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The Behavior of Complex Heat Capacity 
Near the Fi『st0『derPhase Transition 

R. NOZAKI, H. NAKANO, N. NODA, H. HAGA• and Y. SHIOZAKI 
Divi11ion of Phy11ic11, Graduate School of Science, Hokkaido University, Sapporo 060, Japan 

We have measured complex heat capacity in potassium dihydrogen phosphate (K比P04,
KDP), thiourea (SC(NHり2, TU), ammonium sulfate ((NH.)2S04, AS) and triglycine sulfate 
((NH心恥COOH)3比S04,TGS) using an ac calorimetry. The crystals, KDP, TU and AS, have 
been known to undergo the first order phase transition. They showed the anomaly in the imaginary 
part of the complex heat capacity in narrow temperature region around the transition points. On 
the other hand, TGS which undergoes the second order phase transition showed no anomaly in the 
imagin紅ypart at the phase transition point. The imaginary part of the complex heat capacity may 
reflect the dynamic behavior of the two-phase coexistence region. 

I. INTRODUCTION 

Traditionally, heat capacity has been considered to. be 
a static and an equilibrium quantity. Recently, however, 
many works have been reported where the heat capacity 
is treated as a dynamic quantity. [1,2] 

Suppose that a periodic heat flow is applied to a sam-
pie as a stimulus, one can expect that a corresponding 
periodic temperature variation is induced in the sample 
as a response. According to the general definition of sus-
ceptibility, we can introduce a quantity, complex heat 

capacity, defined by using such stimulus and response. 
Thus the complex heat capacity can.be considered to 
closely connect to the dynamic nature of the thermal 
state of materials. In fact, heat capacity involves, in 
general for a static environment, the contribution due 
to all the internal degree of freedom. Thus the complex 
heat capacity must be a more general quantity by which 

to study the dynamic structure of materials than other 
susceptibilities such as complex dielectric constant. 

In this paper, we study dynamic behavior of the heat 
capacity near phase transition temperature in some di-
electrics using the ac calorimetric technique. The ma-

terials studied here are mainly single crystals having 
the first order phase transition point. These are potas— 

sium dihydrogen phosphate (KH2P04, KDP), thiourea 

(SC{NH山， TU)and ammonium sulfate ((NH山SOも
AS). Triglycine sulfate ((NH心恥COOH)3恥S04,

TGS), which shows the second order phase transition, 

•present address : School of Science and Center for Materials 
Science and Engineering Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

was also studied to see the difference of the behavior of 
the complex heat capacity between the two types of the 

phase transition. 

II. EXPERIMENTAL 

1. Measurement system 

In this study, the complex heat capacity has been eval-
uated with an ac calorimetry. This is a method in which 

one obtains the heat capacity by measuring the temper-

ature amplitude of the periodic temperature variation 
caused by the applied periodic heat flow to the sample. 

The temperature of the sample changes in time at the 
same frequency as that of the heat flow. 
In the case of this experimental setup described above, 
the temperature of the sample as a function of time 
t, T(t) , can be written as follows; 

T(t) = Tb + Tdc + Tac(t) (1) 

where Tb is the temperature of a heat bath, Tdc is 
the time independent temperature which is the average 
rise from the bath temperature, and Tac(t) is the time-
dependent temperature. 

When we consider the dynamic behavior of the heat 
capacity, we should not mix up the thermal relaxation 
and the relaxation of the internal degree of freedom. The 
former is caused by the thermal diffusion inside the sam-
ple. Therefore, this relaxation, which is characterized by 
the relaxation time denoted by r,, depends on the sam-
ple size. By contrast, the latter proceeds even after the 
sample has reached at the thermal equilibrium and does 
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heat bath 

(a) (b) 

Fig. 1. (a) Thermal system of ac calorimetry, (b) Equiva-
lent electrical circuit for thermal system 

not depend on the sample size. 

The thermal system of the ac calorimetry used in this 
study is schematically shown in Fig. l(a). The sample 
is thermally linked to a heat bath and the link, which is 

composed of the thermocouples attached to the sample 
and also of the helium atmosphere gas surrounding the 
sample, is represented by R. As seen in this figure, the 

sinusoidal heat flow, Pac= IPaclexp(iwt), is supplied to 
the sample. In the case where the flow being applied is a 
square wave as will be mentioned below, this sinusoidal 

heat flow corresponds to the fundamental component of 

the Fourier series for the square wave. 

When the thermal gradient inside the sample is neg-
ligible, i.e. when the measurement is carried out at the 

frequency where the condition wr, ≪: 1 is valid and the 
temperature of the sample is regarded as being uniform, 

the equivalent electrical circuit for this thermal system 

can be written as in Fig. l(b). The alternating current 

power source V, the electric resistance R, the capacitance 
C and the potential difference across the capacitor cor-
respond to, respectively, the supplying heat flow to the 

sample, the thermal resistance, the heat capacity and the 
temperature difference between the sample and the heat 
bath. In this case, the complex amplitude of the temper-

ature oscillation of the sample, Tac is given by 

Tac=~合［1 ＋土］ー1 (2) 

where Te = RC is the characteristic time in which the 
heat escapes from the sample to the heat bath. 

Now, we introduce the complex heat capacity as; 

c • (w) = C'(w) -iC"(w) (3) 

where C'(w) and C"(w) are the real and the imagmary 
parts, respectively. Combining Eqs.(2) and (3), we obtain 
the real and the imaginary parts of the complex heat 

capacity using the amplitude of Tac denoted as /Tac I and 

the phase of Tac against Pac denoted as </J; (3] 

C'(w) = |Pac| ． 
wlTacl 
sin¢> 
ac 

(4) 

teq,orature controller 

chopper 

⑰旧locenla.., 
Fig. 2. Measurement system 

C11(w) = !Paci __ 1 1 cos ¢ --
wlTacl ---T wR 

(5) 

The measurement system in this study is shown in 
Fig.2. Light of the halogen lamp has been used as the 

heat source. Chopping the light beam by the chopper, 
we can get a periodic square wave. This beam heats up 
the bottom side of the sample. The signals from the ther-

mocouples attached to the upper side of the sample are 
amplified by a differential amplifier (NF Electronic In-
strument, 5305). They are displayed on an oscilloscope 
(Hewlett Packard, HP54600B) after the noise reduction 
by using a dual channel programmable filter (NF Elec-

tronic Instrument, 3624). This filter has been employed 
as a band-pass filter with the central frequency being 
equal to the frequency of the chopping. The wave form 
displayed on the oscilloscope is transferred to a personal 
computer (NEC, PC9801ES). Using this computer, the 

Fourier transform is performed to obtain the values of 

ITacl and ef>. 
In this study, we have calculated only the first term 

of the right hand of Eq.(5) for C"(w) because it is im-
possible to evaluate the thermal resistance R, needed for 
precise calculation of the imaginary part C" (w). For this 

reason, we have subtracted a constant value from the 
data of C"(w) so that the value of C"(w) at temperatures 
far from a transition point becomes zero. This procedure 

can be considered as a reasonable choice since the heat 

capacity is a real quantity, which is not depending on the 

measuring frequency, Cstatic = C'(O), i.e. C"(w) should 
be zero in such temperature region. The amplitude of 
the heat flow, IPacl, is also unknown, therefore we will 
discuss about the results using only the relative values, 

not the absolute ones. 

2. Sample preparation 

The samples used in this study are potassium dihydro-
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gen phosphate (K恥P04,KDP), thiourea (SC(NH山，
TU), ammonium sulfate ((NH山S04,AS) and triglycine 
sulfate ((NH心恥COOH)3恥S04,TGS). All of the sam-
pie crystals were grown from saturated solutions. As 
the solvents, methyl alcohol was used in the case of 
TU and water for the other samples. The slow evap-
oration method at room temperature was employed to 
grow the crystals. The typical sample size was about 
1mm x 1mm x 0.1mm. The type of the thermocouples 
used here was chromel-alumel. The thermocouples were 
attached to the sample using varnish. A small amount 
of dry graphite film lubricant was sprayed upon the side 
where the light beam from the halogen lamp was irradi-
ated. 

3. Light axis correction 

As mentioned above, the measurement frequency 
should be chosen so as to make the Ti effect negligible. 
Therefore, at first, we measured the frequency depen-
dence of the phase¢ at the vicinity of the phase transition 
temperature to find the appropriate frequency region. By 
solving the thermal equation, which takes account of the 
temperature gradient inside the sample, the phase ¢ is 
estimated as follows; [4] 

¢~— ; +tan—1 （土—平wr,)

¢：：：：：：ー：＋tan―1（土—亨wr,) 豆
or, 

tan (efJ +竺＿ 1')) ＝上．~-囀T
2 -/ 27rTe f 1/f 

(6) 

As seen in Fig.2, in our measurement system, the refer-
ence signal comes from a photodiode which is located just 
beside the beam axis. Therefore, we must take account 
of a phase shift angle,J caused by the difference of the 
position between the photodiode and the sample. Thus, 
the value of,J is given as; 

(7) 

(8) 

where f = w /21r is the measuring frequency. From 
Eq.(8), it is found that, in the plot of tan(</J + 1r/2 -,,J) 
versus 1/ f, the'Ti effect contributes to the deviation from 
a straight line. Figure 3 shows the result of the measure-
ment at 221.3K for the sample of AS which is close to the 
phase transition temperature. Those solid line in this fig-
ure is the result of a fit by employing a non-linear least 
squares fitting procedure. For this fit, the optimum pa-
rameter values were t'J = -0.525 [rad]，'Ti = 4.54 [msec], 
and Te= 0.339 [sec]. In the case of this sample, it is found 
that the'Ti effect can be neglected at l.OHz. Similar mea-
surements were carried out for the other samples and the 
'Ti effect can be neglected at l.OHz for all materials used 
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Fig. 3. 1/ f plot of AS at 221.3K 
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in this study. 

In this measurements, the amplitude of the tempera-

ture oscillation, JTacl, is about 0.2K and the rate of the 
bath temperature variation is 1~5K/h around the phase 
transition temperature. 

III. RESULTS AND DISCUSSION 

Figures 4~6 show the results for the samples KDP, TU 
and AS, respectively. It has been known that these di-
electrics undergo the first order phase transition. [5-7] As 
seen in these figures, there are sharp anomalies at each 
transition points. It should be noted that the tempera-
ture range, where the anomaly in C"(w) is observed, is 
much narrow compared to that for C'(w). On the other 
hand, Fig.7 shows the result of TGS which has been 
known as material undergoing the second order ph邸 e
transition. [8) In this case, there is no anomaly in C"(w). 
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Fig. 5. Temperature dependence of C'(w) and C"（叫 inTU 
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Fig. 6 Temperature dependence of C'(w) and C"(w) in AS 

It has been reported by Ema et. al. that the phase lag is 
observed in the two-phase coexistence region for the Sm-
C-Sm-C2 transition, which is the first order phase tran-
sition, in D恥ONO叶 DB100N02liquid crystal mixture 
containing 51.22mol% of DB100N02. (9) In our case, the 
anomaly in C"(w) also appears only in the narrow tern-
perature range at the first order phase transition point 
and does not appear at the second order phase transition 
point. Therefore, it can be suggested that C"(w) shows 
anomaly in the temperature region corresponding to the 
two-phase coexistence region belonging to the first order 
phase transition. 

Although the physical background of C"(w) is still not 
clear at present, it can be considered that C"(w) reflects 
the-dynamics of the two-phase coexistence region, some-

thing like the motion of the phase front, for example. 

Fig. 7. 
TGS 
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complex heat capacity of potassium dihydrogen phos-

phate (KH2P04, KDP), thiourea (SC(KH4)2, TU), 
ammonium sulfate ((NH4)2S04, AS), which undergo 

the first order phase transition, and triglycine sulfate 
((NH2CH2COOH)3H2S04, TGS), which shows the sec-
ond order phase transition, by employing an ac calorime-

ter at l.OHz. The imaginary part of the complex heat 
capacity shows a sharp anomaly in the very narrow tem-

perature region only at the first order phase transition 

point. From this fact, it is conceivable to consider that 
C"(w) is associated with the two-phase coexistence 
It should be noted, however, that this conclusion ・is 

restricted only at l.OHz chosen for this study. Further 
study with wider frequency range would bring deeper un-

derstanding about the dynamic behavior of C"(w) at the 
first order phase transition. 
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IV. CONCLUSIONS 

We me邸 uredthe temperature dependence of the 


