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Photoacoustic investigation of phase transitions in solids? 
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Abstract. The use of the photoacoustic effect in the investigation of first- and second-order 
phase transitions has been examined. Changes in the amplitude of the photoacoustic signal 
across the phase transition are compared with changes in thermal properties such as specific 
heat and thermal diffusivity. The systemsstudied include NaN02, TlN03, CsN03, NH4N03, 
BaTiO,, COO, Cu,HgI,, V 0 2  andV305. The current photoacoustic studies are discussed in 
the light of the theoretical models available. 

1. Introduction 

The photoacoustic (PA) effect has been employed fairly extensively to obtain information 
on the thermal and optical properties of materials (Rosencwaig 1980, Ganguly and Rao 
1981). The PA signal in a solid is produced by the flow of modulated heat to the surface 
which causes a pressure fluctuation in the coupling gas (usually air). The pressure 
fluctuations are picked up as an acoustic signal by the microphone at the modulation 
frequency f. The thermal properties of solids can be investigated using the PA effect 
because the heat flow during the period of the light pulse is determined by the thermal 
diffusion length p:  

where @is the thermal diffusivity, K the thermal conductivity, C, the specific heat and p 
the density. A model which has been extensively used to explain the PA effect is that of 
Rosencwaig and Gersho (1976) here afterwards referred to as RG. Rosencwaig (1980) 
has given expressions for the pressure amplitude as measured by the microphone which 
can then be simplified depending upon the thermal and optical characteristics of the 
sample. The PA signal itself changes inversely with temperature. For non-luminescent 
solids we can, in principle, take the pressure amplitude changes as intensity changes. 

The PA effect is especially attractive for the study of the changes in the thermal 
properties of solids at phase transitions. The first attempt to study phase transitions 
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employing the PA effect was by Florian et a1 (1978) who studied first-order transitions. 
Although there have been a few other papers (Pichon et a1 1979, Korpiun et a1 1980, 
Bechthold et a1 1980) on this topic, a quantitative evaluation in terms of the predictions 
of the RG theory has been attempted in only one study (Pichon et a1 1979). These workers 
have shown that, for optically transparent ( p  < ,up; pp = 1/p; p = optical absorption 
coefficient) and thermally thick ( p  < 6; 6 = thickness of the sample) samples, the PA 
signal at a second-order transition behaves as C;' in accordance with RG theory. That 
is 

where Z,, is the pressure amplitude giving rise to the signal. When up < p however, IPA 
is saturated and is proportional only to a and hence C T .  By the term saturation we 
mean photoacoustic saturation i.e. the signal is independent of p. Equation (2) only 
takes into account the temperature-dependent terms. Such a dependence of IPA on C, 
is based on the assumption that K does not change significantly at the phase transition. 
This assumption is not strictly valid and several factors could be important in determining 
the thermal diffusivity a. Firstly, since the thermal conductivity is proportional to the 
specific heat (Klemens 1958, Meaden er a1 1972) as 

K = $cppui  (3) 
where d is the average velocity of sound, and [the average mean free path of the phonons, 
one would expect a A-type anomaly similar to that of C, at a second-order phase 
transition. More generally, a should depend upon the mean free path i o r  velocity i, of 
the sound waves (Zhuze et a1 1969) since 

Recent studies have shown that K can go through a minimum or a maximum at a second- 
order transition depending upon the electrical and lattice contribution to the thermal 
conductivity (Meaden er a1 1969, Laubitz and Matsmura 1970). Moreover, Kis sensitive 
to conditions such as the thickness of the sample, presence of impurities, etc. 

With the above factors in mind we have carried out a systematic study of a few typical 
phase transitions encountered in solids. Among the systems studied are: (i) NaNO' in 
single crystal as well as in polycrystalline powder form in order to study the influence of 
particle size on the ferroelectric-paraelectric phase transition; (ii) COO and BaTi03 
which show second-order anti-ferromagnetic-paramagnetic and ferroelectric- 
paraelectric transition at 290 and 400 K respectively; (iii) inorganic nitrates which exhibit 
first-order transitions; (iv) Cu2Hg14 which is thermochromic; and (v) insulator-metal 
transitions in V 0 2  and V 3 0 5 .  Wherever possible, we have compared the changes in I,, 
with the published data on a or C,. The current study is not only illustrative of the use 
of the PA effect for the detection of phase transitions, but it also shows that the relative 
changes in the PA signal at the phase transitions are independent of some of the par- 
ameters that affect the PA intensity. The results reported here are not entirely in agree- 
ment with the RG model. It is also noteworthy that a quantitative evaluation of the PA 
effect is rather difficult since several factors play a role in determining the intensity of the 
PA signal (McDonald and Wetsell978, Somasundaram and Ganguly 1983, Monchalin et 
a1 1984). 
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2. Experimental 

The photoacoustic spectrometer, built locally, consisted of a 1000 W xenon lamp, a PAR 
194A variable speed chopper, a GM 250 monochromator, a PAR 124A lock-in-amplifier 
and a G R  electret condenser microphone with a flat frequency response. Carbon black 
prepared from soot was used as a reference. High temperature measurements were 
carried out in an aluminium cell capable of operating up to 500 K (Somasundaram and 
Ganguly 1983). Samples either in the form of powders or single crystals were taken in 
the cell in an aluminium or stainless steel sample holder. The microphone kept at room 
temperature was connected to a variable temperature cell by means of a glass capillary 
of 1 mm bore. Low temperature measurements were carried out in a cell described 
earlier (Ganguly and Rao 1981). The leak in the microphone was sufficient to equalise 
the pressure in the cell with the outside pressure during the time scales of heating 
(Kuhnert and Helbig 1981). A three-way stopcock enabled the sample cell to be con- 
nected to the atmosphere to prevent damage to the microphone when there were sudden 
surges in temperature. The heating and cooling rates during the study of transitions 
varied from 1 deg min-' to 5 deg min-'. The temperature inhomogeneity within the cell 
was within 1 K. The size of the image of the slit and position could be varied. In some 
cases, the PA signal showed a steep increase as a function of temperature due to the water 
vapour in the sample. Where necessary in these cases, the sample was heated to 400 K 
in vacuum to remove the water vapour or adsorbed gases. 

COO was prepared from Co304  by reduction in CO2 at 1200 K for 24 h.  BaTi03 was 
prepared by decomposing barium titanyl oxalate at 1200 K for 12 h. Single crystals of 
NaN02 prepared from a melt by the Czochralski method were kindly provided by Dr 
Varma of MRLIISc. Cu2Hg14 was prepared by precipitating it from a mixture of CuSO, 
and K2Hg14 solutions. K2Hg14 in turn was prepared by mixing the required volumes of 
solutions of mercuric chloride and potassium iodide (Walton 1948). Alkali metal nitrates 
were of analar grade and they were from E Merck and BDH, India. V 0 2  was prepared 
by heating equimolar amounts of V 2 0 3  and Vz05 .  V 3 0 5  was prepared from V 2 0 ,  and 
V205 as described in the literature (Kosuge 1967). All the samples were characterised 
by x-ray diffraction. 

3. Results and discussion 

3.1. N a N 0 2  

Sodium nitrite is known to undergo a first-order transition from a ferroelectric to a 
sinusoidal or incommensurate anti-ferroelectric phase (Yamada et a1 1963) at 437 K 
followed by a second-order transition to a paraelectric phase around 438 K. The anti- 
ferroelectric phase is hardly stable over a temperature range of one or two degrees 
(Takagi and Gesi 1964). We have carried out PA studies with both single crystal and 
polycrystalline samples (<25 pm). We have employed two wavelengths 360 and 400 nm 
for studying the transition in NaNO,. At 360 nm it is optically opaque and at 400 nm it 
is transparent. The thermal diffusion length at the chopping frequency employed for this 
study is equal to 1.1175 x cm. Depending upon whether the sample is a single 
crystal or not it behaves as thermally thick or thin. The normalised spectra of the single 
crystal (independent of orientation) and the powdered material are shown in figure 1, 
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Figure 1. Normalised PA spectra of NaN02.  Broken line, commercial powdered sample; 
full line, single crystal of NaN02.  The intensities were normalised to be equal at 360 nm. 
f= 40 Hz, l8 = 2 mm. 

where the bands have been normalised to be equal at 360 nm. In appearance, the two 
spectra are similar to the one reported in the literature (Cleaver er a1 1963). Both the 
single crystal and powder exhibit a frequency dependence of IPA typical of saturated 
signals (IpA ~f'). However, the presence of a fairly well defined maximum around 
355 nm indicates that the PA signal is not truly saturated. We have followed the PA signal 
through the phase transition both with the single crystal and the powder. The magnitude 
of the dependence of IPA on temperature varied with the particle size 6, the presence of 
adsorbed gases as well as changes in the absorption coefficient p. For small particles 
(<25 pm) or when A =  400 nm, the PA signal shows a marked temperature dependence. 
The heating and cooling curves are different, showing a slight thermal hysteresis, 
especially with respect to the first-order transition. The magnitude of the changes in the 
spectra is independent of the heating rate employed in the study. The two transitions in 
NaN02 are seen clearly in the cooling curve, separated by 2" while in the heating cycle 
it is only about 1". In figure 2(a), we show the IPA against Tplot for the single crystal at 
400 nm at which the wavelength saturation effects are absent, All the curves show nearly 
similar behaviour and the PA technique easily picks up the two transitions which may be 
missed in conventional calorimetric studies such as differential scanning calorimetry 
(DSC). What is remarkable is that, after normalisation for temperature and changes in 
the amplitude of the PA signal at the transition, the IPA against T plots are nearly the 
same for all the samples (figure 2(b)). 

The anomaly at the phase transition could also be monitored by the PA effect by 
grinding the sample with carbon black and illuminating it with visible light. The carbon 
black is the absorber and since it is thermally thin ( p  > S), the signal intensity is 
determined by the backing material (which in this case is NaN02).  This is justified since 
NaN02 is transparent in the visible region. According to the RG model, the intensity of 
the PA signal should be proportional to (Y'/~ of NaN02 in such a case. The plot of IPA 
against Tat  the transition is nearly identical to that obtained in the uv absorption region 
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Figure 2. I,, against T plots of various samples of N a N 0 2 .  f = 40 Hz; I ,  = 2 mm. ( a )  As 
obtained in the experiment; ( b )  after correcting for changes of base-line with temperature 
and after normalising the amplitudes to enable comparison of spectra. A.  single crystal 
(2 mm thick) at 360 nm; B,  single crystal at 400 nm; C, powdered single crystal of particle 
size less than 25 pm at 360 nm; D, commercial sample ground with carbon black and using 
white light. 

(figures 2(a) and ( b ) ) .  The relative changes of IPA at the phase transition seem to be 
independent of the mechanism by which the PA signal is generated. 

Two important features emerge from this study. The relative changes in IPA are 
independent of particle size at the phase transition. This is helpful since it is not always 
easy to obtain single crystals of materials. Secondly, the observation that the anomalies 
at the phase transition at 360 and 400 nm are nearly identical does not follow from the 
RG theory. At 400 nm, the PA signal is definitely far from saturation and we would expect 
a f 3/2, LY or C;' dependence; at 360 nm, a f dependence would imply an or 
Cpl/* dependence so that there should have been a distinct change in the anomaly at the 
phase transition. An examination of the available C, data for NaN02 (Hoshino 1964) 
through the transition shows that the change in IPA at the phase transition is closer to a 
Cp1/2 than to a C;' dependence. The important parameter appears to be a and not C,. 
Unfortunately, there seems to be no thermal diffusivity data for this solid. 

When NaN02 is irradiated in the uv region for long periods at high temperature 
(>380 K), the absorption in the uv region increases. The unnormalised and normalised 
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Figure 3. Unnormalised (full curve) and nor- 
malised (broken curve) spectra of NaNO, single 
crystal (with respect to carbon black) after 
irradiation in uv (<250 nm) for two hours at high 
temperatures ( T  > 380 K). 

41 0 4 3 0  450  470 
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Figure 4. IPA against T plot of uv irradiated 
NaN0,singlecrystal. Coolingcurve(A = 280 nm, 
f= 40Hz). 

PA spectra after such an irradiation are shown in figure 3. We have followed the intensity 
of the maximum at 280 nm for the unnormalised spectrum as a function of temperature 
(figure 4).  We see that the anomaly is very small across the phase transition. This can 
be accounted for if we assume that there is a coincidental increase in the pressure 
amplitude at the phase transition due to adsorbed gases that compensates for the 
decrease due to thermal change (Ganguly and Somasundaram 1983). Alternatively, the 
PA signal at 280 nm at high temperature may not be of thermal origin, in the sense that 
there may be light-induced chemical changes. This aspect is being investigated further. 
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Figure 5. (a )  Variation of IPA as a function of temperature for powdered COO.  (White light, 
f = 30 Hz). Inset shows the valuesfor the thermal diffusivity (Y, (full line) Salamon etal 1974; 
(dots) Zhuze eral (1969). ( b )  Comparison of IPA against Twith diZ against Tfor  COO. Full 
line IPA against T dottedline,   against Tof Salamon etal (1974); brokenline, (Y' against 
Tof Zhuze eral (1969). The values have been equalised at 300 K.  
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3.2. COO 

Cobalt monoxide undergoes anti-ferromagnetic ordering at 290 K ( TN). Specific heat 
and thermal diffusivity data on this solid through this transition have been reported 
(Zhuze eta1 1969, Salamon et a1 1974). In figure 5(a), the variation in the PA signal across 
TN for the powdered material is shown (white light, f = 30 Hz); a pronounced minimum 
is seen around 290 K. 

The amplitude changes are the same at the phase transition in the heating and the 
cooling cycles and are fairly independent of sample history. There was no temperature 
hysteresis for heating and cooling. We have compared the experimental IPA against T 
plot with the behaviour of C;' , C;*,  (Y and all2 after normalisation with IPA at 300 K. A 
nearly quantitative fit is obtained with using the thermal diffusivity data of Salamon 
et a1 (1974) while the data of Zhuze et a1 (1969) give a poorer fit (see figure 5(b)) .  An 
(Y' ' behaviour is expected as the PA signal from COO is saturated at the chopping fre- 
quencies employed (30 Hz). 

3.3. BaTiOj 

Barium titanate undergoes a second-order ferroelectric-paraelectric transition around 
400 K. A PA study using white light on iron-doped BaTiO, was reported by Korpiun et 
a1 (1980). We have probed the transition by following the PA signal of BaTi0,  in the uv 
region. The PA spectrum of powdered BaTiO, at 40 Hz is shown in figure6. The spectrum 
is compared with the optical spectrum of a single crystal of BaTiO, reported by Wemple 
(1970), The PA spectrum seems to be saturated at smaller wavelengths (<350 nm). From 
the thermal diffusivity data (Zhuze et a1 1969), the condition for saturation of the PA 

'oool 
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Figure 6 .  Normalised PA spectra of powdered BaTi03  (dotted line). Full line indicates the 
variation of p against i,; broken line shows the variation of IPA normalised to be equal at p = 
,u6. The saturation conditions U > 10 ,uo is shown by an arrow. p values are from Wemple 
(1970). 
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Figure 7. Plot of log IPA against log f for powdered BaTi03  at two wavelengths. Open 
triangles, 450 nm; open circles, 300 nm. The operational chopping frequency is shown by an 
arrow. 

signal ( p  3 lopFLg) is expected at 400 nm, p being less than p p  at 430 nm; this is close to 
what is observed. 

It is instructive to examine the phase transition when the PA signal is saturated and 
otherwise. According to the RG theory, IPA should be proportional to al’* or f’ for 
saturated signals and proportional to LY andf3/* for the unsaturated PA signal. In figure 
7 we show log I,, against logfplots at 300 nm ( p  > pa) and at 450 nm ( p  < pP). Slopes 
of these plots at the chopping frequency (40 Hz) at which the phase transition experiment 
was carried out show thar IPA varies as f1.00’0.003 and f1.25’0,03 at 300 and 450nm 
respectively. In the latter case, a f ’  25 dependence means an instead of a a depen- 
dence. Nevertheless, the anomaly at the phase transition is expected to be more pro- 
nounced at 450nm. In figure 8, I,, against T plots at 300 and 450nm are shown 
after normalising for changes in temperature and intensity. The anomaly at the two 
wavelengths across the transition are nearly the same and this is in contradiction with 
the expectations from the RG theory. The changes in C,  or LY across the transition are 

I I 1 I I 
400 410 420 430 440 
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Figure 8. Plots of IPA against Tfor powdered BaTiOS at 300 and 450 nm after correcting for 
temperature and intensity (as in figure 2). 
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sensitive to the history of the sample (Zhuze et a1 1969). We have noticed that samples 
prepared by different methods give different amplitudes at the phase transition. 

Because of the large uncertaintiesin C, and &across the transition, it is not possible to 
ascertain the dependence of thermal properties on IPA changes under various conditions. 
The data fits best with ( ~ l ' ~  values using the thermal diffusivity data of single crystals of 
BaTiO 3. 

3.4.  NH4NOj 

Ammonium nitrate undergoes several phase transitions before melting at 442 K (Rao 
et a1 1975) : 

255 K 305 K 37SK 3WK 
v G* IV e* I11 +* I1 e* I .  

tetragonal orthorhombic orthorhombic retragonal cubic 

Amongst these transitions, the IV ~$3 I11 transition is sensitive to water content. 
Specific heat changes accompanying the transitions have been reported by Nagatani er 
a1 (1967). We have followed the phase transitions of polycrystalline NH,N03 by means 
of the temperature variation of IPA around 300 nm as well as of the polycrystalline sample 
ground with small amounts of carbon black using white light. This was done because 
NH4N03 is transparent in the visible region. The IPA against Tplots of the commercial 
sample show abrupt changes in intensity around 310, 355 and 400 K corresponding 
roughly to the three expected transitions. The 6rst two transitions (IV ++ I11 and 
I11 +* 11) are shown in figure 9(a). The relative amplitude changes at the transition 
temperatures are independent of the origin of the PA signal and of the magnitude of the 
enthalpy changes at the transition. Since Zp, changes as 1/T, in figure 9(b) we have 
compared IpATchanges (after drying at 400 K for 12 h) with the C;' data obtained from 

T ( K )  

Figure 9. (a)  Plot of IPA against Tfor a sample of powdered NH,NO,; ( b )  plot of IPA Tagainst 
Tfor same sample (broken line). The variation of C;' against Tafter normalisation is also 
shown (dotted line). White light,f= 40 Hz. C, data from Nagatani eta1 (1967). 
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Figure 10. Plot of I,, against T for single crystal of N H 4 N 0 3 .  300 nm; f = 40 Hz 

the literature (Nagatani et a1 1967). Except for small differences in the transition tem- 
perature, the amplitude seems to be related to C;'; the relative changes in amplitude 
are independent of the quantity of carbon black used (when it is less than or equal to 
0.2 wt%) and changes in heating rate (1-4 deg min-'). Single crystals show a different 
behaviour (figure lo),  when the PA signal was followed at 300 nm. The 310 K transition 
usually associated with the presence of water vapour is not seen in the case of the single 
crystals. 

3.5. Metal nitrates 

We have studied the phase transitions of CsN03 and TlN03.  These nitrates show 
interesting phase transitions below the melting point. We have followed the transitions 
with white light after mixing the samples with carbon black since all these materials are 
transparent in the visible region. The results of caesium and thallium nitrates are 
illustrated in figures 11 and 12 respectively where a comparison of IpAT is made with 
normalised C;' and C;' ' data from Sat0 (1954) as well as with the DSC curves. The 
anomalies in the IPA against Tplot correspond to the temperature at which the transition 
is known to occur. In the case of TlN03,  the minimum in IPA is more pronounced on 
heating than on cooling. The minimum may be associated with a two to three order of 
magnitude increase in electrical conductivity above the transition as this could affect the 
thermal conductivity (Brown and McLaren 1962). 

Although the above results show that the PA effect can be gainfully used to study 
first-order transitions, quantitative evaluation is rather difficult. In most cases, the 
amplitude changes at the transition are close to a C;'" dependence. In the case of 
NH,N03, the C, changes could be different for different samples so that the C;' depen- 
dence observed could be fortuitous. 

Korpiun and Tilgner (1980) have theoretically investigated the PA effect through 
first-order phase transitions. In this model, for thermally thick and optically opaque 
samples, a temperature gradient is set up due to the heating of the illuminated surface. 
An interface is set up at the point where the temperature is equal to the transition 
temperature. The modulated illumination causes an oscillation of the interface that is 
governed by the absorption and emission of the latent heat of the sample. Korpiun and 
Tilgner have shown that this can account for a minimum in the PA signal and phase seen 
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Figure 11. (a )  Plot of IPA against T for powdered 
CsN03. ( b )  Plot of IPA Tagainst Tforsame sample 
(broken line) compared with C;l against T(dot- 
ted line) and C;’” against T (full line). C, data 
from Sat0 (1954). (c) Differential scanning calo- 
rimetric curve for the same sample. 

Figure 12. (a) Plot of IPA against T for powdered 
T1N03. ( b )  Plot of IPA T against T for TINO, 
compared with C;’ (full line) after normalisation 
at 395K. C, data from Sato (1954). (c) Dif- 
ferential scanning calorimetric curve for T1N03. 

at the first-order transition. We have however not seen such a minimum in our studies 
even at the slowest rates of heating or cooling and even for single crystals. We also note 
that in first-order transitions such as melting, the specific heat can go through a maximum 
and one could expect a minimum in IPA for this reason. 

3.6. Cu2HgIi 

Copper mercuro (11) iodate undergoes a first-order transition around 432 K 
accompanied by an abrupt colour change from red to dark brown (Heintz 1961). In 
figure 13(a), we show the PA spectrum for Cu2HgI, before and after the transition. We 
see that the high temperature phase has greater absorption at longer wavelengths than 
the room temperature phase. At shorter wavelengths ( 4 5 0  nm), the signal is essentially 
saturated implying that lopp < p. Changes in IPA as a function of temperature with 
carbon black and using white light are shown in figure 13(6). The IPA against Tplot for 
monochromatic light at 650 nm is shown in figure 13(c). When the signal is saturated, 
the IPA against T plot does not show (within the sensitivity of the instrument) any 
evidence for aphase transition. Cu2Hg14is transparent before the transition and becomes 
opaque (dark brown) after the transition. The results of the current study suggest that 
when optical properties change markedly at the transition it is advisable to use the 
saturated region for obtaining information on changes in thermal properties. It is to be 
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Figure 13. (a )  Normalised PA spectra before (full line. 299 K) and after (broken line, 351 K) 
the phase transition in CuzHg14. ( b )  IPA against Tplot for Cu,HgI, with carbon black using 
white light. (c) IPA against Tplot for pure CuzHgI, using monochromatic light of I = 650 nm. 
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Figure 14. Comparison of IPA against T plot (full 
line) for powdered VOz with C;"z (dotted line) 
and C;' (broken line). White light, f =  30Hz.  
The values are normalised at 325 K. C, data from 
Kawakubo and Nakagawa (1964), 

Figure 15. Comparison of IPA against T plot for 
powdered V 3 0 5  with C;' * (dotted line) and C;' 
(broken line). C, data from Keer and Honig 
(1977). 
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noted that for thermally thick and opaque materials the signal depends on the ratio of 
,U/K for the substance. 

3.7. Semiconductor-metal transitions 

We have made a preliminary report on the transition of V 0 2  earlier (Ganguly and Rao 
1981). We have now carried out a detailed PA study on V 0 2  as well as V 3 0 5  showing the 
transitions at 340 K and 425 K respectively (Rao and Subba Rao 1974) and compared 
the results with known thermal properties. Both V 0 2  and V 3 0 5  show sharp changes in 
PA amplitude at the transition. Since both are optically opaque, white light was used. 
The thermal conductivity changes in VOz are not pronounced and since the signal is 
saturated, one expects IPA to vary as C;1/2. In figure 14 we have compared the IPA against 
T plot for V 0 2  with C;l’* and C;’ data (Kawakubo and Nakagawa 1964). The fit is 
better with C;1/2. The values have been normalised at 325 K. In the case of V 3 0 5  the 
IPA against Tplot (figure 15) roughly obeys the C;1/2 dependence (with the C, data of 
Keer and Honig (1977). 

10 c 

t : - 1 0  

c -20 
I I I I 1 

320 340 3 I 

T i K I  

Figure 16. Variation of changes in PA phase (pj) as a function of temperature for VOz 

Phase transitions in solids can also be examined by following the phase of the PA 
signal (cp) .  We have followed the changes in cp in some cases and find that it does not 
provide much additional information. Figure 16 illustrates the changes in cp for V 0 2 .  
One has to be careful in interpreting the changes in cp, especially when they arise from 
changes in the absorption coefficient p, as this may have no relation to changes in thermal 
properties. In none of the first-order phase transitions studied by us did we find the kind 
of changes predicted by the theory (Korpiun and Tilgner 1980). The origin of this 
disagreement is not clear to us since the geometry employed was in accordance with the 
theory. 

4. Concluding remarks 

The present study shows that the amplitude of the PA signal at the phase transition of a 
solid is dominated by changes in C, but does not always follow the predictions based on 
the RG theory especially in the case of second-order transitions. One could consider the 
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decrease in the PA amplitude at second-order transitions to be due to attenuation of 
thermal waves in the specimen similar to that of the attenuation of sound waves. 
Attenuation of sound waves is associated with low frequency excitation of the phonon 
spectrum (Garland 1970). 

Etxebarria eta1 (1984) have observed that piezoelectric detection of phase transitions 
is more sensitive than that of the conventional microphone detection, suggesting the 
importance of high-frequency sound waves. When high frequencies are employed, the 
thermal diffusion length would be of the order of 1 pm which is smaller than the average 
particle size. It would therefore be interesting to compare changes in Z,, with the 
attenuation of sound waves across phase transitions. 
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