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Abstract Mode-mismatched Thermal Lens (TL)
measurements were performed in 70TeO,-19WO;3—
7Na,0-4Nb,05 (% mol) tellurite glasses doped with
either Er’* or Tm>" and co-doped with Er**/Tm** ions.
Thermo-optical parameters (D, K, ds/dQ and ds/dT)
were obtained in function of thulium concentrations
(0.39-1.6) x 10 * jons/cm’. For Er’*/Tm>" co-doped
tellurite glasses, D and K values are practically
independent of the Tm>" concentrations used in this
study. The average values of D and ds/dT obtained for
tellurite glasses are: (3.1 +0.2) x 10> cm?s and
(16 + 3) x 10°K™!, respectively.

Introduction

Tellurite glass has been receiving special attention
because it possesses interesting properties as: high rare
earth ions solubility, higher refractive indices than both
the silicates and fluoride glasses, and large amplifica-
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tion bandwidth. In this way, tellurite glasses are
becoming promising for practical applications as:
optical amplifiers, optical recording, laser active media
and infrared-to-visible converters [1-6]. The studies of
these optical materials are driven by a strong interest
do gather fundamental material properties that could
lead to the development of new solid-state short-
wavelength laser. For example, Er’*/Eu*" co-doped
tellurite fibre presents visible emission [5], being a
potential host material for satellite communication at
589 nm and a compact fibre laser for medical applica-
tion at 613 nm. In addition, Er**/Tm*" co-doped
tellurite glasses present blue up-conversion, as the
Er’* ion plays the role of a selective sensitizer for the
Tm** ion [6]. In this way, the characterizations of
the nonlinear optical and thermo-optical properties of
the tellurite glasses are very important for the optimi-
zation of the applications of these materials.

The characterization of the thermooptic properties
is fundamental for the determination of the thermo-
mechanical figure of merit of optical materials. In this
form, it becomes possible to determine parameters as:
thermal-shock, thermal fracture resistance and thermal
lens effect [7-9]. The thermal diffusivity (D) and
thermal conductivity (K) measure the rate of change of
temperature in a transient heat transfer process.
Usually, D and K are dependent upon processing
condition and the compositional and structural prop-
erties of the glass. For instance, the improvement of a
laser material performance, a high thermal conductiv-
ity is desirable to dissipate the heat from regions in
which generation of laser light occurs. On the other
hand, the optical path § (cm) of the glass with
refractive index n and thickness L is dependent on
the temperature (S(7) = n(T) L(T)) and the thermally
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induced distortion of a laser beam during its passing
through a sample is described by the optical path-
length change (ds/dT = L™ dS/dT). The search for
athermal glasses, which minimizes temperature-related
beam distortions, is very important to improve perfor-
mance of optical systems as laser oscillators and
telescopes in artificial satellites [7]. Then, the knowl-
edge of thermal parameters of the materials, can be
used into the development of novel materials by
modifications of the composition, preparation or com-
binations of different optical materials [10], trying to
take advantage of the merits of each material.
Thermal studies have been made in different kinds
of glass host structures using Thermal Lens (TL)
technique. Published data are restricted to fluoroin-
date, silica calcium aluminosilicate, chalcogenide and
phosphate glasses single-doped with Er’*, Tm?>",
Nd**or Yb** ions [7, 11-15]. In this work, we studied
the thermooptics properties of Er’*/Tm*" co-doped
tellurite glasses as a function of the thulium (Tm,O3)
concentration. The TL measurements were performed
by using a probe beam from a /A, = 632.8 nm He-Ne
laser. The wavelengths of A, =488, 785 and 800 nm
were used for excitation. For either Er’* or Tm’*
doped and also for the Er’*/Tm’" co-doped tellurite
glasses, the thermooptic properties such as: D, K and
ds/dT were determined, as well as the thermal lens
distortion induced by the pump beam (ds/dQ).

Mode-mismatched TL technique theory

The TL effect can be treated through the calculation of
the temporal evolution of the sample temperature
profile AT(r,t), caused by a Gaussian intensity distri-
bution of the excitation beam, absorbed by the sample.
The propagation of a probe beam through this thermal
lens results in a variation of its on-axis intensity, I(¢),
which can be calculated in cw excitation regime, in the
form [7, 16]:

1(H)=1(0)
2

. 2mV
1—=tan
2 [(1+2m)2+V2} To/2t+142m+ V2
(1)

where m = (wp/we)z, wp and w, are respectively the
probe and excitation beam radius at the sample; V = z4/
Zo, 21 1 the distance between the sample and the probe
beam waist and z,, is the probe beam Rayleigh range; /(0)
is the on-axis intensity when ¢, or 0, is zero. . is the
characteristic heat diffusion time, given by [7]:
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where D = K/pC is the thermal diffusivity (cm?*s), K is
the thermal conductivity (Js"'em™'K), p is the density
(g/em?) and C is the specific heat (J/gK).

The TL transient signal amplitude, 0, is approxi-
mately the phase difference of the probe beam at
r=0 and r= v2 w, induced by the pump beam.
The normalized phase shift, © = —0/P.aL., can be
expressed as [17]:

©- [%(p] j—é 3)

where P.(W) is the excitation power, a (cm™) the
optical absorption coefficient at the excitation wave-
length (X)), Legr= (1-e™)/a is the effective length
and L(cm) is the sample thickness. ¢ is the fraction
of absorbed energy converted into heat or absolute
nonradioative quantum efficiency [16, 18, 19].

The first term in parenthesis on the right-hand
side of Eq. (3) is the energy deposited by the
pumping beam within a probe beam with character-
istic volume consisting of a cylinder of unit area and
length equal to the probe beam wavelength, A,. The
term ds/dQ is the sample characteristic response
function describing how the optical path-length
change (ds/dT) with the heat deposited per volume,
in the form:

ds 1 ds
= = 4
dQ pCdT @
For glasses, the thermal expansion may also con-

tribute to the temperature coefficient of the optical
path, according to [20, 21]:

%:%Jrﬁ(n—1)(1+v)+§n3Y<qL+q||) %)
where f is the expansion coefficient, v is the Poisson’s
ratio, n is the refractive index, Y the Young’s modulus,
q. and g are stress-optic coefficients for the parallel
and perpendicular orientation relative to excitation
beam polarization. The Eq. (5) takes into account the
refractive index change, thermal expansion and
photoelastic effect. The term dn/dT, the thermooptic
coefficient, is given by [22]:

dn_(nz—l)w[ld?_
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where 3 (K™) is the volume expansion coefficient and
y is the polarizability. As shown in Eq. (6), dn/dT is
affected by two counteracting factors. First, a decrease
in the density due to thermal expansion decreases the
refractive index because of the larger intermolecular
spacing. Second, an increase in the electronic polariz-
ability causes the refractive index to gradually increase.
In liquids, dn/dT is usually negative because the
thermal expansion is the dominant term in Eq. (6).
For glasses and transparent crystals, dn/dT can be
either positive or negative, depending on the glass
structure. For examples, the silica glasses have positive
dn/dT =+9.3 x 10° K™! values and fluoride glasses, as
fluorozirconate presents negative dn/dT = —14.5 x 107°
K! value [7, 23]. In a general form, dn/dT is negative
for highly expansive and loosely bound networks and
positive for strongly bound networks. Polymers usually
have high expansion coefficients and dr/dT is negative,
for instance, undoped PVA/GLUT-PAni film has a
dn/dT = -1.30 x 107 K' [17].

Experimental

The tellurite glass composition used in this work was
70 mol% of TeO,, 19 mol% of WOs3, 7 mol% of Na,O
and 4 mol% of Nb,Os. The raw materials (Ceraco with
purity 99.99 wt%) and the rare earth ions in the form
of oxides (Er,O; and/or Tm,0Oj3) were mixed, melted
and homogenized in platinum crucible at 800°C during
30 min using a RF induction furnace. The batch size
was 60 g. For the single-doped tellurite glass an
amount of 7500 ppm (1.19 x 10* ions/cm®) of Er,O;
or 5000 ppm (0.78 x 10?° ions/cm®) of Tm,O3 was
added. For the Er’*/Tm*" co-doped Tellurite samples,
7500 ppm of Er,O5; and (2500-10,000) ppm (or 0.39-
1.6 x 10 % ions/cm®) of Tm,O5 were added (Table 1).

The spectral measurements of attenuation coeffi-
cient were carried out with a Perkin Elmer Lambda 9
spectrophotometer at room temperature, with resolu-
tion of 1 nm.

The thermooptic properties of Er’*/Tm™* co-doped
tellurite glasses with different concentrations of thu-

Table 1 Thermal properties of tellurite glasses

lium ion, were investigated by the TL method [7, 16,
17]. The TL transient measurements were performed
using the mode-mismatched dual-beam (excitation and
probe) configuration. A He-Ne laser (/, = 632.8 nm)
was used as the probe beam and either an Ar" laser
(Le =488 nm) or a Ti-sapphire laser (A.= 785 or
800 nm) was used to provide the excitation beam.
Details of the experimental setup is described else-
where [7, 16]. The optical absorption coefficients (o)
were determined considering the reflections at the
sample surface and applying the same experimental
configuration of the TL measurements.

Results and discussions

The preparation procedure produced bubble-free
transparent glasses with high homogeneity, as observed
by Shadowgraphy technique. The compositions of the
glasses obtained were analyzed by X-ray fluorescence
spectroscopy (EDX-700). Although it is a semi quan-
titative technique, the composition change due to
vaporization was limited to less than 6% for all
components of all samples.

Attenuation coefficient spectra of Er’* doped, Tm>*
doped and Er’**/Tm>" co-doped tellurite glasses are
presented in the Fig. 1(a—c), respectively. The refrac-
tive index of these glasses as a function of the

Attenuation coefficient (cm")
SN WHAEN WA O=2NDWH
T

N (b)
1 1 1
\/\J \wk_k ;
SE— SN
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Fig. 1 Attenuation coefficient (-In(Z/Iy)/L) of tellurite glasses:
(a) S750; (b) Sos0 and (¢) S7525

Tellurite Er** (ppm) Tm** (ppm) p (= 0.1 g/ecm®) D (102 em%s) K (102 W/ K cm) ds/dQ (107% ecm®J) ds/dT (107° K™)

Soo 0 0 5.7 3.0+ 02
S())S 0 5000 5.6 32+04
Syso 7500 0 5.5 3.1+02
Sysas 7500 2500 5.6 3.0+ 02
Syss 7500 5000 5.6 3.0+ 03
S7_537_5 7500 7500 5.5 33+0.1
Srs10 7500 10,000 5.6 3.1+03

8 44 11.7
8.4 6.23 16.4
8 6.73 17.4
7.9 7.52 19.8
7.9 5.32 14

8.5 5.42 14

8.2 4.83 12.7
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Fig. 2 TL transient signal for (a) tellurite undoped glass and (b)
ZBLAN (0.58% CoF,). The sample was excited with an Ar"
laser at 488 nm with P, ~ 9.2 mW and probe laser beam at
Ap = 632.8 nm. The line curve is the fit curve obtained by Eq. (1)
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Fig. 3 D in function of Thulium concentration for samples of
Er’*/Tm*" co-doped tellurite glasses at 488 nm (open circle),
785 nm (open diamond) and 800 nm (open triangle)

wavelength (4 in nm) can be expressed as:
n(A) ~ (1 + 3.242%/(2>~193%))*3 [4]. Fresnel reflection
coefficients, described by the equation (R = [(n(4)-1)/
(n(4)+1)]?), can be used to understand the rising of the
baseline at short wavelengths in Fig. 1(a—c).

Figure 2 shows a typical TL transient signal for (a)
an undoped tellurite and (b) fluorozirconate ZBLAN
(0.56% CoF,) glass. Fitting the experimental data of

Table 2 Thermal properties of glasses

0.6

0 (rad)

02

0.0 . X X 1

L 1 L
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Fig. 4 0 in function of P. for tellurite glass S;5,5 at 488 nm
(closed circle), 785 nm (open diamond) and 800 nm (open
triangle)

Fig. 2 by Eq. (1), the following values for the equation
parameters were obtained (a) 0 = —(0.0597 = 0.0004)
rad and 7.=(0573+£0.008) ms and (b) 0=
(0.0542 + 0.0002) rad and 7. = (0.621 + 0.005) ms, for
tellurite and ZBLAN, respectively. From Eq. (2) and
using the measured value w, = 2.6 X 102 cm, the
thermal diffusivity D = (2.9 + 0.2) x 10~ cm%s was
determined for undoped tellurite glass. The same
procedure above to determine D was developed on
the ZBLAN (D = (2.8 +0.2)x 107 cm?s), Er’"
doped, Tm** doped and Er’*/Tm>* co-doped tellurite
glasses. In the Fig. 3 are presented D values obtained
for Er’*/Tm>" co-doped tellurite samples in function of
the concentration of thulium ion for three different
excitation wavelengths (4. = 488, 785 or 800 nm). The
average value of D = (3.1 = 0.1) x 10~ cm?/s obtained
for tellurite doped samples (Er’*, Tm®** and Er’*/Tm>")
is similar to the values obtained in the literature for the
glasses showed in the Table 2 and others several
fluoride glasses as: YABC, PGIZCa, ISZn and InS-
BZnGdN [7, 14]. In the Fig. 3, no significant change
can be observed for the thermal diffusivity D for the
thulium concentration range studied in this work, as
the small differences in D values are within the error
bars.

Glasses D (1073 cm?/s) K (107 W/Kcm) ds/dT (105 K™) ds/dQ (107 cm®/J)
ZBLAN (0.38 CoF,) [11] (2.7 £ 0.1) (8.0 = 0.7) (6.4 £ 0.9) (21 +09)

Soda lime [10] (4.9 £02) (10 = 1) (21 +02) (1.3 £0.1)
Tellurite (3.1 02) (8.0 £ 02) (16 + 3) 6 +1)

LSCAS [22] (5.7 £ 0.3) (16 = 2) (6.2 + 0.6) (23 +02)
GaLaS [10] (2.7 £ 0.1) (4.3 +0.4) (2.6 +0.3) (1.6 +02)
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The curve behavior of Fig. 2(a) indicates that ds/dQ
(proportional to ds/dT) is positive for tellurite matrix,
i.e., the created TL focalize the probe beam in the far
field. For the sake of comparison, Table 2 lists positive
ds/dT values for chalcohalide, chalcogenide, soda lime,
LSCAS and GalaS. For ZBLAN, ds/dT =-
(7.8 £0.9) x 10° K™ is negative and the beam is
defocused in the far field. A typical transient curve for
that case is shown in Fig. 2(b). Fluoride, fluroaluminate
and fluorindate glasses are also characterized by neg-
ative value of ds/dT [11, 15, 21]. ds/dQ values can be
obtained from 0 by using Eq. (1) and the values of D, 4,
and ¢ in the Eq. (3). For tellurite glasses studied in this
work, we considered ¢ =1 and the average value
obtained was ds/dQ = (6 = 1) x 10° cm?/J. In Fig. 4,
the values of 6 are presented in function of P,
employing using as pump-beam in the TL technique
either an Ar™ laser (1. = 488 nm) or a Ti-sapphire laser
(Je = 785 or 800 nm) for Er’**/Tm>" co-doped tellurite
glass (S75..5). A linear behavior is observed in the used
power range.

In order to obtain K and ds/d7, p and C must be
known. We assumed that C for Er**/Tm** co-doped
tellurite glass is the same of the undoped tellurite glass.
Therefore, using the value of D, p, ds/dQ (Table 1)
and C =047 J/gK [24] we obtained the following
average values: K = (8.1 +0.2) x 10 W/cmK and
ds/dT = (16 = 3) x 10°K™'. For tellurite glass the
value of ds/dT is approximately two times larger than
that obtained for low silica calcium aluminosilicate
LSCAS (Table 2). Negleting the photoelastic effect in
the Eq. (5), with f = (14 + 3) x 10°°C, v = (0.33 +
0.03) and n =2.14 [4, 25, 26] it is possible calculate
average value of dn/dT = -8 x 10°K™ for tellurite
glasses. For comparation, ZBLAN glass has a dn/
dT =-14 x 10°K™" and fluorozirco-aluminate glass
dn/dT = -6 x 10°° K™! [11]. Modifications in the glass
matrix aiming an increase in |dn/d71 are required for
obtaining an athermal tellurite glass.

Conclusions

In conclusion, we have applied the Thermal Lens (TL)
technique to characterize tellurite (70%TeO,—
19% WO3-7%Na,0-4%Nb,0s) doped and co-doped
with rare earth (E,O3 and Tm,0O5) glasses at different
excitation wavelength (488, 785 and 800 nm). For Er**/
Tm>* co-doped tellurite samples the measurements of
TL were performed in function of thulium concentra-
tion. ds/dT presented average variations of 27% with
the insertion of thulium and erbium in tellurite matrix.

@ Springer

No significant changes were observed for the values of
D for different doping levels.
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