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Photoacoustic and photopyroelectric approach to calorimetric studies
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Abstract

During the last couple of decades, photoacoustic and photothermal techniques have been used extensively for the study of
thermal properties of condensed matter and for thermal wave probing of all kinds of materials and structures. In this paper, we
will give a brief account of the basic aspects of the successful standard photoacoustic model with acoustic microphone
detection and of a setup with an alternative detection technique with a pyroelectric transducer. The possibilities of these
measuring schemes for the simuitaneous measurement of the specific heat capacity and thermal conductivity will be illustrated
with results from a study of the Curie point of gadolinium and for liquid crystals. © 1997 Elsevier Science B.V.
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1. Introduction

The photoacoustic and photothermal effect has been
discovered more than a century ago, but gained
importance only in the mid-1970s when a proper
understanding of the effect in condensed matter was
reached. Since that time the field has grown enor-
mously. A multitude of ways of generating the effects
has emerged using all kinds of radiation, from laser
light to particle beams. Likewise, the diversity in
methods for the detection of the generated thermal
or acoustical waves has increased dramatically. The
international scientific community of scientists work-
ing in this field is still vigorously exploring the
extensive possibilities of photoacoustic and photother-
mal methods. One of the reasons for the sudden
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popularity of this research field is the wide applic-
ability of these techniques and the realized or potential
advantages over other techniques. The development of
lasers as convenient and powerful localized energy
sources has also largely contributed to the success of
the field. Applications include trace gas detection,
absorption spectroscopy, measurements of static and
dynamic thermal quantities, generation of ultrasound,
and the nondestructive evaluation of a variety of
materials and structures.

In most of the earlier applications in the mid-1970s,
details of an optical absorption process were deduced
by monitoring the modulated light source heating of a
given sample. This type of absorption spectroscopy
was named photoacoustic spectroscopy because the
heating effect was detected acoustically. Subse-
quently, a wide range of applications emerged in
which an optical source is used as a convenient
precisely controlled form of heating. The heating
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produced in all cases is nonstationary, resulting in a
variety of phenomena associated with the propagation
of modulated heat which can be well described in
terms of thermal waves. In many applications the
detection is nonacoustic and one speaks more appro-
priately of photothermal phenomena.

In this paper, we will focus our attention on the
calorimetric applicability of photoacoustic and photo-
thermal phenomena. The modulated optical source is a
common feature in both cases but a substantial diver-
sity may arise from choosing different types of detec-
tors. We will consider two cases, a standard acoustic
microphone detection technique and a photopyroelec-
tric detection technique, which during recent years
have been successfully used to arrive at high-quality
results for the specific heat capacity and thermal
conductivity of condensed matter samples.

After a short historical overview we introduce the
standard model which was formulated in the 1970s
and which contributed tremendously to the growth of
the field. Subsequently, we present specific applica-
tions for condensed matter. The chosen examples are
phase transition studies illustrating the high-resolution
possibilities of photoacoustic and photothermal
methods.

2. Historical background

In 1880, Bell [1] accidentally discovered the photo-
acoustic effect during experiments with his ‘photo-
phone’. At that time, Bell thought that transmitting
speech by modulating light waves, as he did in his
photophone, was destined to be a better development
than his telephone invention. In some way modem
fiber optics applications might prove him to be right.
He used a beam of sunlight that was modulated by a
voice activated mirror attached as a diaphragm to a
speaking tube. The light was focused onto a selenium
cell in an electrical telephone circuit. The resistance of
the selenium was modulated by a modulated light to
reproduce speech in the telephone receiver. However,
Bell discovered that the selenium (and other solids)
attached as diaphragms to hearing tubes emitted audi-
ble sound when exposed to intense modulated light.

Within one year, three other papers on photoacous-
tics were published by Bell [2], Tyndall [3] and
Rontgen [4] describing further experiments. It was

demonstrated that the effect was not confined to solids
but also present in liquids and gases. Bell and his
associate S. Tainter [2] convincingly demonstrated
that the acoustical signal was in turn dependent on
how strongly the incident light was absorbed by the
material in the cell. It was also noted from the begin-
ning that the frequency of the sound was the same as
the modulation frequency of the light beam.

Several theoretical attempts were formulated to
explain this new phenomenon which appeared to be
present for all forms of matter, and which was given
the name of ‘general sonorousness’. These attempts
were quite successful for gaseous samples, since in the
1880s the basic gas laws were already well-known. It
was correctly assumed that the gaseous sample (in the
closed vessel) absorbed all or part of the chopped
incident radiation and by doing so increased the
kinetic energy of its molecules, thereby giving rise
to pressure fluctuations within the cell which were
transmitted by the diaphragm of the hearing tube to its
own air column and thence to the ear. On the other
hand, several attempts were made to account for the
phenomenon in condensed matter, but only during the
last 15 to 20 years a satisfactory quantitative theore-
tical understanding has been obtained. The hypotheses
of Mercadier [5] and Preece [6] probably came closest
to the modern explanation to be given in the next
section.

After the initial flurry of interest generated by Bell’s
original experiments, interest in photoacoustics appar-
ently ceased and no further photoacoustic investiga-
tions were performed for almost half a century. An
important step forward was achieved in 1938 by
Viengerov [7], who employed the photoacoustic phe-
nomenon to study infrared light absorption in gases
and to evaluate concentrations of gaseous species in
gas mixtures. Substantial improvements were made by
Luft [8] pushing the concentration resolution into the
ppm region. Modifications of photoacoustic setups
could also be used for spectroscopic purposes and
were called spectrophones [9]. In addition to straight-
forward absorption spectroscopy, the photoacoustic
effect was also used to study de-excitation and
energy-transfer processes in gases [10,11]. During
the fifties and the sixties, the photoacoustic effect
was primarily used for the study of different aspects
of radiationless de-excitation in gases, the gas
chromatograph and spectro-photometers being more
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versatile. During the last two decades, considerable
progress has been achieved by using better radiation
sources (e.g. lasers) and improved detection systems
(phase sensitive detection and acoustic cells in reso-
nance modes), pushing the detection limits of gaseous
species into the ppb region.

In spite of the rebirth of photoacoustics in 1938 and
the many years of work with gases since then, photo-
acoustic studies of solids and liquids remained for-
gotten until the 1970s, and a satisfactory theoretical
explanation was never published. After 1973, how-
ever, a strong reemergence of nongaseous photoacous-
tics occurred. A quantitative theoretical explanation
was ultimately obtained and photoacoustics and
related photothermal techniques developed into the
powerful techniques they are today.

3. The standard photoacoustic model

In a typical photoacoustic experiment investigating
condensed matter, the sample is placed in a closed cell
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containing a gas (such as air) and illuminated with
modulated (chopped) monochromatic laser light (see
Fig. 1). The photoacoustical signal is caused by that
fraction of the modulated optical energy which is
converted to heat in the sample via nonradiative de-
excitation processes. The periodic absorption of light
produces a fast decaying thermal wave in the sample
but also generates an acoustical wave by the local
expansion and contraction of the sample due to the
periodic heating. In a general description both types of
waves have to be considered [12,13]. There are a broad
range of situations where the acoustical wave can be
neglected and one only has to consider the thermal
wave. The opposite situation can also be realized such
as in laser ultrasonics where modulated (or pulsed)
lasers are used to generate ultrasonic waves. In a
photoacoustic experiment where the thermal wave
dominates, by properly choosing the experimental
configuration, the one-dimensional model of Rosenc-
waig and Gersho (RG) [14] can be used for the typical
photoacoustic setup of Fig. 1. In the RG model one
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Fig. 1. Schematic representation of a photoacoustic measuring setup.
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Fig. 2. Schematic cross-sectional view of a simple cylindrical
photoacoustic cell, showing coordinates relevant for the standard
one-dimensional model.

assumes the incident light intensity to be uniform
across the sample, resulting in an amplitude of the
thermal source depending only on the depth in the
sample and decaying exponentially with the distance
from the surface.

In Fig. 2, a schematic cross-sectional view of a
photoacoustic cell and the relevant coordinates for
the one-dimensional model are given. A microphone
detector in contact with the cell gas (through an
opening in the cell wall) has been omitted.

In the development of the standard model it
is assumed that only the sample absorbs light,
thus no heat production occurs in the gas or the
backing. For the properties of the gas, sample, and
backing we will further use the indices g, s and b,
respectively. For harmonically modulated incident
monochromatic light, at the wavelength A, the follow-
ing result holds for the heat density produced at any
point x in the sample due to light absorbed at

— asly __
b — E (r—1)(b+ 1)e

(r+1)(b—1)e™%k +2(b — r)e 5

column extends from x = 0 to x = /; while the back-
ing extends to x = — (/s + 1) It is further assumed
that /; < Ag (the wave length of sound at the frequency
f = w/27 in the gas) and that convection (in the gas)
and radiation effects are negligible.

A solution for the temperature distribution can
be obtained on the basis of the following thermal
diffusion equation for the gas, the sample, and the
backing:

%0, 1 06,
-2 = a—gE where 0 < x < [, 2)
0, 1086 :

s s Bx iw
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@

where A = (lyn;/(2ks) and 6 the (complex)
temperature. « = £/pC is the thermal diffusivity, &
the thermal conductivity, p the density and C the
specific heat capacity. 7 is the efficiency at which
the absorbed light at wavelength A is converted to heat.
Solutions for # are obtained assuming continuity of
temperature and heat flux at the gas-sample and
sample-backing interfaces. Important for the produc-
tion of the acoustic signal in the gas is the value of
f(x, t) at the gas-sample interface (x = 0), for which
Rosencwaig and Gersho [14] arrived at the following
expression

6(0,1) = F; + 6™, (5)

where

; (6)

(g+ Db+ et — (g (b — Ner

that point.
H(x) = (1/2)B:M(M)(1 +e“)eMs, (1)

where I, is the light intensity, 3, the optical absorption
coefficient of the sample and w = 27f the angular
modulation frequency. In Fig. 2 the x-values of Eq. (1)
range from x =0 at the gas sample interface to
x = —ly at the sample-backing interface. The gas

where E = 800/ [2ks(82 — o2)]. In Eq. (5), Fyis the
steady-state increase of the temperature at x = 0. In
Eq. (6), o5 = (1 + i)as, where g, is the thermal diffu-
sion coefficient equal to the inverse of the thermal
diffusion length of the sample p; = (2a, /w)l/ >, One
furtherhas r = (1 — i)3;/(2as), b = rpan/(rsas) and
g = Kgdg/(ksag). The index f refers to the front
(x = 0) illuminated side of the sample.
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In case one has to do with a sufficiently thin sample,
that is, the sample thickness s > s, there will also be
a periodic temperature variation at the sample-backing
interface, which we can indicate as a rear thermal
signal @.. It is possible to arrive at an expression for 6,
in terms of the sample, backing and gas properties as
well. In fact, recently we have reported [15] an
extension on the RG model for a k-layer system,
allowing the derivation of the periodic temperature
variation at each interface between layers including
the interface between the (k — 1)th layer and an
infinitely thermally thick kth layer. Applying that
procedure to the situation considered here, we arrive
at the following expression for 6,

(g — 1)(7' — ])ef(/‘?ﬁ'”sws _

(g+ 1)(r+ e~ )b £ 2(r 4+ g)

In principle it is possible to arrive, on the basis of
Eqgs. (6)-(10) at the thermal parameters of a given
sample. This, however, demands sufficient knowledge
of thermal parameters of both the gas and the backing,
as well as of optical parameters (7, and ;) of the
sample or of the applied coating. Moreover, the rela-
tionship between the measured microphone signal and
the PA signal can be rather complicated: the photo-
acoustic cell; the microphone; the amplifiers; and
filters do not have a flat frequency response. There-
fore, one needs a calibration procedure. This calibra-
tion is possible using a reference material with known
thermal and optical properties. The measured (super-
script m) amplitude A and phase y of the sample and

6. =F

Eq. (7) yields the same information as Eq. (6), pro-
vided one has a proper temperature sensor at the
sample-backing interface.

In standard photoacoustic (PA) microphone detec-
tion, the signal is caused by heat transfer at the sample-
gas interface to a relatively thin layer of gas (~ 2my,)
adjacent to the front surface of the sample. For the
temperature distribution of the periodic component
one can derive:

Bac.(x,7) = 6p(0, )e~ " ™, 8

with oy = (1 +i)/pg. This means that the signal
is, indeed, reduced to less than 0.5% at a distance
of one wavelength (= 2mu) from the sample
surface. This boundary layer of gas can then be
considered as a thermal piston creating the acoustical
signal detected by the microphone in the cell wall.
The precise variation, 6Py, in the gas is obtained by
assuming an adiabatic response to this piston [14,16],
resulting in:

8Pr = Qrexpliwt — in/4), 9)
where

~ePobs

_ — —iyf
Qf—m—qfe v, (10)
gdg

where Py and Ty are the cell pressure and tempera-
ture, respectively and y, the ratio of the specific heats
at constant pressure and constant volume of the gas.

g+ Db+ ek — (g— (b — e

)]

reference signal can be written as:
AGmple = Asample X fiys, (11)
Yoample = Ysample X Wsyss (12)
Afer = Aref X foys, (13)
Wrer = Wrer X Weys- (14)

The latter two equations yield the system response
(foys» Wsys), which can be used to solve Agympie and
WYsample 10 the former two equations. The rather com-
plex expression (6) for the front thermal signal appear-
ing in Eq. (10) for the photoacoustic signal can be
substantially simplified by choosing (for examples see
further) proper measuring configurations. This possi-
bility results from the fact that in photoacoustic and
photothermal experiments one disposes of three length
scales which in many cases can be optimally chosen to
arrive at the desired thermal (or sometimes optical)
information. These length scales are: the sample
thickness [, the optical penetration depth 3;!(\) at
a given wavelength X and the thermal diffusion length
ps = (2#5/ psCsw)'/?. For a given sample, 8, (A) can
be controlled by changing X and p¢ by adjusting the
modulation frequency w.

3.1. The photopyroelectric detection technique

As already pointed out, one may also choose to
detect the rear temperature variation 8, of a sample
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with a thickness comparable or smaller than the
thermal diffusion length. Very attractive setups have
been realized for solid as well as for liquid samples by
using a pyroelectric sensor as the detector for the a.c.
part of the signal.

If one considers a pyroelectric transducer (e.g. a
LiTaO; crystal), with thickness [, and surface area A,
in a one-dimensional configuration, a change in the
temperature distribution #(x, ¢) relative to an initial
reference situation 6(x, 7o) will cause a change of
polarization, this in turn induces an electric charge
given by:

b

q(1) Z%/[H(x, 1) — B(x,t0)] ="

15)

where p is the pyroelectric coefficient of the transdu-
cer. Consequently, a current is produced:

. pAdoy(1)
=—_— 1
o I, dt (16)

Normally, the electrical signal from the pyro-
electric transducer is detected by a lock-in amplifier.
Thus, only the a.c. variation of the temperature is
considered. The pyroelectric element can be repre-
sented by an ideal current source with a leakage
resistance and capacitance in parallel, while the detec-
tion electronics can be described by an input capaci-
tance and a parallel load resistance [17]. Circuit
analysis [18,19] results in a general expression for
the signal V(w), which can be written in the following
way:

V(W) = [V(w)e¥), an
where

V(W) :ﬁ%ﬁiep(w>i, as)
and

p(w) = tan™! (—wr) + 2 + 2y ). (19)

In Eq. (18) the time constant 7 = RC, with R and C the
parallel combinations of the resistance and capaci-
tance of the pyroelectric transducer and detection

circuit. [fp(w)| and @p(w) are the amplitude and phase
of the complex average temperature Gy(w) over the
pyroelectric transducer.

In general Eqgs. (18) and (19) can be quite compli-
cated. However, under properly chosen experimental
conditions, it is possible to arrive at substantially
simplified equations which allow for a simultaneous
determination of the specific heat capacity and thermal
conductivity of a sample in thermal contact with a
pyroelectric transducer. A typical setup [20,21] which
can be used for liquid crystals and other fluids is given
in Fig. 3. The wavelength of the modulated light, the
modulation frequency, and the sample and transducer
thickness /; and I, are chosen in such a way that the
sample and transducer are optically opaque, the detec-
tor thermally very thick (us < 1;), and the sample
quasi-thermally thick (us < ). In the setup of Fig. 3
the opacity of the sample is realized by means of a
thin layer of gold at the interface of the (liquid)
sample and a transparent quartz piece. Under these
circumstances one obtains for the signal amplitude
and phase [22]:

IosARPe,
vV =
Vi)l L1+ (LuT)z]mppCP
exp[—(w/2ay) 1/2151
elenses + Dieges + 1) 20
e(w) = tan™ " (—wr) — (w/Zas)l/zls, 21

where subscripts s, p, and m, respectively, refer to the
sample, the pyroelectric transducer and to the medium
in contact with the sample front surface (quartz in
Fig. 3). The quantity e = (,oCr:)”2 is the thermal
effusivity. From Eq. (21) it is possible to determine
the sample thermal diffusivity «ay. Inserting oy in
Eq. (20) yields the sample thermal effusivity e,
The specific heat capacity and thermal conductivity
of the sample are given by:

Cs=espy o', (22)

S
and
Ks = esas‘]/z. 23)

At this point it is worthwhile to make a connection
between the above techniques and a.c. calorimetry.
In a standard a.c. calorimetric setup [23] the local
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Fig. 3. Schematic representation of a photopyroelectric measuring cell. a: stainless steel holder, b: quartz piece with gold layer in contact with
the sample, c: (liquid) sample, d: pyroelectric transducer, e: temperature controlled cell with heating wires on the outside surface, f: thermistor

for temperature measurement and control, and g: modulated laser beam.

heat source on one side of the sample (the gold
layer in Fig. 3) is normally realized by means of
a thin electric current carrying resistance wire;
However, optical heating of the sample in a.c.
calorimetry has been used as well [24-26]. On the
opposite site of the sample detection is made
with a small thermistor or a thermocouple in good
thermal contact with the sample [23-25] or at least
within a thermal diffusion length of the surrounding
gas [26]. The main difference between a.c. calorimetry
and photoacoustic or photothermal measuring techni-
ques is the range chosen for the measuring frequency.
In a.c. calorimetry w is chosen such that the sample
as a whole experiences the imposed modulation.
Thus the sample is considered to be thermally very
thin in the sense that the wavelength of the thermal
wave is much larger than the sample thickness, that is,
Iy < 2mps. Since no temperature gradient is present in
the sample, only the specific heat capacity can be
measured.

4. Applications

In this section, we would like to illustrate the
possibilities of the photoacoustic and photopyroelec-
tric methods by presenting some of our recent results
for two different kind of systems. The first one is a
photoacoustic investigation of the Curie point of
gadolinium and the second one is concerned with
the specific heat capacity and thermal conductivity
anisotropy of oriented liquid crystals. Indeed, one of
the assets of these methods is the fact that in a single
experiment one simultancously can measure the spe-
cific heat capacity as well as the thermal conductivity.

4.1. The Curie point of gadolinium

From the point of view of phase transition studies
gadolinium is very attractive because it undergoes a
second-order ferromagnetic-to-paramagnetic phase
transition at room temperature. Its critical behavior
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is, however, complicated and not yet fully understood.
The ferromagnetic character of gadolinium is believed
to be mainly caused by isotropic spin—spin interac-
tions, but there is also an anisotropic hexagonal crystal
symmetry present. As a result, close to the critical
point one expects a rather complex critical behavior
with a pattern of crossover behavior. This makes
gadolinium a challenging case for theoretical studies
as well as for high-resolution experimental studies.

Although the thermal behavior of gadolinium has
attracted a good deal of attention in the past, many
aspects could still be much better characterized. This
situation encouraged us a few years ago to undertake a
high-resolution photoacoustic investigation of the spe-
cific heat capacity and thermal conductivity near the
Curie point as a function of temperature and magnetic
field for three samples of different quality [27]. One
of these samples was the high-quality single crystal
also studied in detail by Bednarz, Geldart and White
[28] by means of a.c. calorimetry (in zero external
magnetic field). This, among other things, allowed a
comparison between the specific heat capacity deter-
mined from a.c. calorimetry with that determined from
photoacoustic measurements. In what follows, we will
focus on the experimental methodology rather than on
the physical interpretation of the results, the latter of
which can be found in Ref. [27] and in Ref. [29] where
a magnetocalorically generated acoustic signal was
used to obtain information on magnetic as well as on
thermal parameters of gadolinium samples.

We have used the photoacoustic setup of Fig. 1 to
determine simultaneously the temperature and mag-
netic field dependence of the specific heat capacity and
thermal conductivity of gadolinium in the neighbor-
hood of the Curie point. Indeed, choosing a proper
photoacoustic measuring configuration allows the
simultaneous measurement of C and . In our photo-
acoustic cell the sample, which is in contact with air
on the top and bottom sides, was illuminated by a
periodically intensity modulated 10 mW He—Ne beam
(A = 633 nm). At the chosen wavelength the sample is
optically very opaque and Eq. (6) for the front signal
reduces to [30]:

(1 — R)Iyexp(osl;) + exp(—ols)

2\/7[7 exp(gsls) - eXP(‘Usls) '
(24)

with R the sample reflectivity. The modulation was

0f (w) =

done with an Intraaction type AOM40 acousto-
optic modulator. The signal was detected by a Briiel
and Kjaer type 4165 microphone followed by a type
2607 amplifier and a PAR 5210 lock-in detector and,
after calibration (with a carbon coated sample) con-
verted to surface temperature amplitude and phase
information making use of Eq. (24). Since the cali-
bration procedure only allowed for the determination
of relative changes in the measured quantities, we
have made use of reference data for C and « of
gadolinium at 40°C to scale the curves of the thermal
properties [27].

The temperature of the photoacoustic cell was
automatically controlled with an accuracy better than
0.01 K and was varied with a rate of 0.02 K/min
during temperature scans. The magnitude of a mag-
netic field, oriented parallel to the sample surface (see
Fig. 1), was measured by a Hall probe, and controlled
by automatically positioning permanent magnets
around the photoacoustic cell. The beam width of
4 mm was large enough to fulfill the conditions of
one-dimensional heat transport which were assumed
in the derivations of the standard model and to arrive at
Eq. (24).

A necessary condition for the experimental inves-
tigation of phase transitions is that measurement
induced thermal gradients are minimal. In our setup,
the maximum temperature oscillation (at 800 Wm >
light intensity and at a modulation frequency of 10 Hz)
was not more than 13 mK, which is very similar to
values used in a.c. calorimetry. The static gradient
over the sample (see Eq. (5)) was estimated to be
smaller than 20 mK.

In cases where one does not expect frequency
dependence of thermal parameters (which is the case
here for gadolinium) photoacoustics allows for a
simple consistency check of the theoretical model
by using different modulation frequencies. Fig. 4
shows that the curves for the thermal diffusivity and
thermal effusivity, obtained at 10, 15, 60, 120, and
240 Hz (from a thermally thin to a thermally thick
regime) are overlapping within the experimental
uncertainty, confirming the validity of Eq. (24) for
our experimental configuration. From the effusivity
and thermal diffusivity data it is possible to arrive at
the specific heat capacity and the thermal conductivity
using Eqs. (22) and (23). As an illustration we give in
Figs. 5 and 6, C and « results as a function of
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Fig. 4. Thermal diffusivity and effusivity results for a gadolinium sample as obtained from photoacoustic measurements at different
modulation frequencies. Circles: 10 Hz, inverted open triangles: 15 Hz, open squares: 120 Hz, and open triangles: 240 Hz.

temperature for three different samples. The results
near T, are strongly dependent on the quality of the
sample. Sample 1 was a small (0.25 x 5 x 9 mm®)
piece of 99.9% pure polycrystalline gadolinium. Sam-
ple 2 was 365 pm thick 8 mm diameter single crystal
disc (purity 99.99%) of commercial quality. Sample 3
is the same high-purity single crystalline Sample II
studied by Bednarz, Geldart and White [28] by means
of a.c. calorimetry. A comparison between these a.c.
results for C and our photoacoustic values for Sample
3 is made in Fig. 7. A very good agreement can be
observed. The small systematic deviations at high
temperatures are the result of a small error in the
slope of the calibration curve. From these results it
should be clear that the photoacoustic technique
allows one to obtain high-resolution results of the
specific heat capacity of quality comparable to those
obtained with a.c. calorimetry. Moreover, one obtains

simultaneous information on the thermal conductivity
as well. It should also be pointed out that, similarly to
a.c. calorimetry, one can use rather small samples.
Further details on the analysis of these data and other
data measured in the presence of external magnetic
fields can be found elsewhere [26,29].

4.2. Liquid crystals

The measurements of thermal quantities have been
an important approach for characterizing liquid crys-
tals. High-resolution calorimetric measurements of
the static quantities have been extensively carried
out using steady-state adiabatic or a.c. calorimetric
techniques [31-34]. Thermal transport properties,
such as thermal conductivity, have been studied in a
limited number of cases using low-resolution steady-
state gradient or transient techniques [35]. Recently,
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Fig. 5. Photoacoustically determined results for the specific heat capacity near the Curie point of three gadolinium samples of different
quality. Sample 1: circles, Sample 2: triangles, and Sample 3: squares.
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Fig. 6. Photoacoustically determined results for the thermal conductivity near the Curie point of three gadolinium samples of different quality.
Sample 1: circles, Sample 2: triangles, and Sample 3: squares.

photoacoustic and photothermal techniques have pro- across the region of phase transitions [22,36-40].
ven to be capable of high-resolution measurements of An important advantage of these techniques is the
the temperature dependence of several static and fact that they allow for the simultaneous determination
dynamic parameters in liquid crystals, especially of the heat capacity C and the thermal conductivity x
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Fig. 7. Comparison of the temperature dependence of the specific heat capacity of a high-quality single crystal gadolinium sample (Sample 3)
determined photoacoustically (circles) and from ac calorimetry (triangles) by Bednarz, Geldart and White (Ref. [28]).

for very small liquid crystal samples, given a properly
chosen measuring configuration.

For photoacoustic measurements in liquid crystals,
one usually works in the optically and thermally thick
regime (e%s > e~%h e~%h), resulting in substan-
tially simplified expressions. This means that 3!
and p; of the sample have to be much smaller than
the sample thickness ;. The contribution of the back-
ing material then disappears from the expressions.
One then obtains for the amplitude gr and the phase
y¢ in Eq. (10)[36]:

. "ng010[(2[2 + 2t + 1)~1/2
2V2Toly (1 + 5)kgaz

; (25)

and
gy =1+1/1, (26)

where t = u3;/2 and s = aSKS(Kgag)il. The Eq. (25)
and Eq. (26) allow for the simultaneous determination
of the specific heat capacity per unit volume (p, C)
and the thermal conductivity k, of the sample by
solving for ¢ and s. This gives:

psCs = Porgagst™ w, @7

Ks = 2Kgagst; " 28)

However, one should arrange the measuring condition
in such a way that 1/t =2/(us0s) is not too small
compared to 1 in Eq. (26). This can be achieved by a
proper choice of the modulation frequency and by
controlling the (3, value by choosing an appropriate
wavelength for the modulated light. Since Eqs. (25)-
(28) depend on the value of 3,(\), one has to measure
this quantity in a separate experiment [20,21]. The
other parameters related to characteristics of the cell,
the cell gas and the light source are, as already pointed
out above, usually taken care of by simultaneous or
separate calibration runs with a sample of known
optical and thermal parameters [38,39].

During the last 6 to 7 years we have carried out
photoacoustic investigations of several kinds of liquid
crystals in oriented or partly oriented samples in a
photoacoustic cell similar to the one schematically
given in Fig. 1. One of the main purposes of these
efforts was, in addition to measuring the specific heat
capacity anomalies near phase transitions, the investi-
gation of the anisotropy in the thermal conductivity in
the liquid crystalline phases. Indeed, the transport of
heat along the orientational director (orientation of the
long molecular axes) is substantially larger than per-
pendicular to it. In order to orient the liquid crystals in
the proper direction with respect to the heat flow
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(imposed by the direction of the modulated laser
beam), we used magnetic fields parallel or perpendi-
cular to the free surface of the liquid crystal sample.
From our investigations we found out that for many
types of liquid crystals a free surface is a strong
ordering field, in the sense that it imposes strong
homeotropic alignment [38,21]. Even rather strong
fields parallel to the sample surface could not break
the perpendicular homeotropic orientation of the
molecules near the free surface, and resulted in a
gradual rotation of the orientational director from
perpendicular at the surface to parallel in the bulk
of the sample [38,41]. On the other hand, magnetic
fields perpendicular to the free surface enhance, also
in the bulk, the homeotropic orientation throughout
the whole sample and allowed proper measurement of
ks for heat flux parallel to the director. In Fig. 8 results
[40] are given for the liquid crystal 8CB (octyl-
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Fig. 8. Specific heat capacity and thermal conductivity as a
function of temperature for a 8CB liquid crystal sample as
determined photoacoustically. Solid dots are results without a
magnetic field, and open circles are results for a magnetic field
perpendicular to the sample surface.

cyanobiphenyl) which has a smectic A and a nematic
phase below the isotropic phase (above 41°C). The
low temperature smectic A-to-nematic phase transi-
tion and the nematic-to-isotropic phase transition at a
higher temperature are clearly marked by anomalies in
the specific heat capacity which are consistent with
previously obtained results by means of adiabatic
scanning calorimetry [42]. In 1990, Zammit et al.
[39] published high-resolution results for the
nematic-to-smectic A phase transition in 9CB, 8CB
and a mixture of 8CB+7CB (all compounds of the
alkylcyanobiphenyl homologous series). The results
showed a critical anomaly both in C, and .. The
results for 9CB were subsequently also confirmed by
measurements in a photopyroelectric setup [22]. In
both these investigations no effort was made to align
the sample. The values of the specific heat capacity
critical exponents are fully consistent with previous
results obtained by Thoen et al. [42] by means of
adiabatic scanning calorimetry. In addition, the ther-
mal conductivity critical exponent values have been
obtained, but no agreement with theory or systematic
trend could be obtained [39]. It should also be noted
that in our oriented sample of 8CB we did not observe
a critical effect in x, at the nematic-to-smectic transi-
tion (see Fig. 8). Recent photopyroelectric measure-
ments near the same transition of a nonoriented
sample of 8S5 (octyloxythiolbenzoate), also did not
show a critical x; anomaly [43]. New measurements
by Scudieri et al. [44] on oriented 8CB samples are
consistent with our previously reported r, results.
Whether the previously reported x, anomaly is an
artifact caused by using unaligned samples or by
excessive temperature gradients [43], is not entirely
clear.

Due to the strong homeotropic free surface align-
ment of the liquid crystalline molecules, it was not
possible to obtain a homogeneous planar sample with
a photoacoustic configuration, even with rather strong
magnetic fields [38,40]. This problem can be over-
come by using the photopyroelectric setup given in
Fig. 3. By using this configuration one has the possi-

the pyroelectric transducer and on the other side the
gold coated quartz piece that absorbs the incident
modulated laser light and heats the sample. By apply-
ing a sufficiently thin polymeric coating on the sur-
faces of both the quartz piece and the pyroelectric
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Fig. 9. Thermal conductivity of oriented (in the nematic phase)
samples of the liquid crystal 6AB as determined with the
photopyroelectric setup represented in Fig. 3.

transducer, planar as well as homeotropic alignment of
the molecules can be imposed. Further enforcement of
the molecules in the bulk of the samples (about
100 pm thick) can be realized by an additional mag-
netic field in the proper direction. Recently, we inves-
tigated photopyroelectrically planarly as well as
homeotropically aligned samples of several com-
pounds of the di-alkylazoxybenzene (nAB) homolo-
gous series [45]. Fig. 9 gives the thermal conductivity
in the isotropic phase (high temperature) and in the
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1800 R

1600 T
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Temperature (°C)
Fig. 10. Specific heat capacity data for the liquid crystal 6AB as

obtained simultaneously with the thermal conductivity results given
in Fig. 9.

nematic phase (low temperature) of 6AB. In the
nematic phase a large difference between the « values
for the homeotropic and planar samples is found. The
corresponding specific heat capacity results (Fig. 10)
are the same for both orientations (as expected for
homogeneously aligned samples [38]) and show the
usual critical anomaly at the nematic-to-isotropic
transition near 55°C. Further details on the analysis
of these results for 6AB and of other compounds of the
nAB series will be given elsewhere [45].
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