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ABSTRACT The polarized absorption and emission spectra of
Pr3* ions in SfWOy single crystals were investigated at room
temperature. The standard and modified Judd—Ofelt theories
have been applied to analyze the polarized absorption spectra
to determine the spectroscopic parameters, including the Judd—
Ofelt intensity parameters £2; (t = 2, 4, 6), radiative transition
probabilities, radiative lifetimes and branching ratios. The stim-
ulated emission cross sections and fluorescence lifetimes of the
promising laser level were obtained.

PACS 78.55.Hx; 42.70.Hj; 78.20.-¢

1 Introduction

The fluorescence properties of praseodymium ions
have been intensively studied in the last decades in a large
variety of hosts due to their rich optical spectrum, which ex-
tends from the ultraviolet (UV) to the near infrared (NIR) [1].
Laser actions have been reported for Pr>* ions in both crys-
tals [2—5] and fibers [6]. Pr¥*-doped materials are also at-
tractive in up-conversion [7], fiber amplifiers [8] and photon
avalanche [9, 10].

SrWOy belongs to the scheelite family; the unit-cell pa-
rameters are a = 5.4168 A, ¢ = 11.951 A, V =350.66 A>,
Z =4, D. =6.35g/cm’ and the space group is /4;/a [11].
The crystal structure of tungstate crystals allows using these
crystals as matrices for laser-active elements with nonlinear
self-conversion of radiation to a new spectral range [12].

In this paper, an extensive investigation of the optical
properties of Pr’*-doped SrWO, crystal is described. The
standard and modified Judd—Ofelt theories have been applied
to analyze the absorption spectra to determine the spectro-
scopic parameters. We have also studied the fluorescence
emission cross sections and fluorescence lifetimes of the
promising laser level.
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2 Experimental procedure

The Pr’*-doped STWO, single crystal was grown
by the Czochralski technique. The growth procedure is simi-
lar to that of Nd**:SrWO, described in our previous pub-
lication [13]. The concentration of praseodymium ions in
the crystal was measured to be 0.77 wt. % by the induc-
tively coupled plasma—atomic emission spectrometry (ICP—
AES) method and the corresponding Pr’* concentration is
2.09 x 10% cm 3.

The sample used for spectroscopic measurements was op-
tically polished to flat and parallel faces. The thickness of
the sample was measured to be 0.32 cm. Room temperature
polarized absorption spectra of this crystal were recorded
by a Perkin-Elmer UV-vis—NIR spectrometer (Lambda-900).
The emission spectra of the crystal were recorded at room
temperature by an Edinburgh Instruments FLS920 spec-
trophotometer. The fluorescence emission was analyzed with
amonochromator (Acton Pro 500i) and a photomultiplier tube
from Hamamatsu. The resolution of both the absorption and
the fluorescence spectra is 1.0 nm.

The values of ordinary and extraordinary refractive in-
dices of StWOy crystal were provided in [13]. By fitting these
data, Sellmeier equations of the refractive indices were ob-
tained (X is in unit of pwm):
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The values of the ordinary and extraordinary refractive indices
are employed in the following spectroscopic calculations.

3 Results and discussion

3.1 Absorption spectroscopy and Judd-Ofelt analysis

The room temperature polarized absorption spectra
of Pr3+:SrWOy crystal are represented in Fig. 1. The terminal
levels of the corresponding transitions from the *Hj ground
state were assigned according to the Pr’* scheme of levels in
oxide hosts [14]. As can be seen from this figure, the back-
ground absorption of the Pr3*:SrWQ, crystal was increasing



FIGURE 1 Polarized room temperature absorption
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strongly below 750 nm. In Pr’*-doped SrtWOy crystals, the
trivalent ion (Pr**) is supposed to occupy the Sr** site and
induces an excess positive charge into the crystal, which is
compensated by Vs, (Sr vacancies) through the formation of
defect complexes [2(Prgj)' — Vgl Pr’*. These defect com-
plexes may cause an increase of the background absorption,
which is comparable to those of rare earth doped PboWOy, sin-
gle crystals [15]. The structure of each band is due to the Stark
splitting of different multiplets induced by the matrix crys-
tal field. It is worth noting that the Pr3*:SrWOy crystal shows
strong absorption in the 440—500 nm range and can be effec-
tively pumped by visible sources, such as a Xe lamp or a blue
diode laser.

The Judd—Ofelt (JO) theory [16, 17] has been applied to
the analysis of the absorption spectra of rare-earth ions in
a variety of hosts. A brief outline of the JO theory is given in
the following analysis procedure.

Considering that the interactions between magnetic dipole
of Pr3*-ion contributions to the absorption and emission ex-
perimental oscillator strengths are very small [18], the mag-
netic dipole transitions have not been taken into account in the
JO calculation. The experimental line strength Spe,(J — J')
can be calculated by using the following formula [19]:

S gy NI D 2l
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Here N, is the Pr3* concentration in the crystal, X is the mean
wavelength of the absorption band, ¢ is the vacuum speed
of light, & is Planck’s constant, J is the total angular mo-
mentum of the ground state (J =4 in Pr*"), x,.» = (n2 . +
2)? /9ns 5 is the Lorentz local field correction for the refrac-
tivity of the medium, n, and n, are the values of ordinary and
extraordinary refractive indices of StWOQy crystal and I is the
integrated absorbance for each absorption band, which can be
determined by

e J/ DGYdr  2.303 [ D(3)d2

4
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Here L is the sample thickness (L = 0.32 cm) and D(A)dX is
the measured optical density as a function of wavelength.

According to the JO theory, the calculated line strength re-
lated to the oscillator parameters can be calculated by using
the following equation:

Sea(J = )= S LJINUONES, LYYW ()
1=2,4,6

Here £2, are empirically determined parameters and (a|| U ||b)
are the doubly reduced matrix elements calculated by Car-
nall et al. [20]. When two absorption manifolds overlapped,
the squared matrix element was taken to be the sum of the
corresponding squared matrix elements.

The root-mean-square deviation of the experimental and
calculated line strengths is defined by

N
msAS = | Y (Smea — Sea)?/(N —3). (6)

i=1

Here N is the number of absorption bands. After aleast-square
fitting of Siea to Scar, the three JO intensity parameters were
obtained. The results and values of rms AS are presented in
Table 1.

When applied to Pr3*:SrWO, crystal, the standard JO
theory results in large deviations between calculations and ex-
perimental data, as for other Pr3*-doped materials [21,22].
For Pr3*:SrWOj crystal, the experimental and calculated line
strengths of the 3Hy — 3P, transition are 1.84 x 1072 cm?
(0), 1.83x1070cm? () and 0.73x 107X cm? (o),
0.72 x 1072 cm? (), respectively. The large deviation is
usually explained by the small gap between the 4 f? configu-
rations and the low-lying 4 f5d state in Pr**, which makes the
probabilities of transitions from the ground manifold to high-
lying manifolds in the 4 f? configuration higher than those
calculated by the standard JO theory [23].

To overcome this difficulty, we excluded the value of the
hypersensitive transition *H,; — 3P, in the fitting procedure,
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The standard JO theory The modified JO theory

JO parameters 3H4 — 3P2 3H4 — 3P2 3H4 — 3P2 3H4 — 3P2

with without with without

g T g b4 o T g b4
£2, (10720 cm?) 10.20 10.34 10.24 10.37 15.52 15.67 15.55 13.66
24 (10720 cm?) 2.08 1.96 2.12 2.0 1.78 1.66 1.80 1.73
26 (10720 cm?) 4.84 4.79 4.71 4.67 6.81 6.74 6.73 6.79
rms AS (1072 cm?) 0.651 0.645 0.382 0.375 0.504 0.5 0.371 0.361
TABLE 1 JO parameters and the corresponding root mean square deviations for Pr3+:SrWOy crystal obtained by different methods
o-polarized mr-polarized

Excited A (nm) 3Hy— 3P, 3Hy — 3Py 3Hy — 3P, 3Hy — 3P,
states with without with without

Smea Scal Smea Scal Smea Scal Smea Scal
3p, 1962 9.44 9.42 9.44 9.43 9.46 9.44 9.46 9.45
3Py +3F, 1563 9.96 10.07 9.96 9.98 9.85 9.95 9.85 9.86
en 1026 0.08 0.21 0.08 0.21 0.07 0.21 0.07 0.21
D, 591 1.00 0.43 1.00 0.42 0.98 0.42 0.98 0.42
3Py 485 0.51 0.31 0.51 0.31 0.48 0.29 0.48 0.30
3P+ g 473 0.54 0.70 0.54 0.71 0.52 0.68 0.52 0.67
3p, 447 1.76 0.99 - - 1.75 0.97 - -
TABLE 2 Experimental and calculated line strengths of polarized absorption spectra for Pr3*:SrWQ, crystal obtained with the modified JO theory (S is in

unit of 10720 cm?)

as is often done [2,21]. The JO parameters have been recal-
culated and the results are also presented in Table 1. We can
see that this method decreases the values of rms A.S and makes
minor changes in the £2; setting compared with that of the
above standard model.

The modified JO theory as one method to improve the re-
liability of the JO parameters has been proposed by Dunina
et al. [23]. This theory improves calculated line strengths but
an additional parameter has to be introduced. The modified
line-strength formula is expressed as

standar + . ;
cal cal ( ) E E()

Here the standard line strength is from (6), E; is the energy of
the final state, Es, is the energy of the lowest 4 f5d state and
EJQ is the average energy over the 4 f? states. The values of EJQ
and Es; are 10000 cm™! and 60000 cm ™, respectively [24].
On the basis of the modified JO theory, both calculations with
and without the 3H, — 3P, transition were obtained. All the
results are given in Table 1 for comparison. From the table,
we can see that the modified JO theory without considering
the 3Hy — 3P; transition gives the best fitting results for our
experimental and calculated line strengths. Table 2 shows the
experimental and calculated line strengths for Pr3+:SrWO,
crystal obtained with either case of the modified JO theory.

In the following analysis, the JO parameters determined
by the modified JO theory without the *H; — 3P, tran-
sition are adopted. In the anisotropic crystal, the relations
between the effective JO parameters Q¢ and the polar-
ized JO parameters 2, (r (f =2,4,6) should be Q¢ =
(2826 + 82:7)/3 [25]. So, the effective JO parameters of
Pr3t:SrtWO, crystal are 257 = 14.9 x 10720 cm?, 25 =
1.8x 107® cm? and ¢ = 6.8 x 10729 cm?. Table 3 gives
the JO parameters for Pr't doped in other hosts.

Using the obtained emission line strengths, the radiative
transition probabilities A(J — J') can be determined by the
following expressions:

4.2 2 2
AT = Ty = 64n*e ] n(n<+2)
3h(2J +1)A3 9
x Y S, DINUPIS, LY
1=2,4,6
E;—2E}
« [1 + 70} , ®)
Esq— Ey
Ar() =) AU = T). ©)
]/

Using the reduced matrix elements for Pr’* ions presented
previously [28], the radiative transition probabilities are ob-
tained. Then, using the radiative lifetime 7. = 1/At(J), the
mathematical formula for the fluorescent branching ratio was
found by [29]

AU — T
Ar(J)

The calculated radiative transition probabilities, the branch-
ing ratios and the radiative lifetimes for different transition
levels are presented in Table 4.

BU") = (10)

Material 2y 24 26 Ref.
(107 cm?)  (107%cm?) (1072 cm?)

NaBi(MoOy ), 9.8 12.8 1.3 [18]

KGd(WO4)» 19.50 7.31 4.86 [26]

PbWO4 19.76 5.57 7.30 [27]

StWOy4 14.9 1.8 6.8 This work

TABLE 3  The JO intensity parameters of Pr3+-doped crystals
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Transition Wavelength A B T
(nm) ™ (1s)
3pp— D, 2584 56 0.0005 9.5
G, 924 461 0.004
3Fy 728 2690 0.03
3F3 697 0 0
3F 643 79290 0.75
3He 617 10030 0.10
3Hs 538 0 0
3H, 488 13010 0.12
Dy, > 1Gy 1439 2070 0.17 80.9
3Fy 1013 7180 0.58
33 971 501 0.04
3R 855 523 0.04
3He 810 280 0.02
3Hs 689 16 0.001
3H, 594 1798 0.15
TABLE 4 Calculated radiative transition probabilities, branching ratios

and radiative lifetimes for different transition levels of Pr3*:SrWQy crystal

3.2 Fluorescence spectroscopy
and stimulated emission cross sections

The room temperature polarized emission spec-
tra of Pr’*:SrWOy excited by 447-nm pumping are shown in
Fig. 2. The fluorescence of Pr’*:SrWQ, crystal in the visi-
ble region mainly consists of emissions from the metastable
3Pj (j =0, 1,2) manifolds. The most intensive emission
around 645 nm was detected and assigned to the transition
3Py — 3F,.

The room temperature polarized fluorescence spectra in
the spectral region 800—1300 nm of this crystal excited by
447-nm pumping are shown in Fig. 3. The fluorescence spec-
tra in the infrared region were mainly assigned to the transi-
tions from the !D, manifold. There are two main emission
bands located around 866 nm and 1043 nm, corresponding to
'D, — 3F, and 'D, — 3F, transitions, respectively.

The emission cross section is an important parameter in-
fluencing the potential laser performance. The stimulated
emission cross section can be estimated from the room
temperature fluorescence spectra by using the Fiichtbauer—
Ladenburg (F-L) formula [30]

2B 3157 (X)
8men’t [[215(A) + I (M) ]rdA

Oem(A) = (1D

Here I, ()) is the experimental emission intensity for the
o- or m-polarization spectrum. With the present data, we
can estimate the emission cross sections of the 3Py — 3F,
transition and transitions from the 'D, manifold. Table 5
shows the peak emission wavelengths and cross sections
of several main transitions for Pr’*:SrWQ, crystal. It is
worth noting that the peak emission cross sections of the
3Py — 3F, red laser channel are 1.9 x 1078 cm? (0) and
1.7 x 1078 ¢cm? (7). The values are larger than those of Pr*-
doped LiYF, crystal (0.3 x 107! cm? for the m-polarization
and 2.1 x 107! cm? for the o-polarization), in which a red
laser has been realized [4, 31].

33 Fluorescence lifetime

Figure 4 shows the luminescence decay curve of
the 3Py — 3H, transition at the wavelength of 490 nm excited
by 447-nm pumping. It was found that the decay does not fit
a single exponential, but could be described by a double expo-
nential. The lifetimes of 7| and T, components are estimated to
be 4.3 and 0.98 s, respectively.

So, the mean value of the lifetime can be obtained by using
the following equation:

o0

Tm = / I(r)dr,

0

12)

70
60 -
50 -
40 -
30 -
20 -

i I e

o spectrum

60

Intensity (a.u.)

50 +
40 +
30 H
20 +

n spectrum

2

T T
600 650
Wavelength (nm’)

10—-
0- N A N J‘“JVLT_A_I

700

FIGURE 2 Visible polarized room tempera-
ture fluorescence spectra of Pr3*:SrWOy crys-
tal excited by 447-nm pumping

I
750 800



JiAetal. Optical properties of Pr3+-doped StWOy crystal 501
4.0 FIGURE 3 Infrared polarized room tem-
1 perature fluorescence spectra of Pr3t:SrwQ,
3.5 1 - .
30 crystal excited by 594-nm pumping
B < spectrum
254
2.0+
154
~ 1.0
5 ]
S 054
2 0.0
» 404 T T T T T T T T T
g 4
= 3.5—_
3.0+
25
. 7 spectrum
2.0+
1.5
1.0+
0.5 1
0.04
7 T T T T T T T T T
800 900 1000 1100 1200 1300
Wavelength (nm’™)
level for the Pr**:SrWO, crystal is relatively short. The values
1800 of the emission cross section o™ and the mean fluorescence
S lifetime t,, for the 3Py — 3F> transition (9.50 x 10~!8 cm? ps
% (o-polarization) and 8.50 x 1078 cm? us (;r-polarization)
12004 are larger than those of other tungstate crystals, such as
3 2.86 x 1078 cm? us (-polarization) of the Pr’*:PbWO,
= crystal [33] and 1.70 x 10~ cm? ps (E//X) of the Pr’*:
o 8001 La;(WOy4)3 crystal [27,32]. Therefore, the 3py level of
[od 34. . .. .
S Pr°":SrWOy crystal is a promising luminescent laser level.
3]
S 4004
= 4 Conclusion
o The main spectroscopic properties of Pr3* ions
10600 20000 20000 20000 D SrWOy single crystals have been determined for the o-

Time (ns)

FIGURE 4 Room temperature luminescence decay curve at 490 nm excited
by 447-nm pumping

Transition Wavelength (o o
(nm) (10720 cm?) (10720 cm?)

3py — 3Hy 489 1.5 1.5

3py — 3He 617 6.3 4.5
3py— 3R, 645 187 173

3py — 3K, 732 5.3 3.6

D) — 3P 866 0.2 0.3

1p, » 3F, 1043 6.6 7.4
TABLE 5 The stimulated emission cross sections of main transitions for

Pr3+:SrWO, crystal

where I(f) represents the normalized decay curve. From the
calculation, the mean value of the fluorescence lifetime was
5.0 us. The luminescent quantum efficiency n = /1 is
52.6% for the 3P, level. It shows that Pr3*:SrWO, crystal has
high luminescent quantum efficiency.

The mean fluorescence lifetime t, is a more reliable pa-
rameter, especially for the estimation of the laser threshold
and efficiency [32]. Even the fluorescence lifetime of the 3Py

and m-polarizations. The polarized absorption spectra were
analyzed by the standard and modified JO theories, and the
best fitting results were obtained by the modified JO theory
without the 3H, — 3P, transition. The stimulated emission
cross sections of some typical fluorescence transitions were
estimated. The fluorescence lifetime of the 3Py level was
determined. Results of this work demonstrate that StTWOy4
crystal doped with Pr’* ions has good spectroscopic prop-
erties and may be a potential candidate for solid-state laser
materials.
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