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Abstract
The different configurations of the photopyroelectric calorimetrywhich can be adopted
for the evaluations of the thermophysical parameters in liquids and in solids, and
the advantages, with respect to other calorimetric techniques, are briefly described.
A review of the recent results obtained by the photopyroelectric back-detection
configuration for the determination of the different thermophysical properties in
various materials is presented with particular attention to the cases where the tem-
perature dependence of such parameters is studied. The results concerning the
studies carried out by performing simultaneous calorimetric and imaging evaluations
are also described. Finally, the possibility of performing “absolute” measurements
of the thermal parameters, eliminating the influence of eventual coupling fluid,
is discussed.

Keywords Calorimetry · Phase transitions · Thermophysical properties

1 Introduction

The evaluation of the thermal parameters of materials is of great importance. In fact
quantities like the thermal diffusivity and the thermal effusivity are important from the
technical point of view.The thermal diffusivityD=k/ρc (k is thermal conductivity, c the
specific heat, and ρ the density), in non steady-state situations, constitutes a measure
of how rapidly heat can propagate throughout the material, and the thermal effusivity,
e= (kρc)1/2, characterizes the ability the material has to exchange thermal energy with
the surroundings [1]. From a more fundamental point of view, the knowledge of both
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Fig. 1 Sketch of the illumination
conditions for various PPE
configurations, namely the front
detection (FD), the inverse
detection (ID) and the
back-detection (BD) ones

D and e enables the determination of c and k which are very important basic physical
parameters. When measured with large enough a temperature resolution over a phase
transition, the behavior of c and k can allow the study of, respectively, the static [2]
and the dynamic critical phenomena [3] associated with the thermal parameters, for a
more complete characterization of the transition [4–9].

The evaluation of c and k generally involves the use of separate technique. However,
an ac calorimetric technique had been proposed to determine simultaneously both
parameters but requiring a frequency scan to evaluate k [10]. Such a procedure has
proven very time-consuming when measuring the temperature dependence of k, such
as in the cases of its analysis over phase transitions. The photopyroelectric (PPE)
technique can also be used for the characterization of the thermophysical parameters
in liquids and solids, like other photothermal techniques [11–19]. In fact, PPE in the
so-called back-detection (BD) configuration [20] was also shown to be capable of
measuring simultaneously both c and k in solids [4] and in liquids [21–24] operating
at a single frequency value and, therefore, in a much more practical way with respect
to the previously proposed technique.

Another advantage of the PPE technique is its versatility, since it can be used in dif-
ferent configurations, each with its peculiar capabilities. Figure 1 shows the schemes
of the various PPE configurations, namely the front detection (FD), the inverse detec-
tion (ID) and the back-detection (BD) which differ depending on the relative positions
of the illuminated surface and that where the detection occurs. The specific peculiari-
ties of each configuration have been summarized in a recent review [7]. Specifically,
FD is the only one which allows a very large frequency range of operation, nearly 5
decades. This proved very useful when investigating the frequency dependence spec-
troscopy of the specific heat over glassy transitions, obtained from the analysis of the
thermal effusivity [25–30]. On the other hand, it was shown that ID could be fruit-
fully applied, among others, for the direct determination of the specific heat and of
the thermal conductivity by operating in corresponding specific frequency ranges [31,
32]. Recently, frequency scans of the ID signal enabled the determination of the ther-
mal effusivity in different samples characterized by a wide range of values of such a
parameter [33–35].

The capability of the BD configuration to measure simultaneously c and k
operating at a single modulation frequency has made it very useful to moni-
tor, in a straightforward fashion, the temperature dependence of such parame-
ters particularly over temperature ranges where phase changes of the analyzed
material may occur. Finally, the BD configuration has been shown to be able to detect
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Fig. 2 Sketch of setup for
integrated calorimetric and
polarization microscopy
imaging evaluations

also latent heat over first-ordered phase transitions [36, 37]. In this work we present
relatively recent results, obtained by the BD configuration, not reported in the previous
reviewwork and concerning the evaluation of the temperature dependence the thermal
parameters of solid and liquid samples, with particular attention to the cases where the
parameters change because of variations occurring in the mesophases of the analyzed
compounds.

2 Experimental

The most commonly adopted pyroelectric transducer consists of a LiTaO3 crystal typ-
ically 100–500 μm thick, though polyvinylidene di-fluoride (PVDF) films of various
thicknesses (9–100 μm) are also employed. LiTaO3 sensors allow a more sensitive
ac temperature detection over a wider temperature range, while PVDF is significantly
cheaper. The electrodes on the pyroelectric transducer surfaces are typically optically
opaque thin metallic (Au, Ag or Ti) films, while indium tin oxide (ITO) electrodes can
be used when optical transparency is required. The ac sample heating can be provided
by modulated laser beams. When the sample is solid, the thermal contact with the
pyroelectric transducer is obtained by applying very thin layer (a fewmicrons) of cou-
pling fluid between them, while liquid samples are usually contained in glass/quartz
cells of calibrated thickness (typically 10–100 μm). For transparent liquids, the vis-
ible laser light absorption is ensured by applying a thin opaque metallic layer on the
appropriate cell/transducer surface. The electric signal from the transducer is fed to a
dual-channel lock-in amplifier which measures both the amplitude and the phase of
the PPE signal.

In some instances the PPE calorimeter has been used in an upgraded configuration
where the setup was integrated with a polarization microscopy imaging system, oper-
ating in the reflection mode, as sketched in Fig. 2 [38]. Light from a lamp source was
first passed through a polarizer and then driven trough the sample. The light reflected
from the metallic layer at the cell bottom was passed through an analyzer and then
collected by a long working distance zoom lens onto a CCD camera.
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3 Results and Discussion

3.1 Measurements as a Function of Temperature

For the back-detection configuration, the expressions for the amplitude and phase
when the sample is thermally thick are [39]:
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where the subscripts s, p and b refer, respectively, to the sample, the pyroelectric
transducer and the backing medium, P is the transducer pyroelectric coefficient, A
the transducer area, I the absorbed light intensity, Ls the sample thickness, ω the
angular frequency, τd=RC, andR andC, respectively, the effective transducer detection
electronics resistance and capacitance. It can be observed that the signal amplitude
and phase depend on such parameters like I and τd which are not easy to estimate
accurately, so that a calibration procedure is required. One possibility would be to
divide the signal obtained with the sample by that obtained by illuminating only the
bare transducer, so that the factor between square brackets in the amplitude and the
second term in the phase would not appear in the two expressions. Consequently, the
phase would depend only on Ds, while the amplitude also on es, thus enabling the
determination of cs and ks. In particular, the value of Ds can be obtained from the
slope of the frequency scan of the phase data [9], or from thickness scans of the phase
values at a single frequency as performed in liquid samples [40, 41].

When the temperature dependence of the thermal parameters is studied, a very
practical normalization procedure consists in dividing the signal at the various tem-
peratures T by that obtained at a reference temperature To where the values of the
thermal parameters are known, yielding [7]:
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so that Ds(T) and es(T) can both be determined.

3.2 Results in Liquids

Concerning the liquid samples, the studies over the phase transitions were carried out
mostly in liquid crystals (LC) which present a great variety of transitions, but also
in linear alkanes compounds. In LC samples, with respect to the isotropic (I) liquid
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state, the nematic (N) phase is characterized by an average common orientation of the
molecules. At lower temperature, in the smectic A (A) phase the molecules are aligned
parallel to each other and they are disposed in regularly spaced parallel planes, which
are perpendicular to the molecular orientation direction, but there is no correlation
in the molecular positions within the planes. At lower temperature still, the material
eventually turns to the crystalline phase.

The various mesophases usually show up in multidomain samples, with the aver-
age molecular orientation being different in the various domains. The possibility to
analyze single-domain samples would be of great usefulness particularly for those
aspects related to molecular orientational order, molecular tilt angles and translational
correlation length [42]. In samples exhibiting the nematic phase, a permanent uni-
form molecular alignment can be achieved by inducing an aligning agent on the cell
walls [43]. For the samples with no N phase between the isotropic phase and the more
ordered A phase, such a procedure proves useless and a new method was tested based
on the application of a uniform strain field in the sample volume [LC] in order to
produce an effect similar to that taking place in the case of the flow-induced alignment
in nematics [44]. The strain perpendicular to the cell walls can be induced on the LC
molecules by a small vertical displacement of the pyroelectric transducer [LC] wet-
ting the LC sample. The achievement of the homeotropic single-domain alignment
produced in the A phase can be verified, in the upgraded PPE calorimetric setup, both
by polarization microscopy observations and by monitoring the thermal diffusivity
which is known to show larger values for homeotropic samples than for non aligned
focal conics ones [45]. This is related to the fact that the thermal transport parameters
are largest when measured with the heat flow direction parallel to the molecular long
axis [46].

The results of such an attempt are reported in Fig. 3 which displays the polarization
microscopy patterns, obtained between crossed polarizers, when a 10μm thick sample
of 10CB LC, which changes from isotropic directly to the A phase, was first cooled
from the isotropic to the A phase. Here it formed a multidomain focal conics texture
[45], whose pattern is reported in Fig. 3a. Then, the vertical displacement is applied,
in the smectic A phase, to the pyroelectric transducer achieving the non-birefringent
homeotropic single domain (Fig. 3b). The successful outcome of the attempt is also
certified by the thermal diffusivity values displayed in Fig. 3c. When the sample
is cooled from the I to the A phase, the thermal diffusivity values decrease over
the transition because of the very defective poly-domain focal conics structure [47].
When the sample is aligned into a homeotropic single domain, by the application of
the “vertical” strain in the A phase near 45 °C, the thermal diffusivity increases up
to its maximum values. The sample is then heated up to the isotropic phase where
the thermal diffusivity decreases again. The described aligning procedure enabled to
study the transition between the smectic A and the hexatic B (B) (where molecules
have also hexagonal positional coordination within the smectic planes) phases in a
single-domain sample of 65OBC LC for the first time [48]. It was thus possible to
study of the critical behavior of the specific heat over the B-A transition in presence
of different amount of disorder, namely maximum in a focal conic textured sample
and minimum in a homeotropic single-domain one [48].
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Fig. 3 (a) Focal conic texture in the smectic A phase of 10CB liquid crystal; (b) non-birefringent polarization
microscopy pattern obtained in homeotropically aligned smectic A phase; (c) thermal diffusivity values
corresponding to situation in (a) (black symbols) and in (b) (gray symbols)

Another very interesting study which could be carried out in the upgraded PPE
setup was that concerning the effect of the inclusion of photochromic molecules on
the properties of the phases, and of the transitions between them, in 8CB LC [49]. The
optical access to the sample enables the calorimetric and imaging evaluations to be
performed, while the sample is irradiated with UV light to induce the structure change
of the photochromic (naphthopyran) molecules. This is something which cannot be
achieved by any of the existing calorimetric techniques. With the UV light off, the
effect of the naphthopyran molecules hosted in the LC is to induce a homeotropic
alignment in the LC volume in the A and N phases yielding relatively large values
of the thermal conductivity as shown in Fig. 4b. The UV light is then switched on
after the sample is taken in the isotropic phase from where it is cooled again down to
the A phase. The effect of the change in the photochromic molecules conformation
(more planar structure) upon UV light illumination is, in the first place, to shift the
various phase transition temperatures to larger values as shown in the specific heat
data in Fig. 4a. However, what it can also be observed is that the thermal conductivity
decreases substantially as the 8CB/naphthopyran mixture is cooled from the nematic
to the smectic phase. This can be associatedwith the loss of the homeotropic alignment
of the LCmolecules which could be readily be confirmed by the “focal conics” texture
detected in the polarization microscopy observations (Fig. 4c). The loss of the align-
ment in the smectic phase can be attributed, upon their structure change induced by
the UV light illumination, to the progressive inclusion of the photochromic molecules
within the smectic planes, from an initial position between the planes when the UV
light is off [50, 51]. This causes a disruptive effect on the LC alignment because the
size and shape of the naphthopyran molecules are incompatible with those of the liq-
uid crystal molecules to maintain a homeotropic single-domain smectic structure. The
single-domain sample thus breaks up into a multidomain focal conics structure.

A similar effect, but with very different timescale, occurs when the UV light is
switched on when the sample is initially in the homeotropic A phase. The thermal
conductivity then also decreases because, due to the disruptive effect by the illuminated
naphthopyran molecules, but only about 5 h after UV switch-on time (Fig. 5a), this
being due to the smectic material being much more viscous than the nematic one. This
causes, with respect to the previous case, amuch slowermigration of the naphthopyran
molecules into the smectic planes. Another important difference with respect to the
previous case consists in the marked difference of the focal conics texture. In fact,
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Fig. 4 Specific heat (a) and thermal conductivity (b) in 8CB LC/naphthopyran mixture with UV light off
(gray symbols) and on (black symbols). (c) Focal conics texture in the smectic phase with UV light on

Fig. 5 (a) Thermal conductivity time dependence after UV light is switched on in the homeotropic smectic
phase of the 8CB LC/naphthopyran mixture. (b) Parabolic focal conics texture after the loss of homeotropic
alignment occurs

when the focal conics texture nucleates from an initially aligned smectic phase, like
the latter case, where the parallel plane orientation is uniform in all the samples, the
so-called parabolic textures is obtained [52], as shown in Fig. 5b [49]. Different is the
case where such a nucleation occurs as the sample is cooled over the NA transition.
In fact, since no initial plane disposition can exist in the N phase, as the smectic phase
is entered, the focal conic domains can nucleate with any orientation of the smectic
planes giving rise to a texture like that shown in Fig. 4c.

A final very recent example of the thermal parameters analysis by the upgraded PPE
setup is that concerning the study of the transitions between the so-called rotator phases
[53] in linear alkane sample. These are solid phases where the molecules possess
three-dimensional crystalline order for their positions but no long range rotational
order about the molecular long axis [54, 55]. The various rotator phases differ from
one another in terms of side packing, molecular tilt, layer stacking and azimuthal
ordering, and calorimetric data have been reported for samples with a number of
carbon atoms in the molecules ranging between 23 and 30 (C23 to C30) [56, 57].

The particular aspect under investigation has been the hysteretic behavior, between
the cooling and heating measuring runs of the sample, of the transition temperature
between the various phases to help establish the order of the involved transitions. As
an example, Fig. 6a, b reports the specific heat and thermal conductivity obtained in
a heptacosane (C27) sample. Beside the liquid phase, three rotator phases, the so-
called RIV, RIII and RV [58], were detected at lower temperatures, as well as two
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Fig. 6 (a) Specific heat and (b) thermal conductivity profiles for C27 in the range crystal phase to liquid
phase. The black symbols correspond to the cooling runs and the gray symbols to the heating runs. The
vertical dashed lines indicate the boundaries between the rotator phases during the cooling of the sample

crystalline phases, the so-called Mdci and ODci ones [59]. A substantial hysteresis
can be observed for the transition temperature between some of the occurring phase
transitions. In thefigures, the includedvertical dotted lines, between the various phases,
and the corresponding phases labels refer only to the cooling measurement.

An important issue is raisedwhen the hysteretic behavior between the rotator phases
is to be analyzed. In fact, from the polarization microscopy observations, performed
in the upgraded PPE setup, it can be observed that the texture obtained at 56 °C
in the RIV phase during the cooling run from the liquid phase (Fig. 7a) is markedly
different from that obtained at the same temperature during the subsequent heating run
from the crystalline phase (Fig. 7c). Specifically, the texture in the latter case contains
elements which resemble those observed in the texture of the Mdci crystalline phase
at 47 °C (Fig. 7b), with the possibility that it maintains memory of the grain structure
of the crystalline phase. This may give rise to distortions in the RIV phase obtained
in the heating run due to such grain constrains. An indication in this direction is
provided by the smaller thermal conductivity values obtained during the heating of
the sample than during the cooling, in the temperature range of the RV to RIV phases
(Fig. 6b), since such a parameter is known to decrease with the presence of defects
and strain in the material. Finally, when the heating measurements was performed
by inverting the previous cooling run before reaching the crystalline phase, then the
texture patterns in the RIV phase were shown to be the same as in the cooling runs.
Hence, to prevent distortion in the material overshadowing the true characteristics of
the transitions involved between the various rotator phases, the comparison between
the results obtained during the heating and cooling measurements was obtained by
cycling the sample only in the RV–RIV temperature range, without ever entering the
crystalline phase. It could finally be established that the RIV-RIII and the RIII-RV
transitions were, respectively, of first and of second order [60].

3.3 Results in Solids

Concerning solid samples, PPE calorimetric studies were mostly carried out over sam-
ples showing various magnetic phases, where the transitions between them occur over
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Fig. 7 Polarization microscopy images performed in C27 obtained: (a) in the RIV phase during the first
cooling run; (b) in the Mdci crystalline phase during the first cooling run; (c) in the RIV phase during the
subsequent heating run

Fig. 8 Thermal diffusivity
profiles over the paramagnetic to
antiferromagnetic phase
transitions in several manganite
compounds (RMnO3), where R
represents all the elements
displayed in the figure (from
Ref. [67])

a very large temperature range. For this reason, a setup was developed and calibrated,
able to perform measurements between 15 K and 380 K [61]. Using this kind of
approach many investigations have been carried out in solids [62–66]. Of particular
relevance is the systematic study over the paramagnetic–antiferromagnetic transition
in a wide variety of manganite compounds, RMnO3, where R is a variable element, an
investigation carried out over a very wide temperature range, as shown by the thermal
diffusivity profiles reported in Fig. 8 [67]. There, the minima reflect the corresponding
peaks in the heat capacity and therefore they identify the temperatures at which the
transition occurs for the various compounds The rate with temperature with which the
peaks in c diverge characterizes the analyzed transition [7]. The universality class [2]
of the transition in the various compounds could thus be determined and compared
with the predictions by theoretical models [67].

4 Absolute Measurements in Solids and Liquids

One of the challenges posed by the use of the PPE calorimetry is to find a way where
the measurements of the thermal parameters can be determined in an “absolute” way,
and that is to say, without the need to make any calibration of the setup other than that
which could be performed during the actual measurements. In this context it must be
remarked that, with solid samples, the thermal contact between the sample and the
transducer is ensured by the application of a thin layer of coupling fluid between the
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two, the presence of which is not envisaged in the model leading to Eqs. 1 and 2. The
effect of this layer on the evaluation of the sample thermal parameters is minimized by
reducing asmuch as possible its thickness. Finding away to eliminate completely such
an effect would also be very useful. The first successful attempt to perform absolute
measurements of the sample thermal diffusivity in solids, eliminating the coupling
fluid influence, was obtained by performing the ratio of the PPE signals obtained in
the BD and FD configurations [13]. According to a model, which takes into account
also the coupling fluid layer, the expression for the phase of the BD/FD signal ratio is:

ΦN � −
√

ω

2Ds
Ls (5)

which coincides with the phase expression obtained by employing the BD only (the
first term of Eq. 2), and it does not depend on any parameter associated with the
coupling fluid or the pyroelectric transducer. The absolute determination of Ds can
then be obtained by performing frequency scans of the signal phase obtained in this
way. By doing so, it was found that the thermal diffusivity values were larger than
the ones obtained previously for corresponding samples by the BD technique only,
where the effect of the coupling fluid could beminimized but not eliminated altogether.
This confirms the success in eliminating the effect of the coupling fluid by the BD/FD
signal combination procedure. As for the absolute determination of the sample thermal
effusivity, it was first obtained in liquid samples only, by combining the PPE signals
obtained in the BD and FD configurations, where the sample was sandwiched between
two transducer separated by a spacer of known thickness [23]. Very recently, a method
was presented where the absolute measurements of thermal diffusivity and effusivity
could be simultaneously performed by using an approach similar to that used in Ref.
[35], but where the sample side, opposite that in contact with the transducer, was kept
in contact with a medium (backing) of known, non-negligible thermal effusivity. In
this way the expression of the phase of the ratio of the BD to FD signals yields [68]:
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It can be seen that such a phase is independent from any parameter of the coupling
fluid. It is also independent from the laser intensity and from the transducer thermal,
electric and geometrical parameters. This implies that provided the backing material
thermal effusivity is known, absolute measurement of the thermal diffusivity and
effusivity of both liquids and solids is possible. In the large frequency range, the
second term in Eq. 6 disappears, so that Ds can be separately evaluated in that range.
In the low frequency range, from such a second term, es can also be determined. With
this procedure absolute measurements of the thermal effusivity and thermal diffusivity
were successfully performed for several solid and liquid samples [68].
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5 Conclusions

In this work, the principles of the various photopyroelectric calorimetric configura-
tions for the evaluations of the thermophysical parameters in liquids and in solids
were briefly described. It was shown how the photopyroelectric calorimetry, in the
back-detection configuration, enables the determination of the thermal diffusivity, the
thermal conductivity and of the specific heat in a singlemeasurement, thusmaking PPE
very useful to characterize phase transitions over which the thermal parameters may
show very sharp changes. A review of some recent results obtained over phase transi-
tions to analyze the temperature dependence of c and k were illustrated, where both the
static and the dynamic critical behaviors associated with the thermal parameters could
be analyzed. Particular attention was placed on the results where simultaneous calori-
metric and imaging evaluations, in an upgraded photopyroelectric setup calorimeter,
were performed. Finally, the possibility of performing “absolute” measurements of
the thermal parameters eliminating the influence of eventual coupling fluid has also
been discussed.
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