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Time-resolved thermal lens measurements of the thermo-optical properties of glasses at low

temperature down to 20 K
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In this work the time resolved thermal lens spectrometry was applied to measure the absolute values of the
thermo-optical properties of low silica calcium aluminosilicate and soda lime glasses at low temperatures, in
the range between 20 and 300 K. The thermal relaxation calorimetry was used as a complementary technique
to determine the specific heat. The results showed a marked decrease of the thermal diffusivity with the
temperature rise, with a dependence similar to that of the mean free path (~7"") in the interval between 20 and
70 K, while in the range between 70 and 300 K the dependence was 7033002 The marked variation of the
temperature coefficient of the optical path length change with the temperature rise was attributed to the
increase in the coefficient of the electronic polarizability. The results also showed that for the aluminosilicate
glass the excess in the specific heat correlated to the so-called boson peak occurred at about 17 K, higher than
that of soda lime, which occurs at about 12 K. In conclusion, our results showed the ability of the time resolved
thermal lens to determine the thermo-optical properties of glasses at low temperatures, bringing possibilities for

experiments in a wide range of optical materials.
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I. INTRODUCTION

There has been an increasing interest in the development
of modified materials for a broad range of optoelectronic
applications. The thermo-optical properties—thermal con-
ductivity (K) or thermal diffusivity (D), specific heat (c,),
and the temperature dependence of the optical path length
(ds/dT) are important parameters which are necessary to
model, design, and operate the considered systems.!=® Ther-
mal diffusivity and thermal conductivity give quantitative in-
formation about the thermalization time, heat flow, and heat
dissipation,' while ds/dT is related to the optical distortions
induced by both the sample thickness change and the refrac-
tive index variation when the sample temperature is
modified.>* Since such properties may be strongly depen-
dent on temperature, it is desirable to measure their absolute
values as a function of temperature. The precise determina-
tion of material properties at low temperatures is always a
challenging task. In the case of thermal properties there is
always a rapid variation in their measured values as the
sample temperature decreases, demanding therefore, both ap-
propriate excitations and devices to obtain the data.” Cer-
tainly the possibility of using noncontacting and sensitive
methods is an advantageous route to perform measurements
at low temperature condition.
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In the last few years the thermal lens spectrometry (TLS)
has been explored as a highly sensitive photothermal tech-
nique with attractive characteristics. It is remote, nondestruc-
tive, and fast, demanding a transient of a few milliseconds
with excitations of the order of 1072 °C to provide the
data.®~'" When operated in the transient mode the method
permits us to reduce the heat transfer as compared to steady
state techniques. Indeed, it has been used recently to obtain
optical and thermal properties during phase modification of a
wide range of materials, including glasses,>!® polymers,'!
and liquid crystals.'? In those works the thermo-optical prop-
erties of the samples were investigated as a function of tem-
perature in the region above room temperatures, up to 580 K.

In the present paper we extended the capability of the
thermal lens spectrometry to quantify the thermal diffusivity,
thermal conductivity, and temperature coefficient of the op-
tical path length of two different oxide glasses, the low silica
calcium aluminosilicate (LSCAS) and the soda lime, as a
function of temperature, in the range between 20 and 300 K.
In order to perform the experiments a low temperature de-
vice was used. As a complementary method a thermal relax-
ation calorimeter was used to obtain the specific heat of the
low silica calcium aluminosilicate glass in a similar tempera-
ture interval.
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FIG. 1. Thermal lens experimental setup. The excitation and
probe beams are provided by an Ar* ion laser (A=488 nm) and a
He-Ne laser (A=632.8 nm) respectively. M;, L;, and P; correspond
to mirrors, lenses, and photodiodes, respectively. The windows are
made of quartz disks.

II. EXPERIMENT

The samples used in this work have the following com-
positions in wt %: (a) LSCAS: 47.4 Ca0-41.5A1,04
-7.0 SiO,-4.1 MgO and (b) Soda lime: 70.4SiO,-17.6Na,0O
-10Ca0-2Fe,05. The LSCAS sample was prepared under
vacuum condition to minimize the presence of OH™ in the
glass structure as described in Ref. 13. The melting tempera-
ture was 1550 °C. The soda lime sample was prepared at
room atmosphere and the melting temperature was 1300 °C.

The TL experiment was performed in the dual beam
mode-mismatched configuration, as shown in Fig. 1, and de-
scribed elsewhere.>® Briefly, the TL effect is caused by the
generation of heat by nonradiative decay processes after the
laser energy is absorbed by the sample. As a consequence, a
temperature gradient is established, inducing a lenslike opti-
cal element in the sample, resulting in what is called TL
effect. When a probe laser beam propagates through this TL,
there is a variation of its on-axis intensity (), which can be
detected both in the steady state and in the time resolved
modes.>'* For the measurements as a function of tempera-
ture, the samples were cooled at 20 K by He exchange in a
continuous flow cryostat (Janis, ST-100), and a temperature
controller (LakeShore, 321-01) was used to stabilize the tem-
perature. The measurements were performed in the range
between 20 and 300 K. We used two highly transparent
quartz disks to seal the Dewar chamber, as indicated in Fig.
1, in order to avoid the induction of thermal lens in the
windows. The probe beam was a He-Ne laser operating at
632.8 nm, while the excitation laser was an Ar* laser at 488
nm.

The detection of the TL transient signal was performed by
a silicon photodiode, connected to a digital scope in the mil-
lisecond scale. In order to obtain the TL signal in the time
domain the chopper frequency was chosen according to the
temperature region, in such a way that every consecutive
shot was performed after the complete relaxation of the TL
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generated in the previous event. We adopted this procedure
because the thermal lens time constant increased almost two
times when the sample temperature was varied from 20 to
300 K, as will be shown in the results. As examples, at T’
=20 K the frequency used was 12 Hz (a transient of about 40
ms) and at 300 K the frequency was 4 Hz (a transient of 125
ms). For the adopted (cw) excitation mode, for each chosen
temperature we used about 50 excitation beam shots to av-
erage the final transient.

In the cw excitation regime, the analytical expression for
the probe beam intensity I(¢) is given by>?

I(r) =I(O){1

4 2mV 2
— ;tan 2 2 2 >
2 [(1+2m)”+ V]t 2t + 1 +2m+V
(1)
in which
2
Z
m=<c—oﬁ> ; V=—1WichC<Zz. (2)
we ZC

Here, Z. is the confocal distance of the probe beam, Z; is the
distance between the probe beam waist and the sample, Z, is
the distance between the sample and the photodiode, w), is
the probe beam radius at the sample, w, is the excitation
laser beam radius at the sample, and 1(0)=1(¢) when the tran-
sient time ¢ or 6 is zero. The used parameters for the TL
configuration were V=1.73 and m=33.

The temporal evolution of the TL signal depends on the
characteristic TL signal time constant 7., which is related
with the thermal diffusivity (D) by the expression: f,
=w§/ 4D. The amplitude of the TL signal 6 is approximately
the phase difference between the probe beam at r=0 and r
=\2w,, induced by TL

Paps ds

0=- :
K\, dT

3)
in which A, is the probe beam wavelength, K is the thermal
conductivity, ds/dT is the temperature coefficient of the op-
tical path length change of the sample at the probe beam
wavelength and P, is the absorbed power, which can be
determined by'>

_ Pin(l - R)[l - exp(_AeL)]
7 [1-Rexp(-A,L)]

: (4)

with P;, as the input power of the excitation beam, R as the
Fresnel reflectivity, A, as the optical absorption coefficient at
the excitation wavelength, and L as the sample thickness.
The denominator of the P,,, equation accounts for the mul-
tiple internal reflections of the pump beam within the
sample.’> The values of A, were obtained by measuring the
transmittance of the samples as a function of temperature in
the same TL setup, while the reflectivity as a function of
temperature was determined from refractive index data ob-
tained from the literature.'®
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FIG. 2. Normalized thermal lens signal [1(z)/1(0)] for LSCAS
glass at 20 and at 50 K.

The specific heat experiments were performed in Quan-
tum design PPMS equipment between 2 and 150 K, and in a
homemade thermal relaxation calorimeter between 150 and
470 K.V

III. RESULTS AND DISCUSSION

Figure 2 shows two examples of normalized TL signal
[1(£)/1(0)] for the LSCAS sample at 20 and 50 K using the
same excitation beam power, 500 mW. It can be observed
that the signal intensity is significantly higher at 50 K than at
20 K. In order to better demonstrate the difference between
the buildups of the two transients, we showed only the data
of the first 10 ms of the curves. The least-squares fit using
Eq. (1), corresponding to the continuous lines, give the val-
ues of the thermal lens characteristic time response f. as
(0.1192+0.0003) ms at 20 K and (0.2023+0.0003) ms
at 50K, and the probe beam phase shift 6 as
(~=0.0094+0.0003) rad at 20 K and (—0.0276+0.0004) rad at
50 K. The temperature dependence of such parameters is
obtained by performing the acquisition of the curves I(r) for
the temperature range from 20 to 300 K. The values of ¢,
give a direct measurement of the thermal diffusivity, while
the phase shift 6 permits us to determine ds/dT, using Eq.
(3). The thermal diffusivity values of the LSCAS sample as a
function of temperature are shown in Fig. 3, curve a. It can
be seen that there was a decrease in D values from 22.9
X 1073 cm?/s at 20 K to 5.1 X 1073 cm?/s at room tempera-
ture. As can be seen in Fig. 3, curve b, the temperature de-
pendence of the thermal diffusivity of soda lime glass shows
similar behavior. However, it should be noted that the power
dependences in the region between 20 and 70 K, as shown in
the inset of Fig. 3, were 7103005 for LSCAS and
7(-087x002) for soda lime. This observation will be discussed
later in this work. The values of the specific heat for the
LSCAS as a function of temperature are shown in Fig. 4,
curve a, together with those for soda lime obtained from the
literature, curve b.'® Both glasses show similar behavior as a
function of temperature (note that the scale is cpl 73). It can
be seen that, similar to that observed for the thermal diffu-
sivities above, they present different temperature depen-
dences in the interval between 2 and about 70 K, evidencing
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FIG. 3. Thermal diffusivity (D) as a function of the sample
temperature for LSCAS and soda lime glasses. The inset presents
the same data in logarithmic scale.

a more pronounced variation of ¢, of soda lime when the
temperature decreased.

Having D(T) and c,(7) for both glasses, to calculate the
thermal conductivities as a function of the sample tempera-
ture K(T) using the relation K=Dpc,, with p as the mass
density, the values of p(7) are needed. By considering that
the volumetric thermal expansion coefficient B of both
glasses are of the order of 10~ K~! at room temperature, and
even smaller at lower temperature, the variation in the
samples volume in the considered temperature interval are
smaller than 1%. Then, the mass density p(7) can be consid-
ered as approximately constant in our calculations. There-
fore, having D(T) and ¢,(7), K(T) was calculated for both
glasses and the results are shown in Fig. 5, curves a and b, as
indicated. For comparison, curve ¢ shows K(7T) values for the
silica vitreous obtained from Ref. 18. It can be noted that K
increases one order of magnitude when the temperature var-
ied from 20 K to room temperature, in good agreement to
what is observed in the literature'®! for amorphous materi-
als. It has been reported that all amorphous materials present
very similar temperature dependence for the thermal conduc-
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FIG. 4. Specific heat as a function of the sample temperature for
LSCAS measured in this work and for soda lime glasses retrieved
from Ref. 18.
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FIG. 5. Thermal conductivity as a function of the sample tem-
perature for LSCAS (a) and soda lime (b), measured in this work,
and for silica vitreous (c) obtained from Ref. 18. The inset shows
the data at low temperature in an expanded scale.

tivity, suggesting a universal behavior, whose origin is not
completely understood.’®?! In fact, the temperature depen-
dence of the thermal conductivity and the specific heat of
noncrystalline solids differ markedly from those of crystal-
line ones, and despite the intensive investigation on the sub-
ject a satisfactory microscopic description of the origin of the
mentioned difference has not yet been given. The Debye
model states that the thermal conductivity is related to pc,, by

1
K= gvﬂpcp, (5)

in which v, is the average sound velocity, and € is the pho-
non mean free path. Comparing Eq. (5) with the thermal
diffusivity definition, namely, D=K/ pCps it follows that De-
bye’s model predicts that the thermal diffusivity is

1
= Evsf. (6)

That is, the behavior of D as a function of temperature de-
pends on v (T) and €(T).

Our data show two well-defined regions for the thermal
diffusivity, as illustrated in the inset of Fig. 3, using log-log
plot. In the temperature range between 20 and about 70 K,
the decrease of D varies as 7103099 for 1.SCAS and
T-087£0.02) for soda lime, while for higher temperatures both
glasses present a 7-0-33#002) dependence, tending to be con-
stant as the limit of higher temperatures is reached. It is
known that at moderate low temperature the number of
phonons involved in anharmonic scattering is proportional to
T, resulting in an increase in the mean free path as the tem-
perature decreases, with a 7~! dependence.!® Therefore, the
results indicate that the observed decrease of the thermal
diffusivity at the low temperature range is driven by the
mean free path. On the other hand, for the temperature inter-
val above 70 K the behavior of D reflects the variation of
both the mean free path and the sound velocity. This happens
due to the fact that at high temperatures the mean free path in
amorphous materials coincides, in a first approximation,!!
with the mean distance between two neighboring atoms,
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whereas the sound velocity is proportional to (k,/m)’?, in
which k, is the characteristic elastic constant of the bonding
forces between two neighboring atoms with effective mass
m. In other words, our results show that at the temperature
interval 20<7'<<70 K the change of the thermal diffusivity
with temperature is basically dominated by the 1/7 variation
of the mean free path, while at high temperatures, the change
of the sound velocity also contributes to the slight variation
of the thermal diffusivity.

Before moving to ds/dT results we go back to the differ-
ences in the values of D(T) and c,(7), and consequently
K(T) observed between the two glasses in the region of low
temperature. When c,,/ T? for LSCAS is plotted versus the
absolute temperature (curve a of Fig. 4) it is possible to
identify the peak temperature 7,,,, at about 17 K. This maxi-
mum in ¢,/ T3 in glasses is correlated to what is called in the
literature as the boson peak.”>?* The term boson peak for
glasses is currently used to nominate the broad, asymmetric
to the high energy side and almost universal behavior of the
intensities of incoherent neutron scattering and light scatter-
ing (the dispersion spectra) observed in these materials.?
This denomination comes from the similarity between the
mentioned shape of the dispersion spectra intensities scaled
with temperature and that obtained for systems that obey the
Bose-Einstein statistics.>> There is a current debate on the
possible explanation for the excitation given rise to the so-
called boson peak, since disordered systems, such as glasses,
in principle do not allow us to derive some kind of quasipar-
ticle and its excitation spectrum. For further details we refer
to Refs. 20-22. In addition and relevant for the analysis of
our results, as it is known from the literature, the boson peak
occurs at the temperature region where the product between
the specific heat and the mean free path becomes indepen-
dent of temperature.'® Therefore, the observation of T,,,, at
about 17 K in ¢,/ T3 may be associated with the almost un-
noticeable plateau for the thermal conductivity data in our
LSCAS glass. In the case of the soda lime, as already shown
in the literature, the plateau is more pronounced and T,
occurs around 12 K.2* Therefore, our results indicate that
Tmax Observed at higher temperatures (about 17 K) for
LSCAS as compared to the soda lime (12 K) may be the
possible explanation for the differences in the temperature
dependence of D(T) between the two glasses. Another infor-
mation that can be retrieved from these results is the ratio
between T, and the Debye temperature @, of the material,
which some authors have used to try to connect the glass
properties at low temperatures to its structural fragility.>3->
Accordingly to Granato,”*? the dynamic and thermody-
namic properties of a glass are governed by a few percent of
interstitial-like defects in the material. With this hypothesis
the author predicted that the low temperature specific heat of
glasses should have a maximum in ¢,/ T° peaked at tempera-
tures of about ®p/35. This correlation was associated to the
shift of certain vibration states to lower frequencies induced
by the structural disorders of the materials, which have been
used to explain the specific heat maxima in ¢,/ 7. Consider-
ing our LSCAS glass T, at 17 K and using Granato’s
model we obtained Op as 595 K, which is above the mea-
sured value of the Debye temperature of the crystalline phase
of this glass, which is about 455 K. In the case of soda lime,
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FIG. 6. The values of ds/dT as a function of temperature for
LSCAS (a) and soda lime (b) glasses. The inset shows the data at
low temperature in an expanded scale.

Op/ T, Was about 36 in agreement with the mentioned
model. We should stress that this is a controversial issue in
the literature,2%2* since other materials such as metallic
glasses and some polymers also present such discrepancies.”
Therefore further studies are necessary to better understand
these results.

Figure 6, curves a and b, show the behavior of ds/dT as a
function of temperature for the LSCAS and soda lime
samples, respectively, which were calculated with Eq. (3)
using the measured values of &(T), P, (T), and K(T). Our
measurements showed that the phase shift § was negative in
the whole temperature interval, and therefore ds/dT is al-
ways positive. To obtain P, (T) using Eq. (4) we measured
the transmittance of the samples at 488 nm in the same tem-
perature range adopted for the TL experiments. The result
showed that the transmitted intensity for each glass was con-
stant in the whole temperature interval. Therefore, consider-
ing that the variation of the values of the refractive index,
determined by R. M. Waxler and G. W. Cleek!'® in a similar
temperature range, was smaller than 0.2%, we considered
A(T) and R(T) as their respective values at room tempera-
ture and then calculated the values for P, (7) for both
glasses.

It can be noted that ds/dT increases about two orders of
magnitude as the temperature goes from 20 to 300 K. For
example, for LSCAS it varied from (0.08 X 10~ K=!) at 20
K to (10X 107 K=!) at 300 K. In order to analyze this varia-
tion it is important to remember that ds/dT measured by
thermal lens technique can be written as?

d d
d—;= n—l)(1+v)a+d—;, )

in which n is the refractive index, dn/dT is the temperature
coefficient of the refractive index change, v is the Poisson’s
ratio, and « is the linear thermal expansion coefficient. The
first term in Eq. (7) is associated to the sample bulging in-
duced by the excitation beam during the TL formation. Ac-
cording to Prod’homme,?® dn/dT is given by
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dn (n*=1)(n*+2)

o o (P-30a). (8)

Here, ® is the temperature coefficient of the electronic po-
larizability. When the electronic polarizability term is domi-
nant, as in silicate glasses,2 dn/dT becomes positive, and the
refractive index n increases with temperature. On the other
hand, dn/dT is negative when the thermal expansion term is
dominant, like it is observed in fluoride glasses.’ Rearrang-
ing the contributions for ds/dT [Egs. (7) and (8)] we have

ds (n2—1)(n2+2)> (
dT_[<—6n O+ (n-1)(1+0v)

) (n2-1)(n2+2)) ]

2n ®

Then, considering n=1.65 for LSCAS and 1.52 for soda lime
and the Poisson’s ratio as 0.29 for LSCAS and 0.21 for soda
lime and the very small variation of the refractive index with
temperature as mentioned above,!® it can be seen that
(ds/dT)(T) is mainly dependent on ® and « values.

It is known that the material thermal expansion coefficient
originates from vibrational anharmonicity in the potential en-
ergy and it is wusually measured by the Griineisen
parameter.”’” As the temperature is reduced, vibrational
modes in the higher-energy states freeze out and their con-
tribution to the thermal expansion decreases. At high tem-
peratures, there are additional occupants of other vibrational
states that contribute to the thermal expansion. Some typical
values at room temperature are a=7 X 107 K~ in meta-
phosphate glasses, a=7X 107 K~! for SiO,, and a=7.5
X 107 K™! for LSCAS.

In the case of ®, Campbell and Suratwala?® have shown
that this parameter can be considered as an additive contri-
bution from each glass component. Moreover, Izumitani and
Toratoni?® after analyzing several glasses’ composition ob-
served that @ is related to the electronic polarizing power of
the network forming ions, described by the field strength
Z/a?, with a as the interionic distance in the dipoles and Z its
total charge. The author observed that a decrease in the ratio
Z/a? produces an increase in the ® values, indicating that ®
is mainly determined by the elongation of the interionic dis-
tance a. Therefore, the influence of temperature in @ value
may be understood as follows: The distance a is expected to
increase as the temperature increases, resulting in a decrease
of the field strength. As a consequence, ® goes to higher
values as the temperature increases, similar to a(T). Taking
@ values at room temperature reported for typical glass com-
ponents such as SiO,, AL,O; and CaO as 1.7X 107 K™,
22X 107 K7!, and 42X 107 K/, respectively, we observe
that they are about one order of magnitude greater than those
reported for «. From the mentioned values it may be con-
cluded that the main contribution for the strong increase of
ds/dT values as a function of temperature for both LSCAS
and soda lime glasses, shown in Fig. 6, is a consequence of
the increase in the electronic polarizability coefficient with
temperature. Finally it is important to mention that the
thermo-optical properties of LSCAS glass at low temperature
are not available in the literature. Therefore, the data pre-
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sented in this work may be useful for future application us-
ing this material.

IV. CONCLUSIONS

In summary, in the present work we used the time re-
solved TL method for low temperature measurements of the
thermo-optical properties of low silica calcium aluminosili-
cate and soda lime glasses. Our results showed a marked
decrease of the thermal diffusivity with the temperature rise,
with a T-! dependence between 20 and 70 K and 7% be-
tween 70 and 300 K. The strong variation of ds/dT with
temperature was attributed to the behavior of the temperature
coefficient of the electronic polarizability. The results also
showed that the T}, in c,/ 73, which is correlated to the
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boson peak, occurred at about 17 K for LSCAS glass, higher
than that of soda lime known to occur at about 12 K. We also
observed that the relation between the maximum in c,/ T°
and the Debye temperature is around 26 for LSCAS, which
is well below what is observed for others glasses. Finally, the
results of this work indicate that time resolved TL can be
advantageously used to determine the thermo-optical proper-
ties of glasses at low temperatures bringing possibilities for
experiments in a wide range of optical materials.
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