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Strontium tungstate is a well-known stimulated Raman scattering laser material. The
unique structure of this crystal allows the usage of these crystals as matrices for laser
active elements with nonlinear self-conversion of radiation to a new spectral range.
The recent advances in crystal growth, particle and thin film fabrication, spectroscopy,
and laser properties were reviewed. The demonstration of laser output of neat and
Nd**-doped SrWO, crystal shows that it is an efficient self-stimulated Raman

scattering laser.
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1 Introduction

Recently, there has been burgeoning interests in the study of
strontium tungstate scheelite material because of its large
transparent spectral range, suitable hardness, and the unique
nonlinear optical property, namely, stimulated Raman scatter-
ing. Stimulated Raman scattering is a promising new method
to produce new laser emission wavelengths; this effect is
owned to the structure of the material. By employing the
material as the matrix, one can combine the laser active
elements, e.g. lanthanide ions, with the stimulated Raman
scattering effect to generate laser radiation into new spectral
ranges.

In this feature article, we will review recent works on the
synthesis, characterizations of optical spectroscopy, and laser
properties of the tungstate scheelite materials. An emphasis
will be put on the demonstrations of the stimulated Raman
scattering, which serves as an insight into the application of
this material in new spectral ranges.

2 Crystal structure

Strontium tungstate crystallizes in a tetrahedral structure in the
space group of Cy,® (I4,/a), space no. 88, with 4 molecules in
each crystallographic unit [1-3] at atmospheric pressure. The
strontium atoms accommodate on the 4b Wyckoff site with an
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S, symmetry. This compound undergoes a phase transition
from scheelite to fergusonite with the ambient pressure at
about 10x10° Pa [2-5] (Figure 1). The strontium tungstate
fergusonite belongs to the C,,° (C2/c), space no. 15, with also
4 molecules in each crystallographic unit [2-5]. The site
symmetry of strontium atoms is C,, which is much lower than
in the scheelite structure.

3 Synthesis

3.1 Bulk crystal growth

Packter and Roy [6] have described the crystallization of
strontium tungstate from the melted lithium chloride solution
at low temperature. In this case, crystals can only grow into
the sizes of several centimeters because of its limited
solubility in the melt. Since strontium tungstate melts
congruently and there is no phase transition in the temperature
range from ambient to the melting point at atmospheric
pressure, it can be grown into sizes of centimeters by the
Czochralski method. Contrary to the traditional solvent-
growth method, this method is easy to control and does not
involve the complicated procedure in which types of solvent
are varied and portions of each solvent are adjusted.

Neat and rare-earth ions doped strontium tungstate crystals
were grown by the Czochralski method [7-9]. Chemicals
were used as received without further purification. SrCOj3
(AR), WO;3; (AR), and Ln,Os; (Ln=Nd,Tm,Er,Yb,Pr)
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Figure 1 Scheelite (left) and fergusonite (right) structures of
strontium tungstate.

(99.99%) were mixed separately in the molar ratio in an agate
motor. The mixture was pressed into plates and then
transferred into a platinum crucible. The crucible was heated
to 1100°C and was kept at this temperature for one week.
Then the chemicals were deposited in an iridium crucible and
were placed in the DJL-400 furnace under nitrogen atmo-
sphere. The mixture was heated to a temperature of 50°C
higher than the crystallization temperature for about 2 h to
allow the melt to mix completely and homogeneously. Neat
SrWO, seed was selected from small crystals obtained by
spontaneous crystallization and was used to grow bulky
SrWO, crystal. The seeds used in the subsequent experiments
were oriented parallel to the c-axis. The rotate and pulling
rates were 12—15pm and 1-1.2 mm-h™, respectively. When
these procedures were over, the crystals were drawn out of the
melt and cooled down to room temperature at a rate of
12-30°C-h™". The as-grown crystals containing different rare-
earth ions show different colors (Figure 2), and the properties
of each crystal are depicted in Table 1.

Table 1 Size, color, and segregation coefficient of the as-grown crystals

crystal color ion concentration  segregation coefficient
(10" em ™) (%)

neat colorless - -

Nd sky-blue 8.5 20.09

Tm colorless 6.2 15.78

Er red 8.0 20.28

Yb blue 3.85 9.80

Pr green 20.9 49.40

It is important to note that some extra WO; should be added
to the starting materials in order to compensate the loss of
sublimation during the crystal growth. Similar phenomenon
has also been observed in the growth of Lay(WO,); and

12 13 14 TRaA 17 19 N

Figure 2 The photos of the as-grown tungstate strontium
crystals: a. neat; b. Nd3+; c. Tm3+; d. Er”; e. Yb3+; £ Pt
Pictures are reproduced from Ref. [7].

Sm,y(WOQO,); crystals [6,10]. The addition of extra WO;
ensures to balance the stoichimetric ratios of the starting
materials.

3.2 Particle

The methods to fabricate strontium tungstate particles can be
generally categorized into two types: one is a liquid-solution
routine [11-22], the other is a molten flux process [23]. With
the control of preparation conditions, the morphology of
strontium tungstate particles is easy to be fabricated into
peach-like, dump-like, bundle, rice grain-like, peanut-like,
and rod-like particles (Figure 3). The synthesis of strontium
tungstate particles involves the dissolution of the starting
materials in water or some certain solvents and subsequently
the treatment of as-prepared particle under microwave
irradiation. In this way, fine, uniform particles with a narrow
distribution can be successfully obtained.

3.3 Film

Strontium tungstate film can be prepared by a chemical
solution method [24-30] (e.g. polymeric precursor and
adjustable galvanic cell) by pulsed-laser deposition method
[28], or by a spray pyrolysis method [29]. Figure 4 shows the
scanning electron microscope (SEM) images with oxidant for
60 h and without oxidant for 80 h. The chemical solution
method has been proved to be an inexpensive and
environmentally friendly route for the preparation of stron-
tium tungstate film.
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Figure 3 SEM images of StWO,. a. Peach-like; b. dump-like; c.
bundle; d. rice grain-like; e. peanut-like; and f. rod-like. Figure
reproduced from Refs. [11,20,22].

Figure 4 SEM images of StWO, films prepared by galvanic cell
method. a and b: in the presence of oxidant for 60 h; ¢ and d: in the
absence of oxidant for 80 h. Figure reproduced from Ref. [28].

4 Physical property
4.1 Thermal expansion

The measurements of thermal expansion have greatly
increased our knowledge of material properties such as lattice
dynamics, electronic and magnetic interactions, thermal
defects, and phase transitions [31]. As a significant part of
the power pump is converted into heat inside the material
during laser operation, it is important to know its linear
thermal expansion coefficients to predict how the material
behaves when the temperature increases [32]. The figure of
the linear expansions versus temperature was shown in Figure 5.
The linear thermal expansion coefficient is defined as:

1AL

“TILaAr
where L is the initial length of the sample at room temperature,
and AL is the change in length when the temperature changes
AT. We can calculate the thermal expansion coefficient from
the slope of the linear fitting of the linear relationship between
AT/T and the temperature. In this case, the linear thermal
expansion coefficients for different crystallographic direction
¢-, b-, and ag-axes are 2.73x107°°C!, 1.00x10°°C!, and
1.05x107°°C™", respectively.
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Figure 5 Linear thermal expansion coefficients of (001), (100)
and (010) directions.

The thermal properties perpendicular to the crystallo-
graphic axes are theoretically equivalent in the uniaxial
scheelite structure strontium tungstate crystal. The values of
thermal expansion along a- and b-axes are comparable. The
small difference of the values of thermal expansion between
a- and b-axes thermal expansion can be attributed to
experimental errors.
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4.2 Refractive index

The minimum deviation technique with a prism sample is a
popular method used in the refractive index measurements
[33]. To fully characterize StTWO4 crystal in terms of refractive
indices as a function of wavelength, we have measured them
with a precision of 1x10™* at several different wavelengths
from the visible to the near infrared. These data were fitted by
the least-square method according to the Sellmeir equation
[34]:

b
2-C

n?=A+ —-DX* )
where A is the wavelength, and A, b, C, and D are the Sellmeir
parameters. By fitting the obtained data, we obtain the
following equations (A is in the unit of pm):

0.0523

T 10.0049856° 3
A2 4+0.001523 + )

n> =3.4383 +

0.0526

—  1£0.00960592> 4
22 +0.009456 @)

n2 =3.4033 +

where n, and n, are the refractive indices for polarization
perpendicular (ordinary) and parallel (extraordinary) to the
axis of anisotropy, respectively. The measured and calculated
refractive indices of STWQy, crystal were presented in Table 2.
The curves obtained from the fit according to the Sellmeir
equation are shown in Figure 6.

Table 2 Measured and calculated refractive indices of StTWO, crystal

A(pm) no e
0.8080 1.87649 1.8678
0.6563 1.88701 1.87762
0.6328 1.88966 1.88072
0.5893 1.89472 1.88525
0.5780 1.89610 1.88669
0.5461 1.90077 1.89113
0.5321 1.90328 1.89298
0.4861 1.91294 1.90228
0.4358 1.92666 1.91574

5 Optical spectroscopy
5.1 Neat strontium tungstate

The luminescence of strontium tungstate has attracted
extensive attentions in the past several decades
[16,17,21,28,29,35-59]. It is generally assumed that the
emission and excitation spectra of neat StWO, are associated
with the charge transfer within the WO,* group [60]. The
molecular orbital calculation for WO,4*~ group with the Ty
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Figure 6 Dispersion of the refractive indices and calculated
curves from the Sellmeir coefficients for STWOy,.

symmetry group has been performed by Butler [61]. He
pointed out that the ground and four singlet excited states
predicted by crystal field approximation were 'A; and 'A
('Ty), 'B('Ty), 'E('T»), and 'B('T»), respectively. The blue
emission band has been attributed to an intrinsic emission
associated with an electron transition from 'B('T,) to the
ground state 'A; of WO,* group. However, there is a
controversy on the origin of the green emission (Figure 7).
Some early work [37,39,40,43] attributed the green emission
to (WO3+F) center in PbWO, single crystals, whereas
Sokolenko et al. [42] and Sinelnikov [41] and coworkers
assigned this emission to (WO5;+ Vacancy) oxygen-deficient
complexes. Other authors [44-47] attributed the green
emission to the defect centers with interstitial oxygen. So
even though the photoluminescence of neat strontium
tungstate crystal has been extensively studied, there are still
issues in debate regarding the origin of the color centers of the
green emission band, and therefore, further investigations
need to clarify this point.

5.2 Strontium tungstate containing rare-earth ions

The radii for eight coordinated Sr** and lanthanide ions are
1.26 nm and 0.98—1.16 nm, respectively [62]. When trivalent
rare-earth ions are incorporated into the strontium tungstate
lattice, they are expected to accommodate on the Sr** site with
an S, site symmetry coordinated with eight oxygen atoms
(Figure 8). In this case, the excess of charge is compensated
by the incorporation of Na™ or Nb® T ions [63] present in the
growth mixture or by the formation of cation vacancies. The
charge compensation produces a slight difference in the
spatial distribution of oxygen ions around the lanthanide ions
and then the local fields acting on them, which will lead to the
inhomogeneous broadening of the absorption and emission
spectra even at low temperature [64].
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Figure 7 (a) Room temperature excitation and (b) emission spectra of neat SftWO,. Figure reproduced from Refs. [47,50].

Figure 8 The coordination environment of Sr*" in strontium
tungstate crystal.

A series of lanthanide ions have been doped into the
strontium tungstate lattice, and they have been subjected to
detailed optical spectroscopy, Judd-Oflet calculation, and

crystal field simulation [64—71]. We will not go into the details
of these studies, but only summarize the optical spectra
(Figures 9—14) and obtained parameters of strontium tungstate
containing rare-earths ions herein.

The room temperature absorption spectra of strontium
tungstate containing rare-carth ions are shown in Figures 9—
14. Each spectrum displays the distinct fine structure of the
dopant rare-earth ion, suggesting that rare-earth ions enter the
Sr?* site of the crystal lattice. Since the concentrations of rare-
earth ions have been measured, the absorption spectra can be
employed to perform the Judd-Ofelt calculation to theoreti-
cally determine the Judd-Ofelt parameters, radiative prob-
abilities, and branching ratios [72,73]. The calculated
intensity parameters for each rare-earth ion in strontium
tungstate crystal are tabulated in Table 3.

T spectrum

absorption/a.u.

T J T L T . 1

o spectrum

300 400 500 600

700 800 900 1000
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Figure 9 Room temperature polarized absorption spectra of Nd&**:Srwo, crystal. Figure reproduced from Ref. [66].
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Figure 10 Room temperature polarized absorption spectra of Tm>*:Srtwo, crystal. Figure reproduced from Ref. [65].
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Figure 11 Room temperature polarized absorption spectra of Er*":SrwO, crystal. Figure reproduced from Ref. [67].
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Figure 12 Room temperature polarized absorption spectra of Figure 13 Room temperature polarized absorption spectra of
Yb3:Srwo, crystal. Figure reproduced from Ref. [68]. P *:SrWO, crystal. Figure reproduced from Ref. [70].
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Figure 14 Room temperature polarized absorption spectra of
Ho>:Srwo, crystal. Figure reproduced from Ref. [69].

Table 3 The calculated Judd-Ofelt parameters in strontium tungstate
containing rare-earth ions. £, (t=2, 4, and 6) are in the unit of 10 2% cm?

Ln** 2 Q Qs Ref.
Nd 12.49 572 439 [64]

12.39 2.48 2.80 [66]
Tm 7.41 0.25 1.71 [65]
Pr 14.9 1.8 6.8 [70]
Ho 12.21 3.95 1.23 [69]

6 Laser properties

The stimulated Raman scattering (SRS) phenomenon was
firstly observed by Woodbury and Ng in 1962 [74]. Since
then, the research on this phenomenon has received
considerable attention due to its wide applications not only
in macroscopic behavior of materials under high laser power
radiation but also in microscopic optics of individual atoms,
ions, and molecules.

It is well known that totally symmetric vibrations of
molecules or groups in a crystal can produce the most intense
Raman lines [75]. Accordingly, nitrates, tungstates, carbo-
nates, and molybdate are the most promising crystals for
efficient SRS. The crystal structure of strontium tungstate has
been well introduced in the previous section. This unique
structure allows the introduction of impurity ions and the
usage of these crystals as matrices for laser active elements
with nonlinear self-conversion of radiation to a new spectral
range [75]. In recent years, there are lots of studies on SRS of
neat and rare-earth ions doped strontium tungstate [76-93].
The most attractive one is Nd**-doped StWOQ, crystal.

Firstly, we will review the recent investigations on the self-
SRS in Nd**:SrWO,. Figure 15 shows the dependencies of
the laser output energy (1.06 um) versus the flash lamp energy

for 78%, 56%, and 37% reflectivity output couplers in Nd**:
SrWO, [63]. The active element is 4 mm in diameter and 47 mm
in length without antireflection coatings. The crystal was
tested at 10 Hz pulse repetition rate in linear cavity 100 mm
long, composed with two flat mirrors. In this experiment, the
output energy of the first Stokes laser at 1.18 pm of the *F3,,
— 1,1, transition is 3 mJ, and the pulse duration is 12 ns.
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Figure 15 The dependencies of the laser output energy (1.06 um)
versus the flash lamp energy for 78%, 56%, and 37% reflectivity
output couplers in N&**:Srwo,. Figure reproduced from Ref.
[63].

We have demonstrated the Raman laser at 1.171 um and
1.517 um with self-frequency conversion in SrWO,:Nd**
crystal [87]. The StWO4:Nd*" sample was 4 mm in diameter
and 4.1 cm in length. It was oriented along the g-axis. The
sample was excited near 750 nm with a Laser Analytical
Systems dye laser pumped by a pulsed frequency-doubled Nd:
YAG laser from BM Industries (duration of pulses: 8 ns).
Laser pulses were generated at 1057 nm, and SRS self-
frequency conversion pulses were observed at 1171 nm
(Stokes 1) in c-polarization for the “F3,, — *I;;/, transition.
The energies of the laser and the Stokes 1 SRS pulses were
measured with a Molectron pyrometer through adequate
interference filters and are represented in Figure 16 versus the
pump power. The threshold of the Stokes 1 SRS is close to the
one of the laser, and the maximum Stokes 1 SRS conversion
was 1.8%.

The laser tests of self-stimulated Raman scattering of the
“F3/, — 1,3, laser channel were also investigated. The cavity
was constituted of an entrance plane mirror with high
transmission at 1060 and 750nm and high reflection at
1331 nm, and an output concave mirror having 15 cm radius
of curvature, high reflection at 1060 nm and 5% transmission
at 1520 nm. Laser pulses were observed at 1331 nm and SRS
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Figure 16 Laser and Stokes 1 output power from self-stimulated
Raman scattering of the 4F3/2 — 4]11/2 laser transition. Figure
reproduced from Ref. [87].

Stokes 1 at 1517 nm, both in c-polarization. Laser and Stokes
1 output power from self-stimulated Raman scattering of the
*F35, — *I135 laser transition are shown in Figure 17. The
maximum conversion efficiency of the pump towards the
Stokes 1 SRS was 0.4%.
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Figure 17 Laser and Stokes 1 output power from self-stimulated
Raman scattering of the 4F3/2 — 4113/2 laser transition. Figure
reproduced from Ref. [87].

The parameters of the first stokes Raman laser of Nd**:
SrWO, were summarized in Table 4.

Table 4 Parameters of the first Stokes self-SRS laser of Nd3+:SrWO4

Nd*t pumping first pulse  pulse H/% Ref.
wavelength/nm  Stokes/ duration/ energy/
nm ns mJ
0.33 wt.% 750 1171 22 1.8 [87]
0.5 at.% 752 1170 2.9 4.5 0.4 [79]
1 wt.% 752 1181 12 3 — [63]
0.5 at.% 752 1170 2.9 1.23 —  [85,92]

Other work mainly focused on the Q-switch Nd:YAG/
SrtWO, or Nd:YVO,/StWO, Raman laser [79,80,85,88,92—
94]. Ding et al. demonstrated the highly efficient frequency
conversion of 50% from 1064 nm to the first-Stokes 1180 nm
of nanosecond pump pulses in StWO, crystal [90]. Chen et al.
reported a highly efficient end-diode-pumped actively Q-
switched Nd:YAG/SrWOQ, intracavity Raman laser with a
conversion efficiency of 23.8% [88]. More recently, they
demonstrated a diode side-pumped actively Q-switched Nd:
YAG/SrWO, Raman laser with high average output power of
10.5 W at 1180 nm [80].

7 Conclusions

The recent advances in the fabrication, spectroscopy, and laser
property of neat and rare-earth ions doped strontium tungstate
have been reviewed. This material can be either grown into
bulk crystals or fabricated into particles and films with the
control of preparation conditions. The characteristic features
of the absorption spectra of each rare-earth ion confirmed that
the dopant accommodated on the strontium site in this host.
The incorporation of rare-earth ions into strontium tungstate
crystal provides a facile way to generate lasers in new
wavelength regions, which has been proved by the recent
demonstrations on the output of SRS lasers, especially in
Nd**-doped SrtWO,. We hope that this review may spark the
interest of scientists in this exciting field.
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