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Abstract

We investigated the spectroscopic, thermo-optical and mechanical properties of
70%GasS3:30%1.a,S; (mole %) chalcogenide glass and glasses doped with 0.05, and 0.2
mole % Nd.Ss, prepared by melt-quenching the .§ulphides in a vitreous carbon crucible in a

silica ampoule. The fluorescence quantum efficiency for the 0.05 ‘mole % N&* doped
sample, obtained by thermal lens techhique was (1.01 + 0.08) and the lifetime of this
sample was (78.00 £ 0.05)us. The thermal diffusivity of these samples (2.7 £ 0.1)x1 0’

2 -1 .
cnr’s” were determined by the thermal lens method.
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1. Introduction

~

Chalcogenide glasses are interesting materials dﬁe to their fusion temperature,
optical transparence window, linear and non linear refr.activé‘ indices, phonon energy ~425
em™, and non-radiative decay rates of rare-earth eneré levels [1,2]. These ?roperties make
them interesting for optical ampﬁﬁers and photonic devices. We mention tﬁat laser action in
Nd** doped chalcogenide glasses has beeﬁ observed in ‘fecﬁangu}ar samples [3] and fiber [4].
In both cases, laser performance was aﬁ‘é;:ted by thermal lens (TL) effects. The
determination of fluorescence quantum efficiency, 7, éspeéiaﬂy for solid samples, has been
shown to be difficult and results in the literature are controversial [5] mainly due to the
limitations of the employed experimental methods. Somg of the methods efnployed to
measure this parameter include photothermal techniques such as photoacoustic
spectroscopy and calorimetry [6]. In a recent work Baesso et al. [7] used the TL technique
to determine 7 fér low silica content calcium aluminosilicate glasses doped with different
concentrations of neodymium. i

Previously, the TL technique had also proved to be a convenient method to
determine thermal diffusivity, D, and temperature coefficient of optical path length, ds/d7,
for transparent materials -[7-10]. The TL effect is caused by deposition éf heat through a
nen radiativ‘e’ decay process after the laser energy has been absorbed by the sample. This
heat produces a temperature gradient perpendicular to the beam direction, which affects the
wave front of a TEMy, pmbe laser beam, whosé energy in the perpendicular direction is
fitted by a Gaussian function. By measuring this variation on the far field, the therrﬁé.l
optical properties can be determined [7-10]. |

* The aim of this work, was to. determine the thermal properties spch as D, ds/dT and

77, of 70 mole %Ga,S;:30 mole %La,S; samples with 0, 0.05 and 0.2 mole % of Nd»S;



using the .TL technique. Tn addition, we also measured opti.cal absorption and emission
" spectra, and lifetime of “iF;./g level, to. obtain the flucrescence quantum efficiency via Judd
Ofelt (JO) calculations.‘»Furthermore, measurements of physical properties such as Vickers
microhardness, H,, density, p, specific heat, d, glas_sgransition temperature, 7, and glass

crystallization temperature, 7, measurements are also presented.

2. Theory

2. 1. Judd Ofelt theory

The radiative properties of rare-earth iqns in a variety of different host materials can
be described by the JO theory [11,12]. This theory is wel{ established in the literature, so we
will only be concerned with the topics necessary to analyze our results. By assuming the

-experimental (F.x,) and theoretical (F.qc) oscillator strengths [13] are equal,

mc 8z m{" +,L; 1% i
j. avldv=—" " 2]+ 1) l<"°’ | (1)

where m is the electron mass, ¢ is the speed of light, e is the electron charge, N is the

number of ions per cm’ Jfa(v)dv is the area of the absorption band, » is the refractive

index, A is the Planck’s constant, v is the transition frequency, J is the ground state
quantum number, £2; are the intensity parameters, (aJ|U*|6J") are the reduced matrix
elements of the tensor operator, U*, of rank, A. We can obtain, for this case, {2, .,Q‘; and s
Since Nd’* the transitions are assumed to be pure electric dipole [13], only this term of the

potential was considered in Eq: (1).

In spite of the controversy about the physical meaning of Q, ‘parameters, the



variations 'm.the Qs ’and Qs values can be attributed to changes in the chemical
environment around a rare earth ion [14]. These intensity parameters can be applied to
calculate the line strengths corresponding to the transitions from “Fin = ‘In, Tiin, ‘L
“and *I;5, of the Nd&** ion. Using the line strengths, the iadiative transition rates between two

given levels, aand b, A(a/ — bJ'),can be calculated as [13],

A(a,bJ") =
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and from A(aJ,hJ') probabilities we can calculate the luminescence branching ratios,

P(al,bl"), as'well as the radiative lifetime (z,) as [13],

N (IR .
Blasb)) =5~ , &)

L2,AGJ 007

and

T 1 (4)
=~ )

° > Atal;bJ")

S,L.J

The fluorescence quantum efficiency of the transitions can be detérmined from the

ratio between the measured lifetime (7) and the radiative lifetime (7o) 7, = 7/7, .

2.2. Thermal Lens Theory

In the two beams mode mismatched TL technique, the sample is illuminated by two
TEM,yo Gaussian laser béa.rﬁs as shown in Fig. 1. The excitation laser beam (Ti:sapphire
laser) produces a local temperature increase within the sample creating 2 lenslike element in

the heated region. When the probe beam (HeNe laser) passés thorough the created lens, its

(73



optical path length undergoes a temporal change that can be observed measuring the beam
center intensity in the far field. Using Fresnel diffraction thebry [15], an analytical

expression can be obtained for the probe beam intensity change, 7(7) [9],

N T 1 2
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Here, w, and w, are the probe beam radius and excitation laser beam radius at the
sample, respectively, Z; is the distance between the probe beam focal plane and the sample,
Zsp 1s the confocal distance of the probe beam, 7 is the distance between the sample and the
detector and 1) is the I{t) when the transient time f or &is zero. In the steady state, the on-
axis probe beam intensity change is proportional to the phase shift, 6, induced by TL, which
is approximately given by [9],

PAL,; ds

f=- = ' 7
Kﬂpwdm (7

where P is the excitation laser power, X is the thermal conductivity, A, is the probe beam

wavelength, L is the sample thickness, effective length is Ly = (I-e*/)/4, ds/dT is the
temperature coefficient of the optical path length change, A is the absorption coefficient and
¢ is the fraction of absorbed energy converted iﬁto heat per photon. For the undoped
sample all absorbed energy is converted into heat, so @ = 1. For fluorescent samples, like

the Nd™ doped glasses studied in this work, ¢ =1-nA,_/(},,), Where 7 is the sample



radiative quantum efficiency, A... is the excitation beam wavelength, and <A.,> is the
average wavelength of the fluorescence.

The characteristic TL signal response time, 7, is given by [9] as,

=l ®)

where D = K/pa is the thermal diffusivity, K is the thermal conductivity, o is the density and

a is the specific heat.

3. Experimental

Samples were prepared in the molar composition 70%GagS;_and 30%La,S; (GLS)
by melt-quenching the sulphides in a vitreous carbon crucible in a silica‘ampoule. The Nd,Ss .
dopant concentration in the doped samples are 0.05 and 0.2 mole%. The samples were cut
in disks of 10 mm diameter and 1.5 mm thickness and optically polished.

Density was measured at room temperature using the buoyancy method based on the
Archimede's principle with CCl, as the immersion liquid, whereas Vickers hardness was
measured using a microhardness tester (Leitz Wetzlar). To minimize the experimental
errors, at least 15 indentations were made, using loads of 30 g The specific heat
measurements were pérfonned using the relaxation method in a conventional calorimeter
[16,17]. The determination of 7, and T. was carried out using 100 mg samples in a
simultaneous thermal analyzer (Netzsch, STA 409- EP).

Absorpfi"('m spectra were obtained at room temperature, using a spectrophotometer
(Perkin Elmer Lambda 900) over the range of 500 to 1200 nm. Spectra wefe normalized to

obtain the absorption coefficient. Fluorescence spectra were obtained at room temperature

¥/}



using a diode: laser as excitation source at around 808 nm, and the luminescence signal was
détected by an InGaAs detector operating at 77 K, in the range of 800 to 1500 nm. Lifetime
measurements. of level *F5, were performéd using a rhodaminevdye laser, pumpe;i by a5 ns
pulséd nitrbgén laser, being the luminescence signz}] inténsity measured with a digital
oscilloscope.
Fig. 1 shows a mode-mismatched thermal lens experimental setup. This experiment
~was made using a Ti:sapphire iaser at 814 nm to produce the TL effect at the sémble. The
laser beam was focused by a lens (L;) with focal length £ = 20 ¢cm and the sample was
placed at its focal plane. Exposure of the sample to excitation Béam was controlled by
means of a chopper with frequency around 5Hz. The probe laser beam was a HeNe laser at
A, =632.8 nm It was also focused by a lens (L) with focal leng;th f=20cm at an angle y <
1..5° with respect to the excitation beam. The excitation and probe beams radii at the sample
were measured with a meter (Thorlabs omega model WM100), giving w, = (4.95 £ 0.09)x
10” cm and w, = (18.2 + 0.3)x10 cm, respectively. Using these quantities in Eq. (6), m =
(13.5 + 0.6) was obtained. The probe beain minimum radius, wy, was measured with the
same meter and from its magnitude, Z,, = 2w,"/4,, where 4, is the probe wavelength, could
be calculated as (4.09 = 0.08) cm. Choosing the distance betwéen the sample and the probe
beam waist, Z;, as (7.10 :t 0.05) cm and using V= Z,/Zcp (Eq. (6)), V= (HI .73 £ 0.04) was
obtained. The excitation beam, after passing through the A sample, was incident on a
p;'hotodiode (Dy) and used as trigger in the acquisition program. These adjustable mirrors,
M;, My and Ms were used to get an approximate 2 m optical path length from the sample to
an iris mounted before the photodiode (D;). This iris was put in ﬁont.of' the detector to
select the central part of the probe beam. The experimental error introduced by the

equipments resolutions for all the spectroscopic measurements is 5% at the maximum.



4. Resuits -

4.1. Physical Properties |

Fig. 2 shows the thermal relaxation curve obtained for the set, sample (undoped
GLS glass) and silicon holde_r (heat capacity C»=43. 151 mJK ') [17]. The dissipated power
was, P;= 616 uW. This data was fitted by .the equation AT = Af ex €77 [17] giving AT =

(0.119 £ 0.001) K and z = (9.92 = 0.05) s. The correlation coefficient of the fit was R =

P,z
AT

0.9967. Since the heat capacity is given by C = [17], Ceor = (51.3 £ 0.7) mIK" was

obtained for the set sample (s) and holder (4). With these and the mass of the sample 15.16

. , C,,-C
mg, the specific heat & = (0.54 = 0.04) Jg''K™! couid be calculated from o = —*—%
m

[17]. This procedure was carried out five times for each sample, the deviation error was =
5%. These quantities are in agreement to within errors of measurement with the literature
[18]. Table 1 presents the results for density, p, Vickers microhardness, /,, specific heat, «,
T; and T for‘the GLS glass. Only changes < 10% in these physical parameters were

obsefved.

4.2. Spectroscopic Results -

The ground state absorption spectrum for a> 0.2 mole% Nd** doped GLS glass is
shown in Fig. 3. We note, the UV absorption edge of this glass is around 500 nm and 6
transitions are resolved. Emission spectra were obtained by pumping the samples at 815 nm
(*Hyy, and “Fs, levels) to populate level *Fsn from which the laser transition at 1080 nm
originates [19]. These levels were chosen for excitation since their absorption coefficients are

about three times larger than that of “Fsp, level.



From the absorption spectrum, the JO intensity parameters were calculated giving:
= (9.2 £02)x107%% ,=(73 + 0_3);<10;2°; and 5= (4.9 £ 0.1)x10™ cm’, and the root
means square error {IMSey,} i 2.0%. The transition probabilities from *Fin to thé lower
lying levels and the calculated branching ratios are preg‘ented in Table 2.

Fig. 4 presents the emissioﬁ spectrum of the 0.2 mole% Nd° doped sample, in
which the bands congspcndhqg to transitions from “Fi, to the lower lving Ton; Ty and
Mian levels, as show;n in the inset, can be cbserved. The *Fin — *Lis» transition was not
observed.

For the 0.05 and 0.2 mole% Nd’* doped samples, t'..he measured lifetimes are (78.00
+0.05) ps and (75.00 + 0.04) us respectively. By JO calculations, the radiative lifetime, 75,

obtained was (78 + 7) us. With these lifetimes quantum efficiencies for the doped samples

co_uld be determined and are shown in Table 3.

4.3. Thermo-optical properties

Fig. 5 shows typiéal TL ‘data for the undoped GLS sample. The dots are the
experimental data and the correlation coefficient of the fit by Eq. (5) is R > 0.9999, giving &
= -(0.1009 + 0.0002) rad and 7, = (2.30  0.02) ms with. Usiﬁg Eq. (8) for #, with w, = =
(4.95 £0.09)x10” cm, it was possigle to obtain D = (2.7 + 0.1)x10” cmzs'i. With the D and
the measured p and o in Table 1, the thermal conductivity for this sample was calculated as
K =(59+03)x10° WK em™. The same procedure was developed for the other samples
and thgse parameters are independent of concentration in this range. Using Eq. (7), the
above cited &, determined by the transient and the calculated X jointly with P =6 mW, 4 =
(0.63 £ 0.01) cm™, L = (0.138 % 0.001) cm, AL,z = 0.0833 and 4, = 632.8x107 c¢m, the

temperature coefficient of the optical path length change is, ds/dT= (7.5 +0.6)x10° K.



To determine the fluorescence quantum efficiency, it is necessary to know the

fluorescence average wavelength <Aen> It can be calculated by (o y=%px, where £ is

the branching ratic of *Fin — “I; (/ = 15/2, 13/2, 11/2 and 9/2) transitions, and 4, is the
Wavelength of each transition. Using the branching_réti"és determined by JO (Table 2), <A.,>
=1011.7 nm wés found. Since ds/dT is independent of doping at our concentrations, ds/dT’
could be used to determiﬁe (ofér the samples doped with 0.05 and 0.2 mole% of Nd**,

giving @ = (0.19 % 0.01) and (0.17 = 0.01), respectively. Since ¢ =1-nA__/(A, ), the

execd
fluorescence quantum efficiencies determined for these samples were 77 = (1.01 + 0.08) and

(1.03 + 0.09) as shown in Table 3.

5. Discussion

Tt is interesting to us to notice that the covalence, typical of chalcogenide glasses,
associated with a refractive index ~2.4 increased intensity of the absorption band at 600 nm
(’Gin, *Gsp levels), as shown in Fig. 3. That is due to an increase in the intensity of the
hypersensitive transition *lo, — *Gss [20]. The emission band éorresponding to *Fan — *isn
transition could not be observed because of the cross relaxation (‘Fan, Ton = isn, “Tisn) as
shown i the inset of Fig. 4 [20, 21]. This cross relaxation ié even larger when the Nd**
concentration increases, providing a decrease in lifetime. Besides, at the larger excitation
powers there is a larger probability of interaction between two excited ions providing an
additional decay channel for the “Fs; level, via visible upconverted emission from the *Gop,
"Gy levels [22].

The thermal diffusivity fof'these samples is similar to ZBLAN glass [8], but the

thermal conductivity is ~ 1.6 times less. That is due to the smaller density and specific heat



of GLS glass since K=paD. Our results for D) are in agreement with previous work [10] to
within + 3%. The ds/dT for chalcogenide glass was positive, Whereas’ for fluoride glasses it
is negative [8, 10]. Even so, the absolute ds/dT for chalcogenide glass is one order of
magnitude larger than the ds/dT obtained for ﬂuoridGiS. This difference makes the optical
path of chﬂcogeﬁde glass moré susceptible to temperature changes. The smaller thermal
conductivity and larger ds/dT of these chalcogenide glasses compared to those of fluoride
glasses are fesponsible for the larger thermal lens effects observed [3,4,13]

The results of quantum efficiency obtained by JO and by TL method are in good
agreement. It is worth noting that experimental branchiné ratios were also obtained from
the emission spectrum and their ratios are presented in Table 2. If these ratios are used to
determine the average emission waveiength, the quantum efficiency increasés by a factor of
4%, which is within our experimental error (10%). The difference between experimental and
JO calculated branching ratios can be explained by a decrease in the transition probability of
*Fin — I transition, probably due to a process of reabsorption from ground state “Iop.
Judd Ofelt theory doeé not take account of such a process, therefore a larger branching

ratio is obtained.

6. Conclusions

The TL tec.;hnique has been used to measure 77 for Nd*" doped solid samples, that is,
GLS chalcogenide glasses. Besides, 1, K and ds/dT parameters were also determined. The
samples had a thermal diffusivity similar to thé ZBLAN glass [8] and their fluorescence
quantym efficiencies obtained by JO and TL are in good agreement. The absolute ds/dT for
chalcogenide glass is positive and one order of magnitude larger than that obtamned for

fluorides [8], making the former more susceptible to temperature changes. -
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Figure Captions

Fig. 1: Schematic diagram of the mode-mismatched thermal lens experimental apparatus,
where M;, M, Ms;, M, and M5 are mirrors, D, and 'Dg are photodiodes, and L; and L, are

lenses.

Fig. 2: Thermal relaxation curve obtained for the set, sample (undoped GLS glass) and
silicon holder. The line indicates the linear fit, where the correlation coefficient is R =
0.9967.

Fig. 3: Absorption spectrum of 0.2 mol% Nd** doped GLS obtained at 300 K.

Fig. 4. Emission spectrum of 0.2 mol% Ndsf deped GLS obtained at 300 X. The inset
shows a partial energy level diagram indicating transitions from “Fs» level and the cross

relaxation (*Fin, “Ton — “Iisn, “Tisn) process.

Fig. 5: Transient thermal lens signal for the undoped chalcogenide glass. The line indicates

the curve fitting using Eq. (5).
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Table Caption

Table 1. Experimental values of the physical parameters of chalcogenide glasses doped with
Nd,Ss. p is the density, H, is the Vickers microhaidness, a is the specific heat, 7, glass

transition temperature and 7 glass crystallization temperature.
Table 2: Emission parameters and JO intensity parameters of Nd** doped GLS glass.
Table 3: Thermal diffusivity (D), thermal conductivity (K) and quantum efficiency (7)

values obtained for Nd** doped GLS glass using thermal lens (TL) technique. The 7 values

were also obtained using Judd Ofelt theory.
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Sample p (= 0.004) H, o {=0.04) T4 T4
%mol Nd,S;  gem®  kgmm®  Jg'K? °’C ’C
9.0 4019 450 £18 054 544 657
0.05 4.047 458 £ 14 0.52 533 666
0.2 4.048 464 £ 27 0.54 538 669

Table 1: Lima et al,



Tramsition A {(um) Asy Bar (%) Bar (%0)

from *Fs s JO) - {exp.)
s 1.85 58.3 0.5 | -
T3n 1.36 1179.0 75 85
a2 1.08 6994.2 44 - 61.7
Lor2 090 74772 48 29.8

0, =(9.2+02) x 107 cm®
Q=(73£03)x 102 em?
Qs=(4.9+0.1) x 10% cm?
n=24

MSerror = 2%

Table 2: Lima et al.



Sampie D61 K03 n{=0.08) n{x0.1)

%mol Nd2S3s  em’s’ WK'em'  (TL) - Jo)
0.0 2.7 5.9 S R
0.05 2.7 59 1.01 1.00
0.2 27 59 - 1.03 0.96

Table 3: Lima et al.
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