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NANO-WATT STABILIZED DSC AND ITS APPLICATIONS

. . *
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Faculty of Education, Chiba University, 1-33 Yayoi-Chou, Inage-ku, Chiba 263-8522, Japan

A high sensitivity and high resolution DSC working between 220 and 400 K with a baseline stability of £3 nW for many hours, with
a low noise of nV order, with a quick response time of 2 s and with the temperature resolution of 0.1 mK, capable of measuring in
the both direction of heating and cooling has been designed and constructed. The stability of the baseline was achieved by the use of
a high sensitive temperature sensor, a precise temperature control of £0.1 mK, a semi-adiabatic control, the damping devices to de-
crease the temperature fluctuation at the sample cell and the devices to decrease noises on the lead wires. The specific heat capacity
of a single crystalline alumina was measured with an inaccuracy of 1% by the use of the DSC. Very fine structures of phase transi-
tions were observed at a cooling rate of 5 uK s in the measurement of C,,Hys by application of the high sensitivity DSC. The mea-
surement for very small samples of pig order has become possible using the high sensitivity DSC and the application for the melting

transition of C;sH3;COOH and Cs,Hes was presented.
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Introduction

The heat flux differential scanning calorimetry (DSC)
is a technique to measure the temperature difference
between a sample and a reference material due to heat
generated from or absorbed in the sample under the
controlled temperature program [1, 2]. The tempera-
ture difference between the sample and the reference
material is converted to heat flux by the use of a
proper calibration. It has given important information
in the fields of polymer science, biological science,
pharmaceutical science, metal science, inorganic sci-
ence and their related industries by measuring heat
absorbed or generated due to melting, glass transition,
phase transitions and chemical reactions [1-8]. The
demands for a highly sensitive DSC are increasingly
great in various fields in order to detect very small
heat effects. The merits of the high sensitivity DSC
would be the measurement of a very small heat such
as an enzyme reaction, the phase transition of mono-
layer [9], interface reactions, phase transitions with
very small enthalpy change [9, 10] and small samples
of less than 0.1 mg. The sensitivity of the DSC, how-
ever, is determined by the baseline stability and it is
several pW in the commercial DSC made by major
manufacturers according to Wunderich [1] and
0.4 uW in the high-sensitive DSC made by Privalov
according to Hatakeyama and Quinn [2]. The sensi-
tivity of the DSC by Privalov was improved by in-
creasing the sample size and using several thermo-
couples connected in series to measure the
temperature difference between a sample and a refer-
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ence material. However, to increase the sample size is
not desirable in the view of the resolution of the calo-
rimeter for the sample with multiple phase transitions,
since the temperature distribution becomes large in
the large sample. Moreover, the calorimeter is desir-
able to have enough sensitivity for a very precious
small sample less than 0.1 mg. In the commercial
DSC, the heating rate is usually chosen to be larger
than 0.1 K min"' [1-8] in order to obtain a significant
signal, since the magnitude of the signal is propor-
tional to the heating rate. In the high heating rate,
however, the temperature distribution in the sample
becomes large, and the peak temperature rises so that
the resolution of the calorimeter becomes bad. When
the heating rate is chosen to be very slow, the drift of
the baseline would become relatively large. If the re-
sponse time of the calorimeter is long, the resolution
of the calorimeter becomes bad.

It is desirable, therefore, to develop a high sensi-
tivity and high resolution DSC capable of measuring
a small heat with a small baseline fluctuation, a small
drift of the baseline and a quick response time at a
slow heating rate using small amount of sample. It is
also desirable to develop a high sensitivity and high
resolution DSC capable of measuring in the both di-
rection of heating and cooling, since some sorts of
materials in the cooling process often show a different
behavior from that in the heating process [9-12].

In this study, we would like to describe the de-
sign and construction of a high sensitivity and high
resolution DSC capable of measuring a small heat

Akadémiai Kiado, Budapest, Hungary
Springer, Dordrecht, The Netherlands



WANG et al.

with a baseline stability of several nW and a quick re-
sponse time of 2 s and with a temperature resolution
of less than 0.1 mK at a very slow scan rate such as
5 uK s (0.3 mK min ) in the both direction of heat-
ing and cooling. We also would like to show some ap-
plications of the high sensitivity and high resolution
DSC for samples with very fine structures of phase
transitions and for very small samples of pg order.

Design principle of a high sensitivity DSC

The heat flux DSC measures the temperature differ-
ence between a sample and a reference material due to
heat generated from or absorbed in the sample as a
function of time. The differential heat flux between
the sample and the reference one, dQ/dt, is propor-
tional to the temperature difference between the sam-
ple and the reference material, A7, assuming a steady
state, the mass of the sample container to be equal to
that of the reference material and the heat capacity of
the reference material to be zero:

dO/dt=AT/IR=CsdT/dt (1)

where the negative sign means that the temperature of
the sample side becomes lower at a heating run, R is
the thermal resistance between the sample cell and the
thermal block and Cs is the net heat capacity of the
sample. The temperature difference, AT is represented
by the potential difference AE of the temperature sen-
sor between the sample and the reference material as:

AT=AE/S )

where S is the thermoelectric power of the tempera-
ture sensor. Combining Eqgs (1) and (2), we obtain

dQ/dt=—AE/(RS) (3)

Equation (3) is rewritten by putting the product
of R and S'to be K as:

AE=—(RS)dQ/dt=KdQ/dt “4)

Equation (4) shows that the sensitivity of the calo-
rimeter is proportional to the apparatus constant K,
which is the product of R and S and is determined by
the measurement of calibration. In order to increase the
sensitivity of the calorimeter, K, the thermal resistance
between the sample cell and the thermal block and the
thermoelectric power of the temperature sensor should
be large. Since the thermal resistance between the sam-
ple cell and the thermal block is mainly determined by
the thermal conductivity of the temperature sensor, the
choice of the temperature sensor is very important in
the design of the calorimeter. In the commercially
available DSC [1, 2], the temperature sensors such as a
chromel—alumel thermocouple and a thermopile with
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multi-junction thermocouples have been used. When a
thermopile with multi-junction thermocouples is used,
the thermoelectric power S would be increased but the
size of the sample cell would be increased and the ther-
mal resistance R may be decreased. In order to increase
S without decreasing R, the use of the temperature sen-
sor with the thermoelectric power larger than thermo-
couple is desirable. The use of a semiconducting ther-
moelectric module as a temperature sensor is one of the
choices, although the temperature range usable is lim-
ited. The output voltage of a semiconducting thermo-
electric element is about 0.44 mV K, for example, be-
ing 11 times larger than that of a usual thermocou-
ple, 40 pV K.

Another point to increase the sensitivity of the
calorimeter is to decrease various noises and the drift
of the baseline. The main sources of the noises and the
drift of the baseline in the DSC would be as follows.

 The noise due to the fluctuation of the temperature
control

 The electric noise and thermoelectric noise on the
lead wires and on the measuring system and

 The drift of the baseline due to the heat leak from or
to the surroundings

The noise due to the fluctuation of the tempera-
ture control may be primarily determined by the con-
trol error in the heating or cooling element. The best
temperature control in the heating or cooling would
be about +0.1 mK in real systems. The maximum
noisy temperature difference permitted between the
sample and the reference material to construct a
nW-stabilized DSC, however, would be 1 pK, as
will be described later in detail. This means that the
temperature fluctuation at the sample cell must be re-
duced by at least two orders of magnitude and some
damping devices between the heating/cooling ele-
ment and the sample cell are necessary. We have cho-
sen the pairs of a thermoelectric module and a thick
Cu block for that purpose. They work as the damping
devices by integrating the temperature fluctuation
with a time constant CR,, where C is a heat capacity
and R; is a thermal resistance determined by the pairs
of the thermoelectric module and the thick Cu block.
The combination of C and R, can be regarded to be the
same as the integral circuit with the capacitance C and
resistance R; in an equivalent circuit.

The electric noise and thermoelectric noise on the
lead wires and on the measuring system should also be
minimized to construct the high sensitivity DSC. The
choice for the path and the diameter of the lead wires
for the differential signal between the sample cell and
the reference cell is extremely important. The junction
between different metals such as soldering should be
avoided especially for the place under a large tempera-
ture fluctuation because of the thermoelectric noise. If
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such a junction cannot be avoided, the junction points
of the two lead wires must be kept at the same thermal
condition as possible by some means. In order to de-
crease the drift of the baseline due to the heat leak from
or to the surroundings, another temperature control and
thermal shields between the sample cell and the enclos-
ing shield case are necessary.

Construction of the high sensitivity DSC

A high sensitivity and high resolution DSC has been
constructed as shown in Fig. 1, considering the design
principle described above. The calorimeter was set in
a refrigerating vessel, V2 in order to extend the tem-
perature range to temperatures as low as 220 K. The
heating or cooling rate was mainly controlled by con-
trolling the current of thermoelectric module, TMS5,
using Pt resistance thermometer, TS3. Since TMS5 can
pump heat in either direction to heat or cool the cop-
per blocks by changing the direction of the current
through it, the measurement in the both direction of
heating and cooling is possible with this apparatus.
Since the power of TM5 is not enough to attain to
400 K and the precision of the temperature control is
not enough by the single control using TM5 only, an
auxiliary temperature control was made by control-
ling the current of a heater H1 using a Pt resistance
thermometer, TS2. The temperature of the thick metal
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Fig. 1 Schematic drawing of the high sensitivity and high res-
olution DSC. TS1~3; Pt resistance thermometers, C1~6;
copper shields, B1~3; copper blocks, B4; an aluminum
block, TM1 and TM2; semiconducting temperature sen-
sors, TM3~5; semiconducting thermoelectric modules,
HT; heater, V1; enclosing metal shield case, V2; refrig-
erating vessel
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shield case, V1 was controlled to be almost the same
as the temperature of TS3, keeping a nearly adiabatic
condition in the central parts of the calorimeter.

The temperature difference between a test sample
and a reference material, produced by the heat absorbed
in or released from the sample, was measured by ther-
moelectric modules, TM1 and TM2 (Ferrotec Co.
9500/018/012), which are made of 18 semiconducting
thermoelectric elements made of BiTe connected in se-
ries. The output voltage of the thermoelectric module is
about 8 mV K'. The temperature of the sample was
measured using a Pt resistance thermometer, TSI,
which was regarded as the temperature of the sample.

The pairs of the thermoelectric module and the
thick Cu block, TM4 and B2 and TM3 and B1 were
used for the damping devices to decrease the tempera-
ture fluctuation of the sample cell resulting from the
temperature fluctuation at TS3, where the rate control
of heating or cooling was made. The thick Cu blocks
work mainly as a large heat capacity and the thermo-
electric module as a thermal resistance.

In order to reduce the electric noise and thermo-
electric noise on the lead wires in the measuring system,
the path and the diameter as well as the junction points
of the lead wires for the differential signal between the
sample and the reference cells were carefully chosen. A
digital voltmeter of Keithley 2001 with a low noise am-
plifier (1801), which has the sensitivity of 0.1 nV and
the precision of 0.03%, was chosen for the measurement
of the differential temperature between the sample and
reference cells. The auxiliary temperature control using
the heater H1 served to decrease the drift of the baseline
due to the heat leak from or to the surroundings keeping
a semi-adiabatic condition. Thermal shields, C1, C2,
C3, C4, C5 and C6 made of Cu were placed between the
base block and the enclosing shield case, V1 to decrease
the drift of the baseline due to the heat leak. The refrig-
erating vessel, V2 worked to decrease the drift of the
baseline by reducing the temperature change in the calo-
rimeter due to the change of room temperature.

Performance of the high sensitivity DSC

The performance of the high sensitivity DSC was
checked by measuring the temperature changes of
various points and the stability of the baseline. The
temperature changes at the enclosing shield case, V1
and the base copper block, B3, were measured by Pt
resistance thermometers, TS2 and TS3, respectively,
as shown in Fig. 2, where the temperature fluctuation
of TS2 and TS3 are seen to be within 1 and £0.1 mK,
respectively. The calibration of the heat flux of this
DSC was made at the heating rate of 1 mK s
(0.06 K min ") by using a single alumina crystal. The
alumina sample was enclosed in the open-type com-
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Fig. 2 Temperature variations of rough and precise control. The
upper and lower figure shows the temperature variation at
TS2 and TS3, respectively

mercially available aluminum container with the di-
ameter of 4.5 mm and the depth of 1.8 mm and almost
the same mass of the empty aluminum container
within the difference of 0.01 mg was chosen for the
reference material. The results of the measurement of
calibration for different masses of the alumina sam-
ples: 10.09, 19.76 and 29.54 mg are shown in Fig. 3.
The difference of the differential voltage between
TMI1 and TM2, &(AE), due to the difference of the
heat capacity of alumina for the different masses be-
comes the following combining Eqs (1) and (4),

S(AE)=K3(d0/dt)=K(CsdT/d?) (5)

where the notation & means the difference due to the
different mass of alumina.

We used the difference of AE between the mea-
surements of the alumina samples: 10.09 and 19.76 mg
to determine the apparatus constant K. Substituting the
difference of AE between the measurements of the alu-
mina samples: 10.09 and 19.76 mg as shown in Fig. 3,
the calculated differential heat capacity of alumina due
to the difference of the mass using the reference values
[13], and the heating rate of 1 mK s for Eq. (5), the ap-
paratus constant K was determined. The result is shown
in Fig. 4, where that of the commercial heat flux DSC of
Rigaku 8230 is also shown for comparison. The appara-
tus constant K of the present DSC is an increasing func-
tion with temperature, while K of the commercial DSC
is a decreasing function with temperature. This is due to
the fact that the temperature sensor for the present DSC
is made of a semiconducting material and that for the
commercial DSC is a thermocouple. The apparatus con-
stant K of the high sensitivity DSC is about 550 times

608

5+ o

AE/V

320 340 360
Temperature/K

Fig. 3 Difference of electromotive force between the temperature
sensors, TM1 and TM2, in the measurements for different
masses of single crystalline alumina, 10.09, 19.76 and

29.54 mg
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Fig. 4 Apparatus constant K of the present DSC comparing with
that of a commercial DSC. The right ordinate is for a com-
mercial DSC, whose unit is three orders of magnitude
smaller than of the left one

larger than that of the commercial DSC at 300 K. Sub-
stituting the calibrated factor K thus determined, the dif-
ference of AE between the measurements of the alumina
samples: 19.76 and 29.54 mg, and the heating rate of
1 mK s for Eq. (5), the specific heat capacity of alu-
mina was obtained as shown in Fig. 5, where the refer-
ence data [13] are also shown. The present data are seen
to be within an inaccuracy of 1%.

The stability of the baseline in the present DSC
was measured at about 300 K as shown in Fig. 6,
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Fig. 5 Specific heat capacity of a single crystalline alumina
together with the reference data [13]

where that in the commercial DSC is also shown for
comparison. The stability of the baseline in the pres-
ent DSC is seen to be within 3 nW. Although the sta-
bility of the baseline is only shown for 3 h in Fig. 6,
for 48 h it was almost the same as that shown in Fig. 6.
The stability of the baseline in the commercial DSC is
within £2 pW, which is the same order of magnitude
in the commercial apparatus made by major manufac-
turers according to Wunderich [1]. The ratio of the
stability of the present DSC to the commercial one is
670, and it is the same order as the ratio of the appara-
tus constant K, 550, as seen in Figs 4 and 6.

The response time of the calorimeter is also an
important factor of a calorimeter, since it is one of the
major factors to determine the resolution of the calo-
rimeter. The response time of the present DSC was es-

nW stabilized DSC

dQ/dt /nW

|
W
TT T 17T
1

dQ/dt juW

0 5 10
t/ks
Fig. 6 Baseline stability of the present DSC and the commer-
cial DSC
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timated to be about 2 s as will be shown later. The reso-
lution of the calorimeter is determined as the compos-
ite properties of the response time, the sample amount,
the sensitivity and the noise level of the calorimeter
and it was estimated to be less than 0.1 mK as will be
shown later, indicating the excellent performance of
the present DSC.

Some applications of the high sensitivity DSC
Measurement of docosane

The docosane (CpHge) sample with the purity of
99.999% purchased from National Institute of Stan-
dards and Technology. The sample container used
was a commercially available aluminum container
with the diameter of 4.5 mm and the depth of 1.8 mm.
The lid has a flat shape and was sealed to the upper
flat end of the container by pressing. The sample
amount was 1.28 mg and the DSC measurement was
made at the cooling rate of 0.5 mK s~ (0.03 K min™")
and 5 uK s (0.3 mK min™"). The results for the cool-
ing rate of 0.5 mK s™' are shown in Fig. 7, where five
peaks due to phase transitions are seen. The peak 2 is
due to the liquid to solid transition and the peaks 3—5
are concerned with rotator transitions, where the
alkane chains undergo the unrestricted random rota-
tion holding the trans-zigzag conformation [14, 15].
The peak 1 is seen about 3 K higher than the melting
point due to the formation of monolayer solid on the
liquid surface, which has been confirmed by the mea-
surements of X-ray diffraction, surface tension and
molecular dynamics simulation [16-20]. Detection of
the small peak due to such a two-dimensional phase
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s peak 5 peak 3 —> <«— peak2
<€—+| Rillphase
=3
= peak 4 liquid phase
.S
o5 y
=) N\
< crystalline phase Y peak 1
0= L
310 320

Temperature/K

Fig. 7 DSC curve of C,,Hye at the cooling rate of 0.5 mK s’l,
showing five peaks due to phase transitions
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transition shows a high sensitivity of the present DSC.
The results for a cooling rate of 5 uK s around
315.9 K are shown in Fig. 8, where the peak 3 is seen
to be composed of many sharp peaks. This would sug-
gest that CH, elements in the different positions in the
CxHys molecule have slightly different transition
temperatures in the transition from the rotator phase 11
(RII) to the rotator phase I (RI), which can only be de-
tected by a very slow cooling rate. The detection of
the many sharp peaks shows a quick response and an
enough resolution of the present DSC. One of the
sharp peaks around 315.933 K with a magnified hori-
zontal axis is shown in Fig. 9, where the response of
the rising peak at about 315.9329 K is estimated to be
within 10 pK corresponding to the response time
of 2 s and the resolution of the temperature is esti-
mated to be less than 0.1 mK. It is noted here that the
fluctuation of the baseline in Fig. 8 is within several
nW, showing the same order of stability as the mea-
surement at a constant temperature shown in Fig. 6.
The baseline stability within several nW lasted more
than 24 h, although it cannot be seen in Fig. 8.

Measurements for very small amount of samples

When the sensitivity of DSC is high enough, it would
become possible to measure a very precious sample
with an amount of pg order. The measurements on
Cy5H;3;COOH and C;,Hgs samples with an amount of pg
order were made for that purpose. The C;sH;;COOH
sample with the purity of 99.5% was purchased from
Tokyo Kasei Kogyo Co. Inc., and C;,Hg sample with
the purity of 99.6% was synthesized by using Wurtz
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Fig. 8 DSC curve of CyHysaround 315.95 K at the cooling
rate of 5 pK s~
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Fig. 9 The magnified DSC curve around 315.933 K of Fig. 8

condensation method [10]. The weighed sample was
dissolved into a volume of hexane, a known volume of
the solution was transferred into an aluminum container
using a microcylinder, and then the mass of the sample
in the Al container was calculated. The sample container
used was a commercially available aluminum container
with the diameter of 4.5 mm and the depth of 1.8 mm.
The lid has a flat shape and was sealed to the upper flat
end of the container by pressing after the solvent was
fully evaporated. The results of the DSC measurements
for the C;5H;COOH sample with the amount from 0.57
to 7.60 pg at the heating rate of 0.5 mK s~ are shown in
Fig. 10, where the endothermic peak shifts to a low tem-
perature and becomes smaller as the sample amount de-
creases. The largest endothermic peak due to melting is
seen at 335.96 K for the sample of 7.60 g, which is
slightly lower than the value of a bulk sample, 336.15
[21] and 337 K [8]. The melting enthalpy is calculated
as 45.6 kJ mol ™', which is considerably smaller than that
of the bulk sample, 53.4 kJ mol™" [8].

The results of the DSC measurements at the heat-
ing rate of 0.5 mK s from 339.1 to 343.8 K for C3,Hgg
sample with the amount from 1.85 to 14.72 pg are
shown in Fig. 11, where the endothermic peak around
339.4 K shows the crystal-rotator transition and that
around 343.7 K shows the melting transition [10]. Fig-
ure 11 shows that the two transitions change similarly
and irregularly with the sample amount, being different
from the case of C;5H3;COOH. The melting enthalpy
for the sample amount of 14.72 pg is calculated as
74.8 kJ mol™', slightly smaller than that of the bulk
sample, 79.7 kJ mol™' [10]. The melting temperatures
of both C;sH3;;COOH and Cs,Hge samples are plotted
vs. logarithm of the sample amount as shown in
Fig. 12, where the results for the sample amounts of mg
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order are also shown. It is apparently seen in Fig. 12
that the melting temperature of C,;sH3;COOH de-
creases monotonously with the decrease of the sample
amount. In the case of C;Hgg, however, the melting
temperature changes irregularly when logarithm of the
sample amount is less than 1.2, and it increases as the
sample amount increases. The melting enthalpies of
both C;5H;COOH and C;,Hgs samples are plotted vs.

Exo—

dQ/dt juW

335 336
Temperature/K
Fig. 10 DSC curves of C;sH3;;COOH at the heating rate of
0.5mK s™' for various amount of samples. a —0.57 ig,
b-152pug,c—228 ng,d—3.8 ug,e—5.70 pug, f—7.60 ug
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Fig. 11 DSC curves of Cs,Hg at the heating rate of 0.5 mK s *
around the solid—solid transition (339.4 K) and the melting
transition (343.7 K) for various amount of samples. The in-
termediate temperature range from 339.6 to 343.4 K is
omitted in the figure. a— 1.85 pug, b—2.95 ug, c —4.43 g,
d-738ug,e—11.07 ug, f—14.72 ug

J. Therm. Anal. Cal., 79, 2005

logarithm of the sample amount as shown in Fig. 13. It
is found that the melting enthalpy of C;5H;;COOH de-
creases with the decrease of the sample amount and be-
comes only 16.4 kJ mol ' at the sample amount of
0.57 pg, being about one third of the bulk. The melting
enthalpy of C3;Hge also decreases with the decrease of
sample amount, but the change is smaller than that of
C,sH3COOH.

When the sample amount becomes very small, the
number of C;5sH3;COOH or C;,Hgs molecules near the
bottom surface of the Al container relatively increases
and the molecules in the solid state are disordered due
to the interaction with the Al container, resulting in
lowering the melting temperature and the decrease in
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—-1334.0
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=
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33541 2 CysH3 COOH
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Fig. 12 Melting point of C;5sH3;COOH and C;,Hgs as a function
of logarithm of the sample amount. The left ordinate is
for C;sH3,COOH and the right ordinate is for Cs,Hge
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Fig. 13 Melting enthalpy of C;sH3;COOH and C;,Hgs as a function

of logarithm of the sample amount. The left ordinate is for
C;5H3,COOH and the right ordinate is for C3;Hes
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the melting enthalpy. The fact that lowering the melt-
ing temperature as a function of the sample amount is
monotonous and the decrease of the melting enthalpy
is large in C;5H3;COOH as compared with C3;,Hg may
be related with the existence of a hydrophilic carboxy
group in C;sH3;COOH. Since the bottom surface of the
Al container is considered to have a hydrophilic
hydroxy group, the C;5H;;COOH molecules may be
apt to be oriented along the bottom surface of the Al
container by an attractive interaction between carboxy
group in C;sH3;COOH molecule and hydroxy group
on the Al container. Since the bottom surface of the Al
container is considered to have a roughness of um or-
der, the interaction may cause a large disorder in the
C,5sH;3,COOH molecules near the bottom surface of the
Al container. On the other hand, C;,Hgs molecules do
not have any hydrophilic part and then the interaction
between Cs,Hgs molecules and the Al container is con-
sidered to be weak. Therefore, the orientation of
C;,Hgs molecules near the bottom surface of the Al
container is considered to be dependent on the contact
of the sample with the bottom surface of the Al con-
tainer and on the shape of the sample, and then the
melting point as a function of the sample amount
changes irregularly as seen in Figs 11 and 12. The
smaller decrease of the melting enthalpy at small
amount of samples in Cs;Hgs as compared with
C;5sH3,COOH is considered to be due to the smaller in-
teraction with the Al container.

Discussion

The estimation and the measurement of the noise level
in the output signal and the temperature fluctuation at
the sample cell is very important in order to achieve the
baseline stability of nW-level. In the present DSC, the
measurement was made with the baseline stability of
43 nW as seen in Fig. 6. The noise level in the output
signal and the temperature fluctuation at the sample
cell can be estimated using this value as follows.
Since the apparatus constant K is 0.44 (V W) at
300 K as seen in Fig. 4, the noise level of the output
voltage of the temperature sensor between the sample
cell and the reference one becomes 0.44 (V W)
(3 nW)=%£1.3 nV at 300 K according to Eq. (5). To
make the measurement at the electric and thermoelec-
tric noise level of 1.3 nV is very difficult, because
such a low voltage of signal would easily be disturbed
by these noises on the lead wires in the measuring
system. When the measurement is made with the
baseline stability of £3 nW, the temperature fluctua-
tion at the sample cell measured as the difference be-
tween the sample and the reference one is determined
as (1.3 nV)/(8 mV K "=+0.16 uK at 300 K using
Eq. (2) and the value of +1.3 nV for AE and 8 mV K’
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for S. To achieve the temperature fluctuation of £0.16
pK at the sample cell is extremely difficult, since such
a small temperature fluctuation cannot be realized by
a usual temperature control. However, the use of the
damping devices with the pairs of the thermoelectric
module and the thick Cu block working as the integral
circuit was effective to achieve the temperature fluc-
tuation of £0.16 pK at the sample cell in the present
DSC.

We would like to discuss a critical factor to ob-
tain the baseline stability of several nW here. The fac-
tors to determine the baseline stability of the present
DSC would be the precision of temperature control,
the effectiveness of damping devices to reduce the
temperature fluctuation at the sample cell, the sensi-
tivity of the temperature sensor at the sample and ref-
erence material cells and the devices to reduce the
electric and thermoelectric noises on the lead wires in
the measuring system.

The first two factors: the precision of tempera-
ture control and the effectiveness of damping devices
would determine the real temperature stability at the
sample and reference material cells. The precision of
temperature control is in the range of £0.1 mK, which
cannot be reduced largely in real systems. On the
other hand, the damping devices are the pairs of the
thermoelectric module and the thick Cu block, which
can be changed to obtain an optimum condition.
Therefore, the real temperature stability at the sample
and reference material cells can be kept within a lim-
ited error and the first two factors would not be criti-
cal ones to determine the baseline stability. In reality,
the temperature fluctuation at TS3 seems not to affect
the baseline fluctuation. The shape of the temperature
fluctuation at TS3 seen in Fig. 2 is different from that
of the baseline fluctuation seen in Fig. 6.

The last two factors: the sensitivity of the tem-
perature sensor at the sample and reference material
cells and the devices to reduce the electric and ther-
moelectric noises on the lead wires in the measuring
system would determine the magnitude of the output
voltage to that of the noises in a condition that the
temperature difference between the sample and the
reference material is constant. The signal to noise ra-
tio increases either when the sensitivity of the temper-
ature sensor increases or when the electric and ther-
moelectric noises decrease. When the room tempera-
ture was largely changed, the baseline drifted signifi-
cantly probably due to the thermoelectric noise.
Therefore, the devices to reduce the electric and ther-
moelectric noises on the lead wires in the measuring
system are considered to be a critical factor to
determine the baseline stability in the present DSC.

The fluctuation of the baseline was within several
nW in the measurement of Cy,Hys as shown in Fig. 8.
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This result shows that the DSC was constructed and
worked as designed. It should be noted, however, that
the baseline stability of nW-order becomes bad in the
case of a rapid change of room temperature probably
due to the drift in the measuring system.

Conclusions

A high sensitivity and high resolution DSC working be-
tween 220 and 400 K capable of measuring a small heat
using small samples less than 0.1 mg at a very slow scan
rate such as 5 pK s (0.3 mK min ') in the both direc-
tion of heating and cooling has been designed and con-
structed. The DSC has a quick response time of 2 s and a
temperature resolution of less than 0.1 mK. The stability
of the baseline, £3 nW, was achieved by the use of a
high sensitive temperature sensor with the thermoelec-
tric power of 8 mV K ', a precise control keeping the
temperature to be 0.1 mK by controlling the current of
a thermoelectric module, another control keeping the
central parts of the calorimeter to be nearly in adiabatic
condition, the damping devices to decrease the tempera-
ture fluctuation at the sample cell and a low noise
nano-voltmeter together with some devices to reduce
the electric and thermoelectric noises on the lead wires
in the measuring system. The sensitivity and the stability
of the present DSC were more than 500 times larger
than those of a commercial DSC. The specific heat ca-
pacity of a single crystalline alumina was measured with
an inaccuracy of 1% using the DSC.

Very fine structures of phase transitions were
observed at a heating or cooling rate of 5 pK s ' in the
measurement of CyHye by application of the DSC.
The melting transition of C;sH;;COOH and Cj;,Hgg
was observed using samples of ug order, although the
melting peak decreases and shifts to the low tempera-
ture side as the sample amount decreases due to the
interaction with the bottom of Al container.
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