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A Pr3*-doped SrMoO, single crystal has been grown successfully by the Czochralski technique. The
absorption spectra, fluorescence spectra, and fluorescence decay curves have been measured at room
temperature. The spectroscopic parameters, including spectroscopic parameters §2; (t=2,4,6), radiative
transition probabilities, radiative lifetimes and branching ratios were determined according to the stan-
dard and modified Judd-Ofelt theories. The stimulated emission cross-sections, the fluorescence lifetimes
and the quantum efficiency of Pr3* ions in SrMoO,4 were obtained. This study implies that Pr3*:SrMoQ4
is an attractive candidate for solid-state laser medium.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The trivalent praseodymium ion Pr3* has been found to be an
attractive ion due to its intricate energy level scheme with various
energy gaps and wide emission spectra extending from ultraviolet
(UV) to mid-infrared (MIR) regions. Praseodymium ions in crystals
present good applications in upconversion [1], fiber amplifiers [2]
and red and blue laser [3,4].

SrMo04 crystal is one excellent laser crystal host [5] due to
its good thermal and chemical stability. It belongs to the scheel-
ite (CaWOQ,) family with the space group of 141/a and the cell
parameters as follows: a=5.394A, b=5.394A, c=12.017A [6,7].
The melting point of SrMoO, is 1328 °C and it melts congruently.
Thus large size Pr3*:SrMo0y single crystal can be obtained by the
Czochralski method.

In this work, the standard and modified Judd-Ofelt theories
[8,9] have been applied to analyze the polarized absorption spec-
tra to determine the spectroscopic parameters of the Pr3*:SrMoQO4
crystal. The emission spectra and the fluorescence decay curve
were also obtained at room temperature, and the fluorescence
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lifetimes for 3Py —3H, and !'D, —3F, transitions have been
determined.

2. Experimental procedure

The Pr3*:SrMo0,4 compounds were synthesized by solid-state reaction, and the
raw materials were: MoOs (analytical grade), SrCO3 (analytical grade) and Pr,03
(4N purity). The starting materials were weighed, mixed up in agate mortar and
pressed into cakes. These cakes were slowly heated up to 1080°C in a platinum
crucible for seven days. Then the cakes were put into an iridium-crucible and grown
by the Czochralski technique along the c-axis. The pulling and rotation rate were
1.0-1.5mm/h and 12.0-17.0 rpm, respectively. The crystal was cooled down to the
room temperature at a rate of 10.0-35.0K/h, and the Pr3*-doped SrMoO, single
crystal we obtained is shown in Fig. 1.

Fig. 2 shows the powder XRD pattern of Pr3*:SrMoQ, recorded by Mini Flex
1l Desktop X-ray Diffractometer using Cu-K, radiation (A=1.54059 A). Data were
collected in the range of 260=5-90° with a scan step of 0.02°. The data analyses
were carried out with the aid of the JADE 5.0 software package. All diffraction peaks
can be indexed as a tetragonal structure with the space group of 141/a. The lattice
parameters were calculated according to the refinement, and the final lattice param-
eters were achieved with a=b=5.38969A, c=12.00721 A, with volume unit cell of
348.79 A3. These values are in agreement with the standard JCPDS card of SrMoO,4
(85-0809).

The concentration of praseodymium ions in the crystal was measured to be
0.34wt% by the inductively coupled plasma-atomic emission spectrometry (ICP-
AES) method and the corresponding Pr3* concentration is 6.8293 x 10'? ions/cm?.

The sample used for spectroscopic measurements was optically polished to
flat and parallel faces with the thickness of 2.0 mm. Room temperature polarized
absorption spectra of this crystal were obtained by a Perkin-Elmer UV-VIS-NIR spec-
trometer Lambda-900. The emission spectra and the decay curves of the crystal were
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Fig. 1. Picture of the Pr3*:SrMo0Oy crystal.

recorded at room temperature by an Edinburgh Instrument FLS920 spectropho-
tometer.

3. Results and discussion
3.1. Absorption spectroscopy and Judd-Ofelt analysis

The room temperature polarized absorption spectra of
Pr3*:SrMoO, were represented in Fig. 3 in the range of
300-2300 nm. The terminal levels of each transition from the 3H,
ground state were assigned according to the Pr3* scheme of lev-
els in familiar oxide hosts. It can be found that these bands are
related to the transitions between the ground 3H, level and the
excited 3Py_,, 1D,, 1F,_4 levels. Fig. 3 shows that Pr3*:SrMo0Qy crys-
tal has strong absorption in two bands with peaks at 487 nm and
592 nm, corresponding to the 3Hy4 — 3Py and 3H4 — D, transitions,
respectively.

The Judd-Oflet (J-O) theory [8,9] has been widely used to ana-
lyze the spectroscopic properties of rare-earth ions doped host
materials. For the slight contributions to the line strengths of Pr3*
ions, the magnetic dipole transitions are not taken into account
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Fig. 3. Polarized room temperature absorption spectra of Pr3*:SrMo0Qj.

line strength Sexp(J-J') can be calculated by the following formula
[10]:

_ 3ch(2]+1) Ix +21%
~ 873Nghe2 Xx +2Xg

(1)

SEXD(.I_.]/)

here Ny is the Pr3* concentration in the crystal, c is the vacuum
speed of light, h is Planck’s constant, J is the total angular momen-
tum of the ground state (J=4 in Pr3*), A is the mean wavelength of
the absorption band, x5 » = (ng,ﬂ + 2)2/9n(m is the Lorentz local
field correction for the refractivity of the medium, n, and n; are
the values of ordinary and extraordinary refractive indices of the
SrMoOQy crystal, which can be obtained by [11]:

76. 882
2 41366+ 2582
o ' 32-36.374 2
76. 365
2 _ 41569 4 — 1030
e * 32 _46, 482

and the results are shown in Table 1.
I' is the integrated absorbance for each absorption band, which
can be obtained by the following equation:

_[D()dr 2303 [ D(A)dA

in the J-0O calculations, and only the electric dipole transitions are (3)
. . . 9
considered. According to the standard J-O theory, the experimental Lloge L
15000 —
o
12000 XRD of SrMoO4 powder sample
9000 -
= 3
5 = g
& 6000+ 8 _
o~
& -5
] g 2 - =
3 30007 8 §< |§ g . -
= = s A = -~ = g —~oF
[~ ¥ = T =1 3 o
) e )| |E= &) |8 & §¥jBeRel
0 1 < 1 ¥ 1 N - JL 1 ‘-' 1 » 1 A ¥ - )IL L Lk 'kIJL }'L J\
90 SrMo0y: JCPDS:85-0809
60
30+
0 . . || L |1|\ fl|l NS SR
10 20 30 40 50 60 70 80 90

20 (Degree)

Fig. 2. X-ray diffraction pattern of SrtMoO4 powder sample and the standard JCPDS card of SrMoOQ4 (85-0809).
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Table 1
The values of ordinary and extraordinary refractive indices.
A (nm) Ny Ny
450 2.1446 2.1555
472 2.1328 2.1424
488 2.1255 2.1343
593 2.0930 2.0993
1538 2.0420 2.0469
2024 2.0385 2.0435

where L is the sample thickness (L=0.20 cm) and D(A) is the mea-
sured optical density as a function of wavelength.

The measured line strengths were used to obtain J-O intensity
parameters £2; (t=2,4,6) by fitting the following set of equations:

"N _ (2) (4) (6)
Scacd = J') = -QZU]];] + ~Q4U]J;1 + &ZGU]]T,1 (4)

U = (e [l e[, =246 %)

here U](f,) (t=2,4,6) are the reduced matrix elements of tensor
operators, given in Ref. [12]. When two absorption manifolds over-
lapped, the squared matrix element was taken to be the sum of the
corresponding squared matrix elements. The effective Judd-Ofelt
intensity parameters for Pr3*:SrMo0Q,4 were obtained by combining
Egs. (4) and (5). And the integrate absorbance and electrical dipole
line strengths are shown in Table 2.

The root-mean-square deviation between the experimental and
calculated strengths was obtained by:

N 2
rmAS = 27(56’“1’\;5;”’6) : (6)
i=1

where N (N=6 in our case) is the number of absorption bands.
After a least-square fitting of Smea to Scqic, the three J-O intensity
parameters we obtained were 16.56 x 10720 cm?, 6.09 x 1020 cm?
and 3.74 x 10720 cm?, respectively, and the value of rmAS was
calculated to be 1.491 x 102 cm?. We find high values of J-O
intensity parameters of Pr3*:SrMoO,4. But we also find large
deviation between experimental and calculated data by using stan-
dard ]-O theory. In order to overcome errors using this theory,
we tried to avoid the 3H, — 3P, transition, and the three ]-O
intensity parameters we obtained were £2; =16.641 x 1020 cm?;
24=6.174x10720cm?; £2=3.479x10720cm?. As shown in
Table 3, there are still large errors between experimental and calcu-

Table 2
The integrate absorbance and electrical dipole line strengths.

lated data. So in the following analyses, we use modified J-O theory
to avoid wrong results.

Modified ]J-O theory is one method to improve the reliability
of the J]-O parameters which has been proposed by Dunina et al.
[13]. This theory improved calculated line strengths with an addi-
tional introduced parameter. The modified line strength formula is
expressed as follows:

E; — 2E?
g] (7)

Scalc = Scaic(standard) x [1 +
Esq — EY

here S.q (standard) is defined in Eq. (4), E; is the energy of transi-
tion, Esq is the energy of the lowest 4f5d state, and E? is the average
energy over the 4f2 states. The values of E? and Esq are 10000 and
60000cm~! [14] in our case.

On the basis of the modified J-O theory, both calculations with
and without the 3H4 — 3P, transition were obtained, as shown in
Table 3. The final experimental ]-O parameters of Pr3*:SrMoO4 we
obtained were £2,=10.066 x 10720 cm?2; £24=6.567 x 1020 cm?;
£26=1.979 x 10-20 cm?2, which shows that Pr3*:SrMo0Q, has higher
value compared with other crystal hosts (shown in Table 4).

Then the radiative decay rates A(J— J') can be obtained by the
following expression:

4,2 2 2
AJ =)= 647%e 7n(n +2)
3h(2) + 1)A3 9
o2 E; — 2E9
x Z Q|((s, Ly ||ut]| s Ly)|” * [1+E5d_E‘é] (8)

t=2,4,6

here Ut (t=2,4,6) are the reduced matrix elements of tensor oper-
ators, given in Ref. [17].

The fluorescent branching ratio is expressed by the following
equation [18]:

AU—-T)
S = 9
& S AU~ 1) :
And the radiative lifetime is:
(10)

1
Trad = ZjirAU 4)]/)

According to modified J-O theory, the values of Ay, B and 7,qq
were obtained and shown in Table 5.

Excited states A (nm) I’ (nm/cm) Line strength (10-20 cm?)
o I'+20, Smea Scale
3p, 450 21.75 21.68 65.18 3.045 0.727
3p; +1g 472 12.95 12.83 38.73 1.725 1.598
3P 488 6.34 8.83 21.51 0.927 1.052
D, 593 15.22 9.58 40.02 1.255 0.341
3F3+3F, 1538 192.82 193.45 579.09 7.916 8.235
3F, 2024 358.33 377.82 1094.48 11.368 11.323
Table 3

]-0 parameters and the corresponding root-mean-square deviations for the Pr3*:SrMoQy crystal obtained by different methods.

]-0 parameters (10729 cm?) The standard J-O theory

The modified J-O theory

With Without With Without

3Hy — 3P, 3H; — 3P, 3Hy — 3P, 3H; — 3P,
2 16.56 16.641 10.015 10.066
24 6.09 6.174 6.478 6.567
26 3.74 3.479 2.201 1.979
rmAS 1.491 0.782 0.144 0.071
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Table 4

Comparison of the Judd-Ofelt parameters of Pr3*-doped crystals.
Crystals £2, (10720 cm?) £24 (10720 cm?) 26 (10720 cm?) References
Pr3*:SrMo04 10.066 6.567 1.979 This work
Cas(PO4)sF 0.32 1.59 3.82 [15]
YAG 0 12.2 8.72 [16]
NaBi(Mo00O4 ), 9.8 12.8 13 [15]

Table 5
Calculated radiative transition rates, branching ratios radiative lifetimes and oscil- 50000 -
lator strength for different transition levels of Pr3*:SrMoQ, crystal.
S 40000 -
Transition Wavelength (nm) A(s 1) B T (ps) 8
3Py —3Hy4 489 40,180 0.372 9.252 %‘ 30000 -
—3Hs 532 0 0 <
—3Hg 619 2882 0.027 £ 20000 .
—3F, 647 53,230 0.493 g 1
—3F3 697 0 0 5 500004
—3Fy 732 9185 0.085 § aspectrum
—1Gy 924 2558 0.024 5 o000
—1Dy 2746 46.711  0.00043 z
1Dy —3H,4 592 994.39  0.099 99.451 40000
—3Hs 659 46.855  0.00466
3H 822 833598  0.083 _— M
T T T ¥ T T
—3F, 885 1040 0.103 700 800 500 1000 1100 1200
—3F 1001 466.422  0.046 Wavelength (nm)
—3F, 1058 5399 0.537
—'Gs 1442 1274 0.127 Fig. 5. Infrared fluorescence spectra of Pr3*:SrMoO, crystal excited by 592nm
pumping.
3.2. Fluorescence spectroscopy and stimulated emission . . e .
. P Py where I, (1) is the experimental emission intensity for o and &
cross-sections Lo .
polarization spectra as a function of A.
. . According to the above equation, the calculated cross-
The room temperature polarized emission spectra of

Pr3*:SrMoO4 excited by 448nm are shown in Fig. 4. Several
emission bands with peaks at 619 nm, 647 nm and 732 nm can be
found in Fig. 4, corresponding to the emissions from the metastable
3Pj (j=0-2) manifolds. The most intensive emission locates around
647 nm, which is considered to be the transition 3Py— 3F,.
Fig. 5 shows the room temperature polarized emission spectra of
Pr3*:SrMo0,4 excited by 592 nm, and two strong emission bands
centered at 890 nm and 1058 nm were recorded, corresponding to
the transitions 'D, — 3F, and 'D, — 3F,, respectively.

The emission cross-section is an important parameter respon-
sible for the potential laser performance. According to the
Fuchtbauer-Ladengurg (F-L) formula [19], the emission cross-
section can be expressed by the following equation:

AS 3ls.7(A)
Gem(h) = b o , (1n)
8mcnsty f[ZIU()L)-i-In()L)])LdA
J 3 3
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Fig.4. Visible fluorescence spectra of Pr3*:SrMoOj crystal excited by 448 nm pump-
ing.

sections of the transition 3Py — 3F, are 77.13x10720cm? (o)
and 41.03 x 10729 cm? (7). The calculated cross-sections of the
D, »3F, and 'D,—3F,; transitions are 0.092 x 10720 cm?
(), 0.0717x1020cm? (w) and 0.955x1072°cm? (o),
0.429 x 1020 cm? (1), respectively.

3.3. Fluorescence lifetimes and quantum efficiency

The decay curves of the crystal recorded at 488 nm and around
1060 nm were measured at room temperature by an Edinburgh
Instrument FLS920 spectrophotometer. Figs. 6 and 7 show the
decay curves excited by 448 nm and 592 nm pumping at room
temperature, corresponding to the 3Pg — 3H,4 and D, — 3F, tran-
sitions. It can be found in Fig. 6 that the curve displays a single
exponential behavior and the fluorescence lifetime of the 3Pg
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Fig. 6. Room temperature luminescence decay curve at 488 nm excited by 448 nm
pumping.
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Fig. 7. Room temperature luminescence decay curve at 1060 nm excited by 592 nm
pumping.

manifold is estimated to be 2.63 ws, which can be compared
with Pr3*:NaBi(WOy);: 1.2 s [15] and Pr3*:CaNb,Og: less than
1.0 s [20]. We found short fluorescence lifetime of 3Py level for
Pr3*:SrMo0Oy crystal, but the product of the emission cross-section
o and the mean fluorescence lifetime 7 (2.03 x 10~18 cm? s for -
polarization and 1.08 x 10~18 cm? s for o-polarization) is bigger
than other crystals such as Pr3*:NaY(MoOy,), (0.89 x 10~18 cm? s
for r-polarization and 0.79 x 10~18 cm? s for o-polarization) [21].

Fig. 7 shows the luminescence decay curve of the 1D, — 3F,4
transition, and lifetime measurements show a single exponential
for 1D, level too. This suggests that no energy transfer processes
involving the 1D, level are present in this system and the mean
value of the fluorescence lifetime was estimated to be 92.88 s,
which can be compared with Pr3*:YAP: 28 ws [22]. The quan-
tum efficiency was calculated to be 93.39% according the equation
n =1yt for the 'D; — 3F, transition, which is higher than Pr3*:YAG:
90%[16]. The result demonstrates that Pr3*:SrMoQ, crystal has high
luminescent quantum efficiency.

4. Conclusion

Pr3*:SrMoO, single crystal was grown by the Czochralski
method, and the spectroscopic properties of the Pr3* ions in StMoO4
crystal were reported. The absorption spectra were analyzed by the
standard Judd-Ofelt theory, and the accurate results were obtained
by modified J-O theory. Three J-O intensity parameters we
obtained were £2,=10.066 x 10720 cm?2, £24=6.567 x 10720 cm?
and £26=1.979 x 1020 cm?, respectively.

The emission cross-sections were estimated by the F-L formula.
The fluorescence lifetimes were determined, and the quantum effi-
ciency of the 'D, — 3F, transition was calculated to be 93.39%.
Results of this work demonstrate that the Pr3*:SrMo0, single crys-
tal may be a good prospective material for solid-state laser medium.
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