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J. D. Fan, H. J. Zhang,a) J. Y. Wang, and M. H. Jiang
State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, People’s Republic of China
and Institute of Crystal Materials, Shandong University, Jinan 250100, People’s Republic of China

R. I. Boughton
Department of Physics and Astronomy, Bowling Green State University, Ohio 43403

D. G. Ran, S. Q. Sun, and H. R. Xia
Department of Physics, Shandong University, Jinan 250100, People’s Republic of China

(Received 25 October 2005; accepted 6 June 2006; published online 22 September 2006)

A strontium tungstate (StWO,) single crystal with dimensions of ® 25X 40 mm? has been grown
by the Czochralski method using an iridium crucible. X-ray powder diffraction results show that as
grown the SfTWO, crystal belongs to the tetragonal system in the scheelite structure. The effective
segregation coefficients of elemental W and Sr in the crystal growth are measured by x-ray
fluorescence, and the respective values are close to 1. The thermal properties of the STWO, crystal
were systemically studied by measuring the thermal expansion, specific heat, and thermal diffusion
coefficient. These results show that the crystal possesses a large anisotropic thermal expansion with
thermal-expansion coefficients a,=8.61 X 107%/K, a,=8.74 X 107%/K, a,=18.78 X 107°/K over the
temperature range of 303.15-773.15 K. The measured value of the specific heat is
0.30-0.34 J g7' K~ when the temperature is increased from 323.15 to 1073.15 K. The thermal
diffusion coefficient was measured over the temperature range of 303.15-543.15 K. The thermal
conductivities of the SfTWO, crystal along the [100] and [001] directions are calculated to be
3.1326 W m~' K~! and 2.9477 W m~' K™, respectively, at 303.15 K. Then the thermal properties
of some other Raman crystals were compared with these data, and the thermal focal lengths for these

crystals were also estimated. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2335510]

I. INTRODUCTION

The search for efficient crystal materials for stimulated
Raman scattering (SRS) and the study of SRS lasers are sig-
nificant because of the need for laser radiation sources that
operate efficiently in new spectral regions. All-solid-state
Raman lasers based on SRS can radiate over a wide emission
range from ultraviolet to near infrared, depending on the
pump laser wavelength and on the type of Raman-active
crystal being used. Raman-active crystals, such as Ba(NO;),,
KGd(WO,), (KGW), BaWO,, and StTWQ,, have attracted a
great deal of attention in recent years because of their excel-
lent properties.l_10 The study of the alkaline-earth tungstate
crystals by means of spontaneous Raman spectroscopy and
SRS has made it possible to predict and confirm that STWO,
is a good prospect for an all-solid-state Raman laser.!"™14

The growth of pure and rare-earth-doped StWO, crystals
has been reported in the literature.”'"™'* In addition, the re-
gression data and percentage expansion data for the STWO,
crystal were given by Taylor in 1986'° and the thermal ex-
pansion data for the Tm?*:SrWO, crystal were measured in
the literature.'® The mean thermal capacity of the StWO,
crystal was measured by Zharkova and Rezukhina with a
massive calorimeter in 1958."” However, the thermal proper-
ties of the pure STWO, crystal including thermal expansion,
specific heat, and especially the thermal conductivity have
not been systemically studied, and this may limit the study of
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SrWO, for Raman laser applications. For a specific crystal
the thermal properties are the most important in modeling
crystal growth and laser design. If a crystal possesses a large
anisotropic thermal expansion, it may easily crack during
crystal growth and crystal processing when the temperature
gradient is excessive. During the operation of a Raman laser,
the Raman-active crystal absorbs energy from the pump
source, and this energy is deposited as heat due to the inelas-
tic nature of the SRS process (thermal loading). Thermal
loading must be taken into account in the design of Raman
lasers, especially for scaling the devices up to higher average
power.5 Thermal loading causes a temperature gradient in the
crystal and leads to thermal expansion, which in turn pro-
duces thermal lensing and other thermo-optic effects. All the
effects related to thermal loading reduce the quality of the
laser beam and may even lead to cracking of the Raman-
active crystal. The specific heat is an important factor that
affects the damage threshold of the material."® Another im-
portant quantity to calculate is the thermal conductivity. If
the Raman-active crystal possesses a high thermal conduc-
tivity, the deposited heat can easily be transferred to the en-
vironment, thus decreasing the thermal loading effects and
opening up the possibility of pumping the crystal at high
repetition rates (~10 kHz).19 However, no reports on the
thermal conductivity of crystalline StTWO, have been found
in a search of the literature. Consequently, a study of the
thermal properties of crystalline StWO, will most likely pro-
vide useful information for Raman laser designs.

The aim of this paper is to report the results of STWO,

© 2006 American Institute of Physics
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single crystal growth as well as its thermal properties, in-
cluding thermal expansion, specific heat, and thermal con-
ductivity. With this data in hand, the thermal properties of
some other Raman crystals were compared, and their thermal
focal lengths were estimated.

Il. EXPERIMENT

The polycrystalline precursor materials used for growing
single crystal STWO, were prepared by a solid-phase reac-
tion. SrCO; and WO;3; compounds with 99.99% purity were
combined according to the stoichiometric ratio of STWO,,
and an additional 1-2 wt % WO;3; was added to compensate
for the volatilization of WOj in the processes of synthesizing
the polycrystalline materials and single crystal growth. After
the compounds were ground and mixed, they were put into a
platinum crucible and were heated to 1273 K for 10 h to
decompose the carbonate and form polycrystalline STWO,,.
The polycrystalline material was ground and mixed again,
and then pressed into a cylindrical shape with dimensions of
® 50X 40 mm?. It was then sintered using the same proce-
dure as in the first step above.

A. Crystal growth

A SrWO, single crystal was grown in an iridium (Ir)
crucible, which is 66 mm in diameter and 40 mm in height,
and which contained about 350 g of polycrystalline STWO,.
The Ir crucible was heated by using a 2 kHz intermediate
frequency furnace. The temperature-control apparatus was
Eurotherm 818 controller/programmer with a precision of
+0.5 K. The crawling distance of the pulling apparatus was
less than 1 um, and the growth atmosphere was N,. Initially,
a randomly oriented crystal was obtained from a polycrystal-
line nucleation at the end of a platinum-rhodium (Pt-Rh) rod
by restricting the diameter of the material so that only one
crystal could be grown. Then an a-axis rectangular SfTWO,
single crystal bar with dimensions of 3% 3X20 mm?, cut
from the as-grown crystal boule, was used as a seed for
subsequent growth. In order to avoid the formation of poly-
crystals during the growth process, a temperature of
30-50 K higher than the melting point of polycrystalline
SrWO, (the melting point of StWO, is 1808 K'?) was ini-
tially maintained for 1 hour to melt the microcrystalline par-
ticles in the Ir crucible. The temperature was then lowered to
the melting temperature. The seed was necked down before it
was tapered off to a diameter of about 1 mm. The pulling
rate was 0.5—1.5 mm/h and the rotation rate was fixed at
12 rpm during the entire crystal growth process. After the
growth was completed, the crystal was cooled down to room
temperature at a rate of 30 K/h.

In order to eliminate the remnant thermal stress and the
color centers produced in the growth process due to oxygen
deficiency, the as-grown StWQ, crystal boule was annealed
according to the following procedure: The crystal was first
put into a constant temperature field in an annealing furnace
and slowly heated to 1273 K in air. It was maintained at that
temperature for 10 h, and then was cooled down to room
temperature at a low rate of about 30 K/h.

J. Appl. Phys. 100, 063513 (2006)

B. X-ray powder diffraction

The x-ray powder diffraction (XRPD) method was used
to determine the lattice structure and lattice parameters of the
SrWO, crystal. A small portion of the crystal was ground
into a fine powder and used as a sample in the XRD appa-
ratus (Rigaku D/MAX 2200PC) using the Cu Ka lines («
=1.5418 X107 m).

C. Effective segregation coefficient measurements

The x-ray fluorescence analysis method was used to
measure the concentrations of elemental Sr and W in the
SrWO, single crystal. Based on the measurements, the effec-
tive segregation coefficients of elemental Sr and W in the
crystal growth process were calculated. The measured
samples were cut from the upper and lower portions of the
SrWO, crystal and were ground into powder. The polycrys-
talline material used for growing the StTWO, crystal was em-
ployed as a comparison sample.

D. Thermal-expansion measurements

The thermal expansion of the StTWQO, crystal was mea-
sured over the temperature range of to 303.15-773.15 K by
using a thermal dilatometer (Perkin Elmer). The crystal
used for the thermal-expansion measurement was processed
into a rectangular sample with dimensions of 7.06X6.31
X 6.32 mm® (a X b X c). During the thermal-expansion mea-
surements, the sample was heated at a constant rate of
5 K/min from 303.15-773.15 K, and thermal-expansion ra-
tio versus temperature curves along the a-, b- and
c-crystallographic axes were measured.

E. Specific-heat measurements

The specific heat was measured by the method of differ-
ential scanning calorimetry using a simultaneous thermal
analyzer (NETZSCH DSC 404C) through the following
steps: An empty sample Pt—Rh crucible together with another
empty reference Pt-Rh crucible were heated from
323.15 to 1073.15 K at a constant rate of 10 K/min in order
to determine the base line. Then a sapphire calibration
sample weighing 41 mg was placed in the sample Pt—Rh
crucible and was heated together with the other empty refer-
ence Pt-Rh crucible. Finally, a StWO, sample weighing
68.25 mg was placed in the sample crucible and was heated
together with the other empty reference Pt—Rh crucible
through the same range as above. As a result, the specific
heat of the SrtWO, crystal could be calculated using a com-
parison method with the CP software package provided by
the NETZSCH Company.

F. Thermal diffusion coefficient measurements

The thermal diffusion coefficients of the STWO, crystal
were measured by the laser flash method using a laser flash
apparatus (NETZSCH LFA 447 Nanoflash) over the tem-
perature range of 303.15-543.15 K. Two square wafers
(6.000 X 6.000 X< 2.880 and 6.000 X 6.000 X 2.670 mm?) hav-
ing polished faces perpendicular to the [100] and [001] crys-
tallographic axes, and coated with graphite on both sides,
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FIG. 1. The as-grown SrWO, crystal boule and polished sections.

were used to carry out the measurements. During the experi-
ment, a short pulse of light heats the front surface of the
plane-parallel StWO, wafer, and the temperature rise on the
rear surface is measured as a function of time using an IR
detector. The thermal diffusion coefficient of the crystal was
calculated using analytical software provided by the
NETZSCH Company.

lll. RESULT AND DISCUSSION
A. Crystal growth and structure characterization

Figures 1(a) and 1(b) show the as-grown STWO, crystal
boule using an a-axis seed and the polished sections of the
crystal, respectively. The dimensions of the SftWO, crystal
boule are about ® 25X 40 mm?. There are no low angle
boundaries, no inclusions, and no other macroscopic defects
in the crystal. Moreover, no light-scattering centers were ob-
served when the crystal was illuminated using a 10 mW
He—Ne laser. All of these results mean that the StWO, crys-
tal possesses good optical quality and is therefore suitable for
Raman laser applications.

Figures 2(a) and 2(b) show the XRPD patterns of the
SrWO, crystal and the standard XRPD reference card for
SrWO4,20 respectively. It can be seen that the XRPD pattern
of the crystal is in good agreement with the standard refer-
ence. This comparison suggests that the STWO, crystal pos-
sesses the scheelite structure and belongs to the tetragonal
system and /4,/a space group. The unit-cell parameters were
calculated from the XRPD data, and they are a=b=5.4078
X 1071 m and ¢=11.9316 X 10~'° m. These results are simi-
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FIG. 2. X-ray powder diffraction patterns: (a) as-grown StWO, crystal; (b)
JCPDS Diffraction File Card No. 08-0490 (Ref. 20).
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TABLE I. The effective segregation coefficient (K.g) of elements in STWO,.

Upper Lower
K(Sr) 0.9887 1.0283
K (W) 0.9654 1.0150

lar to the standard parameters of StWO,, which are a=b
=5.4168x 107" m and ¢=11.951 X 107'® m.*

Table I shows the effective segregation coefficients of
elemental Sr and W in StWO, crystal growth. From Table I,
it can be seen that the segregation coefficients of Sr and W
are very close to unity. Since the density of W ion is larger
than that of Sr ion, the effective segregation coefficient of Sr
is larger than that of W in the upper and lower parts of the
as-grown SrWO, crystal. The volatilization of WO; during
the process of crystal growth could also account for the fact
that the effective segregation coefficient of Sr is larger than
that of W. Therefore, the compensation of 1-2 wt % WOj is
important in order to obtain a uniform StWO, single crystal.

B. Thermal expansion

The thermal-expansion coefficient (a;;) of a crystal is a
symmetric second-rank tensor,21 and it can be described by
the representation quadric. Measurements of thermal expan-
sion have greatly increased our knowledge of material prop-
erties such as lattice dynamics, electronic and magnetic in-
teractions, thermal defects, and phase transitions.>>

SrWO, crystal belongs to the tetragonal system and 4/m
point group. The unique symmetry axis is a fourfold axis
along the crystallographic ¢ axis; the axes of the crystallo-
graphic and crystallophysical coordinate systems in StTWO,
have the same direction, that is, allX;, bl X5, and cllX;. It is
well known that there are only two independent principal
components of the thermal-expansion coefficient tensor in a
tetragonal system and the components are a;=«, (along a or
b axis) and a3 (along ¢ axis).

The solid lines in Fig. 3 are the thermal-expansion ratio
curves along the crystallographic axes. It can be seen that the

0.0080 -
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0.0060 |-

0.0045

0.0030 -

Expansion ratio (A LILD)

0.0015 |-

0.0000 -

300 400 500 600 700 300
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FIG. 3. Thermal-expansion ratio curves of SfTWO, crystal.
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expansion ratio is almost linear over the entire measured
temperature range and the StWO, crystal exhibits expansion
when it is heated.

The average linear thermal-expansion coefficient for the
crystallographic directions can be calculated according to the
following formula:

AL 1
&(Ty—T) = ——, 1
ary~ =737 1)

where a(T,— T) is the average linear thermal-expansion co-
efficient over the temperature range of T, to 7, L, is the
sample length at T),, AL is the length change when the tem-
perature changes from 7|, to 7, and the temperature change is
AT=T-T,.

The values of the average linear thermal-expansion co-
efficients of the StWO, crystal over the temperature range of
303.15-773.15K are  «,=8.61X107%/K, «,=8.74
X 107°/K, a,=18.78 X 107%/K. The expansion coefficient in
the [001] direction is about 2.2 times larger than that in the
[100] or [010] directions according to our experimental re-
sults, which means that crystalline SfTWO, has a large and
anisotropic thermal expansion. The value of a./«, in our
experiment is similar to the value (2.4) in Ref. 16. Neverthe-
less, the absolute values for «,, «;, and a, are significantly
different (their results are a,=1.01X107/K, a,=1.01
X 107°/K, a,=2.4X1073/K). The reasons for the difference
could be discussed as follows: (1) In Ref. 16, the measured
crystal was Tm?**:SrWOQ,, which is different from our pure
SrWO, crystal. (2) The reported thermal-expansion coeffi-
cients in Ref. 16 were measured in the temperature range of
300-1300 °C, which is different from our range of
25-500 °C. In addition, the working temperature range of
all-solid-state Raman lasers is from 25 to 300 °C, suggest-
ing that thermal expansion measurements in this temperature
range have more applications. (3) The measured crystal was
heated at a rate of 5 °C/min in our experiment, which is
different from their 10 °C/min. (4) The difference of the
measure apparatus and the measured crystal might cause the
experimental errors.

C. Specific heat

Figure 4 shows the specific heat versus temperature
curve of the STWO, crystal. It can be seen that the specific
heat of the crystal is almost linear and has little variation
over the temperature range of 323.15-1073.15 K. This
means that temperature change has little influence on the
specific heat of the crystal over the temperature range of the
measurements.

The specific-heat value of the crystal ranges from
0.30-0.34 J g~ K~! when the temperature is increased from
323.15t0 1073.15K, and is the equivalent of
100.64—114.06 J K-' mol~!. According to Kopp’s law, the
specific heat of 1 mol of a substance is a sum over all atomic
vibrational modes, and is calculated to be 116.8 JK!
mol~!.** The measured value is almost in agreement with the
calculated value. It is similar to crystalline BaWO4.23 The

J. Appl. Phys. 100, 063513 (2006)
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FIG. 4. Specific heat vs temperature curve of StWO, crystal.

specific heat of crystalline STWO, is in compliance with the
Dulong-Petit law, and the Debye temperature of the crystal is
apparently no higher than 323.15 K.

D. Thermal diffusion coefficient and thermal
conductivity

The thermal conductivity («;;) of a crystal is also a sym-
metric second-rank tensor.”' Just as in the case of the
thermal-expansion coefficient tensor, the (x; j) tensor also has
only two independent principal components for a tetragonal
system, which can be obtained by making measurements on
a- and c-oriented samples.

The thermal conductivity « of crystalline St WO, was
calculated using the measured thermal diffusion coefficient
and specific heat according to the following equation:

k=ApC,, (2)
where A, C,, and p denote the thermal diffusion coefficient,

specific heat, and density of the crystal, respectively.
The solid lines in Fig. 5 show the thermal diffusion co-

3.2
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FIG. 5. Solid lines: Thermal diffusion coefficient of STWO, crystal. Dotted
lines: The calculated thermal conductivity of StWO, crystal.
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TABLE II. Some thermal property parameters of several Raman crystals. [Note: Crystal growth method,
aqueous (aqueous method), flux (flux method), and Cz (Czochralski method).]

Crystal Ba(NO;), KGW KLuW  BaWO, SrO, YVO, GdVO,
Thermal 1.17 2.6[100] 3.09 2.256 3.133 5.1 11.4
coductivity 3.8[010] 2.55 2.324 2.948 5.23 10.7
(W/m K) 3.4[001] 44
Thermal-expansion 13 4[100] 12.8 10.9 8.61 2.2 1.5
coefficient (107 K) 1.6[010] 7.8 35.1 18.78 8.4 73
8.5[001] 222
Specific heat (J/K mol) 346.02 259.07 115.56 100.64 22.6 32.6
Thermal optical =20 -0.8 3 4.7
coefficient dn/dT (107°) -5.5
Refractive index 1.55 2 2 1.8 1.8 2 2
Crystal growth method Aqueous Flux Flux Cz Cz Cz Cz

efficients of the crystal over the temperature range of
303.15-543.15 K at 30 K interval between measured tem-
perature points. The dotted lines in Fig. 5 show the thermal-
conductivity components of the SrWO, crystal at corre-
sponding temperatures.

It is clearly shown in Fig. 5 that the thermal diffusion
components and thermal-conductivity components of the
SrWO, crystal decrease with increasing temperature. The
thermal diffusion coefficients of the crystal are
1.494 mm?s™! along the [100] direction and 1.41 mm?s™!
along the [001] direction at 303.15 K. Correspondingly, the
calculated thermal-conductivity components of the crystal
are 3.1326 Wm™' K™! along the [100] direction and
2.9477 Wm~' K7! along the [001] direction at 303.15 K.
These results show that StWO, has a higher thermal conduc-
tivity than BaWO, (Ref. 23) and Ba(No); (Ref. 5) at the
same temperature, and so crystalline StTWO, is suitable for
high power Raman laser applications.

E. Comparison of thermal properties and thermal
focal lengths of SfWO, with other Raman crystals

Thermal problems are important in laser system. Optical
pumping of all-solid-state lasers generates some amount of
localized heating in the laser material. Under operating con-
ditions the thermally loaded laser host medium can exhibit
optical distortions, which include thermal focusing, stress-
induced biaxial focusing and stress-induced birefringence.
The thermally induced effects severely degrade the optical
quality of the laser beam and eventually limit the laser output
power. The combined effects of volumetric heating and sur-
face cooling can result in thermal-mechanical failure from
stress.

The fraction of the pump power that is converted to heat
strongly depends on the choice of laser material and of the

corresponding pump source.”>?® The thermal effects can be
presented by the thermal lensing effect, and the thermal focal
length f can be written as?’

(3)

where « is the thermal conductivity, A is the rod cross-
sectional area, P,, is the total heat dissipated in the rod, dn/dt
is the temperature coefficient of index of refraction, ny is the
index of refraction, Cr g is the photoelastic coefficient, « is
the thermal-expansion coefficient, 7, is the radius of the crys-
tal, and L is the length of the rod.

Table II shows thermal properties of seven important
Raman crystals: Ba(NO;), KGW, KLu(WO,), (KLuW),
BaWO,, StWO,, YVO,, and GdVO,.>*** From Table II,
we can see that StWOQO, has a larger thermal conductivity
than BaWO,, and the anisotropy in the thermal-expansion
coefficients of STWO, is smaller than in BaWO,. The larger
thermal conductivity and lower anisotropy in the thermal ex-
pansion of StWO, make it more preferable for use in higher
power laser systems than BaWO,. Crystalline StWO, will
exhibit a more stable laser output when it is used as a Raman
crystal.

By using Table II and formula (3), we can estimate the
thermal focal lengths of the seven different Raman crystals.
In formula (3), the dn/dT value is most important in all of
the parameters to calculate the thermal focal lengths. For
BaWO, and StWO,, we used the dn/dT value of CaWO4;5
for KLuW crystal, we used the dn/dT value of KGW. We
suppose that all the crystals have the same cross-sectional
area (A). For Raman laser, the heat comes from the transfor-
mation of a pumping laser to a Raman laser, and the Raman
shift wavelengths are almost the same for the seven different
Raman crystals. Therefore, we can also suppose that they
have the same total heat dissipated in the rod (P,). The pho-

TABLE III. Relative thermal focal lengths of seven Raman crystals. (Note: for ry/L=1/5, take 1.095
X 10°A/ P, as 1; for ry/L=1/10, take 1.073 X 103A/P, as 1.

Crystal Ba(NO,), KGW  KLuW  BaWwO,  SfWO,  YVO,  GdvO,
(ro/L=1/5) 1 16.16 13.88 5.21 6.32 35.53 45.66
(ro/L=1/10) 1 13.88 8.59 3.63 5.34 60.21 58.15
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toelastic coefficients (C,,¢) have less influence on the ther-
mal focal lengths, and what is more, the photoelastic coeffi-
cients of these crystals are four-rank tensor and they are not
easy to be obtained, so we have used the photoelastic coef-
ficient C, ;,=0.029 of crystalline yttrium aluminum garnet
(YAG) in all seven cases.”® The thermal-expansion coeffi-
cient, thermal conductivity, and thermal optical coefficient
used are the average values for each crystal. For example, the
thermal conductivity of KGW is (2.6+3.8+3.4)/3=3.27.
Table I1I shows the calculated |f]| values of the seven Raman
crystals when ry/L=1/5 and 1/10. From Table IIl we can
see that Ba(NO3), has the strongest thermal lensing effect of
all seven crystals, and the vanadate crystals are the best.
KGW and KLuW are also very good Raman crystals, but
these crystals are grown by the flux method, and this may
limit the crystal dimensions since the crystal growth can take
along time.*”*® Vanadate crystals show a weak thermal lens-
ing effect when they are used as Raman crystals, so vanadate
crystals may be very excellent for this purpose, but they have
a high melting point and crystal growth of large dimension
boules is very difficult.**~*' This property may also limit the
applications of vanadate crystals where large crystal dimen-
sions are required. BaWQO, and StWO, crystals have a strong
thermal lensing effect, but these crystals have a low melting
point and are easily grown, so large dimension crystals
(longer than 80 mm) can be obtained by using the Czochral-
ski method.” BaWO, and SrWO, crystals have high Raman
gain, and all these properties make BaWO, and SrWO,
widely used as Raman crystals. StWO, has a higher thermal
conductivity than BaWQ,, and this means that SftWO, has
more potential applications in high power systems.

IV. CONCLUSIONS

A transparent StWO, single crystal with good quality
was grown by the Czochralski method. The thermal proper-
ties of ST(WO, were carefully studied by measuring thermal
expansion, specific heat, and thermal conductivity. The aver-
age linear thermal-expansion coefficients calculated accord-
ing to the thermal-expansion measurements are «a,=8.61
X 107%/K, a,=8.74X107%/K, and a,.=18.78 X 107%/K. The
specific heat of the crystal is little changed at a measured
value of 0.30-0.34 J g=! K~! over the temperature range of
323.15-1073.15 K. The calculated thermal-conductivity
components of the crystal are 3.1326 W m~! K~! along the
[100] direction and 2.9477 W m~! K~! along the [001] direc-
tion at 303.15 K. Then the thermal properties of SfWO,
were compared with other Raman crystals, and the thermal
focal lengths of these crystals were also estimated.
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