 1.39 3.45 2.66 [7] 
CaGdAlO4 3.00 6.10 6.50 [5] 
LiYF4 0.55 2.44 1.72 [8] 
YAP Ωt;a  2.04 0.45 1.87 This work 

Ωt;b  2.23 2.68 3.57 
Ωt;c  3.50 2.20 3.50 
Ωt;eff  2.59 1.78 2.98  
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transition under excitation at 409 nm, analyzed by a single exponential 
model, is shown in Fig. 5. The fluorescence lifetime τf was obtained to be 
2.51 ms. The value of τf is lower than the calculated radiative lifetime 
τrad (3.31 ms) because of the high Sm3þ ions concentration. The Sm3þ

ions concentration (4.2 � 1020 cm� 3) in Sm:YAP is larger than 
4 � 1020 cm� 3 in which energy transfer via cross-relaxation will 
decrease the decay lifetime of 4G5/2 multiplet significantly [4]. The 
similar phenomenon was also reported in the Sm:BOTS glass [28] and 
Sm:LGT glass [29]. In other words, low fluorescence quantum efficiency 

doesn’t mean the laser oscillation is impossible. For example, although 
the concentration quenching effect of Nd3þ ions was reported for highly 
concentration doping, the Nd:YAG ceramics [30] has still been testified 
to be a high-efficiency laser material. The above results indicate Sm:YAP 
crystal is a potential candidate of reddish-orange laser pumped by InGaN 
laser diode. 

3.3. Comparison with other crystal 

A comparison of spectroscopic parameters for Sm3þ-doped YAP and 
other common host materials for visible laser is presented in Table 5. 
Sm:YAP crystal possesses higher emission cross-section than that of Sm: 
SrAl12O19, Sm:LiLuF4 and Sm:LiYF4 which have been consider to be 
remarkable laser materials. The absorption cross-sections of Sm:YAP are 
comparable with Sm:LiLuF4 and Sm:LiYF4, while the corresponding 
absorption band widths of Sm3þ-doped YAP are bigger than that of 
LiLuF4 and LiYF4 which is more favorable for the pump of InGaN laser 
diode. The fluorescence lifetime of Sm:YAP is in the same order with 
Sm3þ-doped other materials. As depicted in part 3.2, the lifetime is 
relevant to the concentration of Sm3þ ions and it would be improved by 
decreasing the doped concentration. All the results demonstrate that Sm: 
YAP is a potential candidate for reddish-orange laser operation. 

4. Conclusions 

Sm:YAP single crystal with size of Φ28 � 80 mm3 was grown using 

Table 3 
The radiative transition rates AðJ;J’Þ, branching ratios βJJ0 and radiative lifetime τrad of Sm:YAP crystal.  

Transitions from 4G5/2 Aed(s� 1)  E//a β(%)  Aed(s� 1)  E//b β(%)  Aed(s� 1)  E//c β(%)  

Amd(s� 1)  Amd(s� 1)  Amd(s� 1)  

6F11/2 0.270 0 0.09 0.521 0 0.16 0.241 0 0.08 
6F9/2 1.959 0 0.67 1.147 0 0.35 1.589 0 0.55 
6F7/2 0.790 1.906 0.93 1.207 1.941 0.97 1.629 1.906 1.21 
6F5/2 13.931 6.109 6.88 6.270 6.124 3.80 11.369 6.012 5.97 
6F3/2 2.388 9.029 3.92 0.989 8.855 3.02 1.773 8.692 3.59 
6H15/2 0.425 0 0.15 0.762 0 0.23 0.314 0 0.11 
6F1/2 2.498 0 0.86 0.995 0 0.31 1.768 0 0.61 
6H13/2 5.708 0 1.96 10.906 0 3.34 4.799 0 1.65 
6H11/2 15.197 0 5.22 25.178 0 7.72 22.089 0 7.58 
6H9/2 94.103 0 32.31 63.639 0 19.52 85.055 0 29.19 
6H7/2 81.736 23.369 36.08 144.258 23.170 51.35 88.953 22.145 38.13 
6H5/2 4.179 27.688 10.94 2.791 27.309 9.23 5.507 27.497 11.33 
Radiative lifetime (ms)  τrad  ¼ 3.31   

Fig. 4. Polarized fluorescence spectra of Sm:YAP crystal.  

Table 4 
The emission peak wavelength λ, FWHM and emission cross section σem corre-
sponding to each polarization of Sm:YAP crystal.  

Transition 4G5/ 

2 → 
Polarization Peak wavelength 

(nm) 
FWHM 
(nm) 

σem 

(10� 21cm2) 
6H5/2 a 571 3.01 0.24 

b 571 3.16 0.25 
c 566 3.28 0.22 

6H7/2 a 604 6.29 0.80 
b 604 6.32 1.82 
c 610 3.26 1.63 

6H9/2 a 648 3.50 0.99 
b 648 2.55 1.69 
c 648 4.21 0.99 

6H11/2 a 711 3.84 0.14 
b 711 4.15 0.43 
c 711 4.17 0.36  

Fig. 5. Decay curve of the 4G5/2 level of Sm:YAP crystal.  
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the Cz method. The polarized spectra properties of Sm:YAP crystal were 
reported for the first time. The peak absorption cross-sections corre-
sponding to a, b and c polarization were obtained to be 
0.50 � 10� 20 cm2, 1.34 � 10� 20 cm2 and 1.72 � 10� 20 cm2, respectively. 
Based on JO theory, intensity parameters were fitted to be Ω2   
¼ 2.59 � 10� 20 cm2, Ω4  ¼ 1.78 � 10� 20 cm2 and Ω6   
¼ 2.98 � 10� 20 cm2, respectively. In addition, the emission cross- 
sections were calculated to be 0.80 � 10� 21 cm2 at 604 nm for a-polari-
zation, 1.82 � 10� 21 cm2 at 604 nm for b-polarization and 
1.63 � 10� 21 cm2 at 610 nm for c-polarization, respectively. The decay 
lifetime of 4G5/2 multiplet was measured to be 2.51 ms. All the above 
results illustrate that Sm:YAP is a potential candidate for reddish-orange 
laser pumped directly by InGaN LD. 
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Table 5 
Comparison between Sm:YAP crystal and other crystal doped with Sm3þ.  

Properties LiYF4 LiLuF4 SrAl12O19 YAP 

Absorption peak wavelength (nm) 
(6H5/2 → 4F7/2) 

401(σ) 
401(π) 

401(σ) 
401(π) 

400(σ) 409(E// 
a) 
409(E// 
b) 
409(E// 
c) 

Absorption cross-section 
(10� 20cm2) 

0.72(σ) 
1.37(π) 

1.04(σ) 
1.51(π) 

8.5(σ) 0.50 
(E//a) 
1.34 
(E//b) 
1.72 
(E//c) 

Absorption bandwidth (FWHM) 
(nm) 

3(σ) 
2(π) 

2.3(σ) 
3.1(π) 

– 8.4(E// 
a) 
10.2 
(E//b) 
9.4(E// 
c) 

Emission peak wavelength (nm) 
(4G5/2 → 6H7/2) 

598(σ) 
605(π) 

598(σ) 
605(π) 

593(σ) 604(E// 
a) 
604(E// 
b) 
610(E// 
c) 

Emission cross-section (10� 21cm2) 0.679 
(σ) 
1.039 
(π) 

0.659 
(σ) 
1.421 
(π) 

1.2(σ) 0.80 
(E//a) 
1.82 
(E//b) 
1.63 
(E//c) 

Fluorescence bandwidth (FWHM) 
(nm) 

7.5(σ) 
9.5(π) 

7.5(σ) 
9.5(π) 

– 6.29 
(E//a) 
6.32 
(E//b) 
3.26 
(E//c) 

Fluorescence lifetime (ms) 4.80 2.65 3.40 2.51 
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