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ABSTRACT Thulium doped sodium gadolinium tungstate crys-
tals with sizes of about 20 mm x 45 mm were grown success-
fully by the Czochralski technique along the (001) orienta-
tion. X-ray powder diffraction (XRD) of sodium gadolinium
tungstate was described and the linear thermal expansion co-
efficients for the c- and a-axes were measured as 1.60 x 107>
and 7.89 x 107 °C~!. Polarized absorption spectra, and fluo-
rescence spectra, as well as fluorescence decay curves of Tm>*-
doped NaGd(WO4),, have been recorded at room temperature
and used to calculate the absorption and stimulated emission
cross-sections. Based on the Judd—Ofelt theory, three intensity
parameters were obtained. The luminescent quantum efficiency
of the 3Hy level was determined to be approximately 65% for
this material. The emission cross-section of the 3Fy — 3Hg
IR transition at about 1.8 wm was estimated by the reciprocity
method.

PACS 78.55.Hx; 65.40.De; 78.20.-e

1 Introduction

Na-based double tungstates have less destruc-
tive phase transitions than those observed in K-based dou-
ble tungstates. Due to this reason the crystal growth of
NaRE(WOy), (where RE stands for rare earth) compounds
by the Czochralski (CZ) method, which allows obtaining of
crystals of large sizes at high growth-rates, has attracted atten-
tion in the last few years for use in RE-doped systems [1-5].
There is a technological interest in Tm** doped crystals and
glasses because of their potential applications as a laser active
media with emissions in the visible and mid-infrared spectral
regions. The absorption peak at about 800 nm correspond-
ing to the *Hg — 3H, transition suggests that Tm3*-doped
sodium gadolinium tungstates are promising candidates for
GaAlAs laser diode (LD) pumping [6]. The higher efficient
emissions at near infrared are also very interesting due to
cross-relaxation processes between Tm> ions [7]. In particu-
lar, the 1.8 um laser emission meets a great interest in many
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fields and applications like optical communications, coherent
laser radar and medical equipment [§—13].

The NaGd(WO4), (NGW) single crystal, one of the excel-
lent laser host materials, belongs to the tetragonal system with
the space group of 14, /a. It has the scheelite (CaWOy) struc-
ture. The cell parameters are as follows: a = b = 5.243 A,
c=11384A[14],a ==y =90°, V =312.28 A3, Z = 4,
d =7.2 g/cm? [15]. The melting point is 1253 °C [16]. The
crystal structure of NGW is shown in Fig. 1 [17].

In this paper, crystal growth, X-ray powder diffraction
(XRD) analysis and linear thermal expansion coefficients are
described. The present paper is also devoted to investigating
the spectroscopic properties of Tm>*+-doped NGW crystal.

Q© Na* and Gd** ions

—

Crystal structure of NaGd(WO4),

[WO,]*
tetrahedra

FIGURE 1
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2 Experimental

Tm3*-doped NGW crystal was grown by the
Czochralski technique (shown in Fig. 2). The concentration of
thulium ions in the crystal was measured to be 0.628 wt. % by
the inductively coupled plasma-atomic emission spectrome-
try (ICP—AES) method.

XRD investigations were carried out with a CAD4 diffrac-
tometer equipped with Cu K, radiation (A = 1.054056 A).
The data was collected using a Ni-filtered Cu-target tube at
room temperature in the 26 range of 5—85°. The X-ray pow-
der diffraction pattern is shown in Fig. 3. The XRD pattern
was in good accordance with the standard JCPDS card of
NaGd(WOy), (No.25-0829).

The crystal was oriented by a YX-2 X-ray crystal orien-
tation unit (Dandong) and the exact orientation of the grown
crystal was determined by X-ray Laue back-reflection tech-
nique. Thermal expansion coefficients of Tm**: NGW along
the crystallographic axes were measured by a Diatometer
402 PC in the temperature range of 400—1000 °C. The ori-
ented sample lengths of the two crystallographic a- and c-axes
were 3.00 and 9.60 mm, respectively. The sample was kept in
a fused silica sample holder and heated at a rate of 10 °C/min
in the standard air atmosphere.

Room temperature absorption spectra of these crystals
were recorded by a Perkin-Elmer UV-VIS-NIR Spectrom-
eter (Lambda-900). The emission spectrum of the crystal was

FIGURE 2  Picture of Tm3+:NaGd(WOy), crystal
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FIGURE 3 X-ray powder diffraction pattern of NaGd(WO4), crystal

recorded at room temperature by an Edinburgh Instruments
FLS920 spectrophotometer.

3 Results and discussion

3.1 Crystal growth

Tm3*-doped NGW crystal was grown by the
Czochralski technique. The NGW compound was prepared
by classical solid-state reaction. The starting materials
were prepared by mixing analytical grade Na,CO3, WOs,
spectral grade Gd,Os, and 4N purity Tm;O3 powders ac-
cording to the formula of NaGdgogsTmggs(WO4),. The
NaGdy 96 Tmg 04 (WO4), were synthesized according to the
following reactions:

0.5Na;CO3 4-0.48Gd,03 + 2WO3 + 0.02Tm;,03
= NaGd0_96Tm0_o4 (WO4)2 + OSCOZ T .

These compounds were ground, mixed separately in the mo-
lar ratio in an agate mortar and pressed into pieces. Then
they were put into a platinum crucible of diameter 80 mm
and a height of 80 mm. They were slowly heated to 1080 °C
and maintained at this temperature for three days. They were
then ground, mixed and heated again. The above process
was repeated to make sure that the chemicals reacted thor-
oughly. It was then placed in an Iridium (Ir)-crucible and
heated in a DJL-400 furnace. It was heated up to a tem-
perature 50 °C higher than the crystallization temperature
for about 2 h so as to ensure it melted completely and ho-
mogeneously. During crystal growth, the Ir rod rotated at
a rate of 11 rpm and the pulling rate was 0.4—1.2 mm/h.
When these procedures were over, the crystals were drawn
out of the melt and cooled down to room temperature at
arate of 12-30 °C/h. The growth parameters are displayed in
Table 1.

3.2 Segregation coefficients

The calculation of segregation coefficients of the
dopant in crystals, K, was performed by the following for-
mula:

_ (molesTm/(molesTm + molesGd))crystal

. 1
(molesTm/(molesTm + molesGd))melt M

Here molesTm and molesGd are the mole fraction of dopant
and trivalent host ion, respectively, in the crystal (numerator)
and in the melt (denominator). The segregation coefficient of
Tm in NGW appeared to be 0.63. It is not equal to unity due to
the different radii between thulium ions and host component
gadolinium ions (rp,3+ = 1.04 A, rggar = 111 A).

Parameters Property Parameters Property
Seeding temp. (°C) 1267 Atmosphere N,
Soaping temp. (°C) 1317 Growth rate (mm/h) 1-1.2
Soaping time (h) 2 Rotation rate (rpm) 11
Crucible size (mm) @& =55%x30 Crucible materials Tridium

TABLE 1  Growth conditions of Tm3*-doped NGW
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33 Thermal expansion

As a significant part of the pump power is con-
verted 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 in-
creases [18]. The thermal expansion coefficients of the crystal
are important factors for crystal growth too. NGW belongs to
the tetragonal crystal system with two independent principal
thermal expansion components whose matrix for the thermal
expansion tensor is

a) 0 0
Qi = 0 ay 0
0 0 as

The thermal components «; (@1 = op) and o3 can be deter-
mined by measuring the thermal expansion along the a- and
c-oriented samples. From the experimental results, we got

7.89 0 0
Qjj(NGW) = 0 7.89 0 X 1076 ocil .
0 0 16.0

The figure of linear expansions versus temperature is shown
in Fig. 4 from which we can see that the thermal expansion
coefficients along the a- and c-axes are positive in the meas-
uring temperature range of 400—1000 K. The linear thermal
expansion coefficient is defined as:

1 dL
0=——". (2)
Ly dT
’g 70+
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FIGURE 4 Linear thermal expansions as a function of temperature along
the c- and a-axes

Here 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 be-
tween dL /Ly and the temperature. So the linear thermal ex-
pansion coefficients for c- and a-axes are 1.60 x 107> and
7.89 x 1076 °C~!, respectively.

From Fig. 1 we can see that one unit cell of four layers of
ions lies along the c-axis direction while only two layers lie
along the a-axis direction. Thus, ions are more compressible
in the a-axis direction than those in the c-axis direction. As
a result, when the NGW crystal is heated, a relatively larger
thermal expansion occurs in the c-axis direction due to the
increase of thermal vibration of ions inside. Therefore, we
should grow the crystal along the c-axis to avoid the cracking.

34 Spectrum characteristics

The oriented crystal was cut into several samples
and optically polished to flat and parallel faces. The thick-
ness of the samples was 1.20 mm. The polarized absorption
spectrum of NaGd(WO,),:Tm>* crystal is shown in Fig. 5.
The most interesting aspect of the absorption spectra was the
intensive absorption bands at about 795 nm, which were suit-
able for pumping of commercial GaAlAs laser diode. The
absorption cross section o, can be determined by the follow-
ing equation:
oa=0o/N;. 3)
Here « is the absorption coefficient, « = A/L x log e, A is the
absorbance, L is the thickness of the polished crystal, and N,

— o spectrum
. m spectrum

0.4 1

Absorption Intensity(a.u.)

12I00 18I00
Wavelength(nm)

FIGURE 5 Polarized absorption spectrum of Tm3+-doped NGW crystal

Crystal Polarization Wavelength FWHM Cross-section Ref.
Spectrum (nm) (nm) (10720 cm?)
Sat. % Tm:YVOy4 b4 797.5 5 2.5 [19]
0.5 at. % Tm: LiTaO3 o 795 9.5 6 [20]
b4 793.6 3.5 8.8
0.7 at. % Tm:KYb(WOy4), - 301.8 14 48 [21]
b4 795 - 8.5
3 at. % Tm:KGd(WOy4), o 795 B 3.0 [22]
795 5 3.16 TABLE 2 Comparison between
0.628 wt. % Tm:NGW Z 795 430 This work the FWHM and apbsorption Cross-

section in Tm>*-doped crystal
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is the rare-earth ions concentration in atoms. For the 7 po-
larization spectrum, the most intense absorption centered at
795 nm has an absorption coefficient of 5.09 cm™! and a 5 nm
full width at half maximum (FWHM), while for the ¢ polar-
ization spectrum, the most intense absorption is situated at
795 nm too, which has an absorption coefficient of 6.92 cm™!
and a 9 nm FWHM. The thulium ions concentration in the
crystal is 0.628 wt. %, so N, = 1.61 x 10?° cm~3. Thereby,
the absorption cross-section value is 3.16 x 10~2° cm? for the
7 polarization spectrum, while it is 4.30 x 1072° cm? for the
o polarization spectrum. Table 2 gives the parameters of the
FWHM and cross-section o, of some other Tm**-doped crys-
tals for comparison. We can see that Tm>*:NGW has a moder-
ate absorption cross section and FWHM which suggests that it
is preferable to pump Tm3+:NGW crystals by a GaAlAs laser
diode.

The experimental data obtained from the polarized ab-
sorption spectra were used to calculate the oscillator strengths.
The measured absorption line strengths S, for transitions
from the ground state *Hg manifold (J = 6 in Tm>*) to the ex-
cited J’ -manifold can be obtained from the absorption spectra
using the following expression reported in [23]:

3chQJ+ DI +21
Smeas(-]_> J/)Z < ( + ) Tt .
83 Nore?xr +2 %0

“)

Here N, is the Tm>* concentration in the crystal, A is the mean
wavelength of the absorption band, ¢ is the vacuum speed of
light, J is the total angular momentum of the ground state
(J =6inTm*"), x5 = (n% . +2)*/9nom is the Lorentz local
field correction for the refractivity of the medium (here the
mean refractive index of NGW is 1.945 [24]) and I" is the in-
tegrated absorbance for each absorption band, which can be
determined by

[ DGydx 2303 [ D)

= 5
Lloge L ®)

Here L is the crystal thickness and D()\)dA is the measured
optical density as a function of wavelength. Table 3 presents

the integrated absorbance, electrical dipole line strengths and
oscillator strengths of the Tm>*+:NGW crystal.

Based on the Judd-Ofelt theory, the measured line
strengths were then used to obtain the J-O intensity param-
eters §2,, §24 and §2¢ by fitting the set of equations from the
corresponding transitions between J and J’ manifolds in the
following equation:

SecJ = IV =3 @ |(5. DI [U?] (5. LY. (©)
t=2,4,6

Here U®(t =2, 4, 6) are the matrix elements of the unit
tensor calculated by Carnall et al. [25]. The root mean
square (rms) deviation between experimental and calculated
strengths was determined by

N

ms AS= | > (Smeas — Seatc) /(N =3). (7
i=1

Where

rmsS = ®)

So the rms error is 0.496 x 10720 cm?.

After a least-square fitting of Speas t0 Scarc, the three J-O
intensity parameters were obtained: £2, = 5.0 x 10720, 2, =
1.3x 10729, 24 = 4.6 x 1072 cm?. The three J-O intensity
parameters of other Tm>*-doped crystals are given in Table 4
and we can see that Tm>*: NaGd(WOy), crystal has higher
values of Judd—Ofelt parameters.

The experimental oscillator strength fex, can be calculated
by using the following formula:

mc2

=—1T.
fexo 7w e2NgL A2

9

From the 4 f—4 f intensity model [31], the calculated oscil-
lator strength of a transition between two multiplets is given

Excited states A (nm) I’'(nm/cm) Line strength Oscillator strength
(10720 cm?) (107%)
a T AVerage Sexp Scale fexp fcal
3R, 1744 184.87 16496 17823 4.479 3.779 4112 3.469
3Hs 1210 129.7 127.07 128.82 4.666 4.757 6.174 6.295
3H, 795 73.46 66.58 71.17 3.924 4.067 7.902 8.189
34 3F, 688 56.80 68.40 60.67 3.865 4.286 8.994 9.974 TABLE 3  Integrated absorbance,
G, 473 6.84 4.48 605 0561 0.399 1.898 1352 clectrical dipole line strengths and
D, 360 7.42 9.24 8.03 0.978 0.848 4348 3.77 oscillator strengths of Tm”":NGW
crystal
Crystal 25 (10720 cm?) 24 (10720 cm?) 26 (10720 cm?) Ref.
Tm:Y,03 4.07 1.46 0.61 [26]
Tm:YVOy 1.94 0.158 0.396 27]
Tm:SrGdGa; 07 1.29 1.08 0.47 [28]
Tm:CaYAIO4 1.55 3.45 118 [29]
Tm:KGd(WOy), 2.64 5.84 14 [30] o
Tm:NGW 5.012 1.355 4.594 This work TABLE 4  The J-O intensity pa-

rameters of Tm3+-doped crystals
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3
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Wavelength(nm) 3Hy 2318 36 0.007
FIGURE 6 Polarized room temperature fluorescence spectrum of Tm*:  3Fj 3He 1744 551 1 13160
NGW crystal excited by 795 nm light
TABLE 5 Calculated radiative transition rate, branching ratios and radia-

by:
Frae = 8m2me  (n®+2)?
AT 3RI+ 1) 9n

X Z 28NSy |UP | 4 fN(ozSL)J)2. (10)
1=2,4,6

The experimental oscillator strength fex, can be obtained
through the absorption spectrum and (9). The results are also
listed in Table 3.

The emission spectrum of the crystal recorded at room
temperature is shown in Fig. 6. As can be seen from this fig-
ure, the intense emission peaks are centered at 1457 nm, cor-
responding to the transition 3H; — *F, of Tm** ions.

Using the obtained emission line strengths, the radiative
decay rates A(J — J') can be determined by the following
expressions [32]:

647te®  n(n®+2)>?
3127 +DA3 9

x Y @ (s. DI U] . LT an
1=2,4,6

Ar(J) = ZA(J — 7).
=

AT = J) =

(12)

Then the radiative lifetimes tx = 1/A7r(J), so the mathe-
matical formula for the fluorescent branching ratio is given
by [32]:

AJ = T)

J) =
B )

(13)
The calculated radiative transition rate, the branching ratios
and the radiative lifetime for different transition levels are pre-
sented in Table 5. The stimulated emission cross-section op
related to the radiative transition probability can be defined by

AU > DA

= 14
o 472n2cAv (14)

Here Av is the full frequency width at half maximum, Ap
is the vacuum wavelength of the emission peak. Therefore,
the emission cross-section op of 7 and o emission spectra

tive lifetime for different transition levels of Tm3*:NGW crystal

centered at 1457 nm were measured to be 5.59 x 1072! and
5.41 x 107! cm?, respectively.

Figure 7 presents the luminescence decay curves excited
by 795 nm at room temperature in correspondence with the
emission line 3Hy — 3F; at 1457 nm. The fluorescence life-
time tr is measured to be 133 ps. The value can be compared
with those of YVO4: 130 s and 100 ps respectively for 0.5%
and 1% Tm and of Y,03: 270 s and 190 ps respectively for
0.5% and 1% Tm [26]. The radiative lifetime 7, of the *H,
level of Tm*:NGW crystal is calculated to be 204 is. The
linear relationship in the figure appears as a single exponen-
tial behavior, and the fluorescence life time could be obtained
from the slope of the fitting line. So the luminescent quan-
tum efficiency of the 3H, levelis n = t;/1, = 133/204 = 65%.
We can see that Tm**:NGW crystal has a large luminescent
quantum efficiency.

The electronic configuration of Tm** is 4! and the
lower and upper electronic states identified as 3Fy; — 3Hg
(1.8 wm) has been of great interest for many years. The most
important parameter influencing the potential laser perform-
ance of a material is the emission cross section, which can
be determined from the spectroscopic data by the reciprocity
method (RM) [33, 34].

)

D
o
I

30

Fluorescence Intensity(a.u.

T T T T T T T i T
100 200 300 400 500
Time(us)

FIGURE 7 Room temperature luminescence decay curves excited by
795 nm light



584 Applied Physics B — Lasers and Optics

The reciprocity method is based on deriving the emission
cross section from the absorption spectra, the impurity con-
centration, and a detailed knowledge of the energy levels of
the system. The emission cross-section (oey) is calculated
from the absorption cross-section (oyps), and the splitting of
the energy levels using the following equation:

Oun (1) = s (1) 5 expl(Ezt, — he/3) ks T]. (1s)
u
Here o,,s = o/ Ny is the absorption cross section, Ny is the
dopant concentration, Z; and Z, are the partition functions of
the lower and upper levels, and Ez is the zero-line or energy
separation between the lowest energy sublevels of the ground
state (lower) and the first excited state (upper), respectively.
In order to calculate the partition functions, energies of all
the crystal-field components of the 3Hg and 3F states are re-
quired. The missing components are accounted for by scaling
the calculated function Z .y according to the following equa-
tion [35]:

Z(scaled) = Z(calc) x Mexp .

Nobs

(16)

Here nexp and ngps are the number of levels expected
and the number of levels observed, respectively. How-
ever, due to a lack of low temperature emission spec-
tra, the precise energy scheme of Tm>*:NaGd(WOQy,), can
not be obtained at present. In our case, we estimated that

2.8+ — absorption

24 ... derived emission

2.0
1.6
1.2+
0.8

0.4 1

Cross-section(1 0'2°cm2)

0.0 1

T T
1900 2000

a Wavelength(nm)

T T
1700 1800

2.0+

— absorption
... derived emission

1.6

1.2

0.8+

0.4 1

0.0+

Cross-section(1 O'zocmz)

T T
1900 2000

b Wavelength(nm)

T T T
1600 1700 1800

FIGURE 8 Polarized absorption and emission cross-sections correspond-
ing to the 3He — 3Fy transition for (a) o polarization; (b) 7 polarization

2L — 121 and Ez was 5605cm™' respectively, which

is of the order of those of Tm3*:LaF;, Tm3*:Y3Al50s,
Tm3+:YAIO3, Tm3*+:KCaF; [35], Tm>*: KGd(WOy), [36],
and Tm**: KYb(WOy), [37] crystals.

The polarized absorption and emission cross-sections cal-
culated by the RM method are shown in Fig. 8a and b. The
emission cross-section at 1.745 pum was oem = 3 x 10720 cm?
for the o polarization spectrum, while oo, = 4.6 x 10720 cm?
for the m polarization spectrum. These values are higher
than that of Tm3":KGd(WOy), [3 x 1072 cm? at 1.838 pum
and 1.9 x 10729 cm? at 1.756 um] [36]. The emission cross-
section was magnified at longer wavelengths due to the short-
coming of the reciprocity method. In the long-wavelength
wing of an absorption spectrum the absorption intensity is low
and influenced by a noise, which is substantially magnified by
the exponential factor of (15) [38].

The transition of 3Fy — 3Hg corresponds to a quasi-three
level laser scheme in which the lower level is thermally popu-
lated at room temperature. The reabsorption and the increas-
ing of the threshold may come forth during the laser opera-
tion. Reducing the reabsorption and maintaining the efficient
absorption of the pump light is important in the design of
the thulium doped laser systems on the 3Fy; — 3Hg transi-
tion [36].

If P is the population inversion rate, the gain cross section
can be calculated using the following formula [33, 39]:

Ogain = Poem(X) — (1 — P)oaps (1) .

P=1-
G ;
P=0 —»

T
1600

a7)

2.0+
1.5+

20

Gain cross-section(10°cm?)

1.0+
0.5
0.0 1

-0.5 1
-1.0 1
-1.51

-2.0

-2.5

T T T T
1700 1800 1900 2000

)

Wavelength(nm)

2.0+

1.5+

20

Gain cross-section(10°°cm?)

1.0
0.5
0.0 1
-0.5+
-1.0-

-1.54

-2.0 T T T T T
1600 1700 1800 1900 2000

b Wavelength(nm)

FIGURE 9 Gain cross-section calculated for different values of P for the
3F4 — 3Hg transition for (a) o polarization; (b) 7 polarization
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Here 0., and oy, are the emission and absorption cross
sections derived from the RM method, respectively. The
wavelength dependencies of the gain cross section were cal-
culated in the terms of population inversion P (P =0, 0.1,
0.2, ..., 1) and are shown in Fig. 9a and b. The population
inversion rate needed to achieve amplification is expected
to be higher than 0.2. For a population inversion level of
0.3, the gain is produced in the 1.79-2.0 um spectral re-
gions. The higher energy limit of this interval increased when
the population inversion level was increased, reaching up to
1.75 pm for a population inversion level of 0.5. For this level
the maximum gain cross-section value is 0.5 x 1072 cm? at
1.867 wm for o polarization and 0.4 x 10~2° cm? at 1.826 pm
for 7 polarization. Laser experiments for this emission
are expected to find light amplification in future at this
point.

4 Conclusion

A new laser crystal, Tm>+*:NaGd(WOQy), crystal
with dimensions of 20 mm x 45 mm was grown successfully
by the Czochralski technique. Polarized absorption and emis-
sion spectra of Tm3*-doped NaGd(WOQ,), were presented.
We measured the FWHM and calculated the absorption cross-
section centered at about 795 nm of Tm>*:NaGd(WOy,), crys-
tals. Favorable values of FWHM and absorption cross-section
suggest that Tm*":NaGd(WOy), crystals are promising can-
didates for LD pumping.

We applied J-O theory to calculated J-O intensity param-
eters, radiative probabilities, radiative branching ratios as well
as radiative time. Tm3>*:NaGd(WOQy), crystal has large J-O
intensity parameters and luminescent quantum efficiency.
The fluorescence lifetime corresponding to the emission line
3Hy — 3Fj; at 1457 nm s 133 ps. Tm>*:NaGd(WOy), crystal
may be a potential candidate for 1.5 pum lasers.

The emission cross-section at 1.8 pm was estimated using
the reciprocity method from the room temperature polar-
ized absorption spectra. The emission cross-section of the
3F, — 3Hg IR transition is high which implies possible laser
oscillation at about 1.8 wm. The optical gain for several pop-
ulation inversion rates was estimated to determine the spec-
tral region in which light amplification is possible for fu-
ture laser experiments. From the gain versus wavelength, we
found a tuning range of 1.79-2.0 um for the 3F, — 3Hg
transition.
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