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a b s t r a c t

The MEMS device of TCG3880 was used for thermodynamic measurements in order to detect electronic
phase transitions occur at low temperature region below 300 K under vacuum atmosphere. Using square
eywords:
C-calorimetry
lectronic phase transition
icro-chip

wave currents which produce temperature modulation around the sample and the lock-in detection
technique, we studied frequency dependence of the thermopile output (Vac) and observed a characteristic
feature in a low-frequency region. From the temperature dependence of Vac at a fixed frequency of 3.3 Hz,
we investigated a thermodynamic properties of high-Tc superconductor YBa2Cu3O7-ı and organic charge
transfer salt of (DMe-DCNQI)2Li. A thermal anomaly being associated with the superconductive transition
of the former compound and the broad heat capacity hump probably in relevant to the spin-Peierls

e wer
transition of the latter on

. Introduction

The development of micro-fabrication techniques in these years
as brought about new possibilities in fundamental researches
f materials, since advanced measurements of small area have
ecome realistic levels. By using precise fabrication methods, one
an form micron or submicron size sensors and electric circuits,
tc. on Si-based membranes. A systematic arrangement of different
unctional parts on the same membrane gives a kind of small-size
evices which are generally called as micro-electron-mechanical
ystems (MEMSs). They are now extensively used for various pur-
ose including physical property measurements in fundamental
esearches. For the purpose of studying micro-crystals which are
ifficult to obtain large crystals, thin films, nano-particles, etc. and
lso for studying the local area of samples, the usage of MEMS
evices is effective. The idea of utilizing such MEMS devices for
hermodynamic measurements gives great advantages on explor-
ng researches of condensed matters, since the background heat
apacity has been much reduced and consequently thermodynamic
ata for extremely small amount of samples can be obtained with
ood resolution.

Reflecting on these advantages, thermodynamic researches have

lready been performed by several groups and reported in several
iteratures [1–5], where the MEMS devices are used as micro-
hip calorimeters or as a kind of scanning probe to perform the
ocal area measurements. However, the design and the manufac-
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ture of MEMS devices still require special techniques accessible
only by people in special facilities with micro-fabrication appara-
tus. Recently, Schick et al. has used commercial available micro-chip
devices (TCG3880, XEN-3935, etc. which is supplied by Xensor Inte-
gration Co. Ltd.) for general use and introduced a technique for
measuring thermodynamic properties by small amount of samples
[6–8]. They succeeded to establish highly sensitive thermal anal-
ysis way and reported numerous interesting results for polymeric
materials. Details are reported for example in Refs. [6–8] and some
of the test data are displayed in the web page of Xensor Co. Ltd. [9].
The interesting idea emphasized by their group is an application
of this chip-calorimetry technique for studying non-equilibrium
state produced through the rapid scanning measurements rang-
ing to 103–105 K s−1. Since the sample heat capacity as well as the
background heat capacity is quite small in the case of micro-chips,
the extremely rapid temperature control is possible.

Using the merits of high sensitivity and easy handling of these
commercially available chips with membrane structure, it is fasci-
nating to measure heat capacity of micrometer sized crystals which
show some electronic phase transitions such as magnetic, super-
conductive, charge-order transitions at low temperature region.
These transitions are usually observed as a second order one, which
has very small �Cp as compared with the heat capacity jump owing
to the melting and the crystallization. In the case of organic charge
transfer salts and metal complexes, the crystals usually grown

from solutions are very small in the order of 10−2–100 mm, even
though their sample quality is recognized as very good. Devel-
opment of thermodynamic technique using the MEMS apparatus
for such micro-crystals is expected for detecting phase transitions
and exploring physics of these materials. We, therefore, tried to

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:nakazawa@chem.sci.osaka-u.ac.jp
dx.doi.org/10.1016/j.tca.2009.01.024
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by f is shown in Fig. 2. The Vac can be converted to the tem-
perature modulation amplitude Tac using the sensitivity S of the
thermopile. In general, Tac depends on the modulation frequency
of the heat-flow produced at the sample and characterized using
6 Y. Inoue, Y. Nakazawa / Therm

onstruct an AC-calorimetry apparatus to detect thermodynamic
eak related to the electronic phase transition appears at low tem-
eratures.

. Experimental

For this purpose, we used the chip-type MEMS device of
CG3880 which is the same one adopted by Schick et al, since the
undamental properties of the chip have extensively been stud-
ed. This chip is consisting of a SiN membrane part surrounded by
he base Si frame which serves as a heat sink. In the center of the

embrane, small resistance heater of approximately 600 � at room
emperature is fabricated. The heater resistance decreases moder-
tely with the decrease of temperatures and reaches to nearly about
80 � at liquid helium temperature. Surrounding this heater part
f which dimension is 50 �m × 100 �m, six hot junctions of a ther-
opile is arranged. Since the cold junction is situated very close

o the Si-flame, the temperature difference between the Si-flame
nd center part of the membrane is detected as an output signal
f the thermopile. The sensitivity (S) of the thermopile is nearly
.75 mV/K at room temperature and decreases to about 30 �V/K at
5 K [7]. Although the sensitivity decreases with the decrease of
emperatures especially below 100 K, the usage down to the low
emperatures of about 10 K seems to be possible if we use the
C amplifier with low-pass filters to enlarge the signal. The chip
evices are mounted on a Cu block with a diameter of 25 mm of
hich temperature is accurately controlled using a calibrated Pt

esistance (PT-111 Lake Shore) and a manganine heater of 120 � by
temperature controller (Lake Shore 340). The Cu block is fastened

o the sample stage of an adiabatic cryostat of which outer diam-
ter is 28 mm. The cryostat is inserted in the variable temperature
nsert (VTI) system equipped with a superconducting magnet and
he experiments under magnetic fields up to 15 T are possible.

The measurement using this chip has been performed by ac-
ethod in vacuum atmosphere. The inside of the adiabatic can
as evacuated better than 1.3 × 10−4 Pa using a diffusion pump.

he already reported measurements in Refs. [6–8] by this chip are
imed at studying the drastic phase transitions and glass behav-
or for polymer materials in relatively higher frequencies of about
02 Hz. The experiments are mainly performed above room tem-
erature and a small amount of exchange gas to release the heat
ffectively at relatively high frequency has been used. The example
f the measurements of intermetallic compounds in this condition
re also reported in Refs. [7,10]. However, our measurement is aimed
t detecting small anomaly owing to the electronic phase transition
elow room temperature. Therefore, to get the large sample signal
hich directly contains the sample heat capacity information, it is
ecessary to test the device under good vacuum condition where
he heat release should occur only through the SiN membrane to
he heat sink.

The signal detection was performed by the standard lock-in tech-
ique. The temperature oscillation was produced by the square
ave currents produced by the Keithley 220 programmable cur-

ent source. Using this current source, it is possible to estimate the
eater power accurately. The temperature oscillation signals are
mplified by DC amplifier (YOKOGAWA 3132) and detected by an
nalog lock-in amplifier (EG&G 5302). Since we have used a square
ave current to make temperature oscillation, the signal should
ecome exactly the same frequency as the excited current which
an be detected by normal 1f mode of the lock-in amplifier. Fig. 1

isplays the block diagram used for the present measurements. To
erform the temperature scan from 13 to 300 K, the temperatures of
he Cu block and the vacuum can were swept by the constant rate of
.1 K min−1. The amplitude of the ac oscillations of the sample tem-
erature are 0.1 K at 200 K and 0.03 K at 20 K which was adjusted
Fig. 1. Block diagram of the AC-calorimetry used for this experiment. The heater
current is supplied by a square wave by the current source and detected by the
lock-in amplifier. The frequency of the excitation currents are variable from DC to
150 Hz.

by the magnitude of the heater current applied typically from 10 to
500 �A. The small pieces of crystals of which bottom surface is as
flat as possible is attached on the heater part of the SiN membrane
by a small amount of Apizon N grease.

3. Results and discussion

At first, we have measured frequency (f) dependences of the ac
amplitude of the sensor output (Vac) at several selected temper-
atures between 13 and 240 K in order to know the characteristic
feature of this MEMS device in the vacuum environments. For this
purpose, we have used a single crystal of organic charge trans-
fer complex of (DMe-DCNQI)2Ag salt, where DMe-DCNQI is an
abbreviation of dimethyle-dicyanoquinonediimine. The obtained
frequency dependence of the ac-amplitude signal (Vac) multiplied
Fig. 2. Frequency dependences of the ac-amplitude signals multiplied by frequency
at 13, 60, 115, 160, 200 and 240 K. The data of 13 K are multiplied by a factor of 0.25.
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ig. 3. Temperature dependence of the ac-heat capacity of YBa2Cu3O7-ı obtained
nder 0 T and with magnetic fields of 5 and 14 T.

wo time constants �1, �2. The �1 is the external time constant
etermined by the heat release through the membrane and the
2 is the internal time constant determined by the thermal con-
act between the sample and the sensor. When the relation of
1 � �2 is hold and the modulation frequency is within the range of
2��1)−1 < f < (2��2)−1, the heat capacity of the sample is expressed
y a simple formula of Cs = P0/2�fTac using the heat-flow ampli-
ude P0. The appropriate region for determining the heat capacity
hould be given by a plateau appears between two characteristic
requencies f1 (=(2��1)−1) and f2 (=(2��2)−1) in f vs. f·Vac plot [11].
n the present experimental condition under high vacuum, the heat
elease through the membrane dominated by �1 might be close to
he value of �2, since the distribution of the hot junctions is large in
CG3880. In such case, the sample heat capacity should have a com-
licated f dependence expressed by Cs = F(f)P0/2�fTac, where F(f) is
function including �1 and �2 as parameters. The results shown

n Fig. 2 give peak structures which is different from the plateau
ppears in the case of �1 � �2. At present, we do not know why the
eak structure at low-frequency region of 3.0–5.0 Hz appears, since
he monotonous increase with lowering the frequencies seems to

e reasonable if we assume that F(f) = A/(1 + (2�f�1)−2 + (2�f�2)2)0.5

here A is a proportional constant. However, from the data in
ig. 2, we can observe a systematic decrease of fVac values with the
ncrease of temperature, which probably reflecting the increase of

ig. 4. Temperature dependence of the ac-heat capacity of organic charge transfer
alt of (DMe-DCNQI)2Li which is known to show spin-Peierls transition at 51 K.
ica Acta 492 (2009) 85–88 87

sample heat capacity Cs with increasing temperature. In addition,
it is interesting to note that the curvaturs obtained at differ-
ent temperatures shown in Fig. 2 has a good scaling relation in
their profiles. Therefore, we can consider that the fVac data con-
tain the information related to the sample heat capacities and
temperature dependences of this signal at fixed frequency can
give thermodynamic information of the sample. We set the fre-
quency at the peak temperature of Fig. 2 hereafter and performed
measurements.

The temperature dependences of the ac heat capacities of two
different samples obtained by the frequency of 3.3 Hz are shown
in Figs. 3 and 4. The former sample is a sintered polycrystal of
YBa2Cu3O7-ı, which is one of the high-Tc cuprates with the tran-
sition temperature of 91 K. In the figure, we can see a thermal
anomaly owing to the superconducting transition and its variation
by applying external magnetic fields. The detection of the ther-
mal anomaly of the superconductive transition using only 34 �g
sample suggests that the micro-chip devise of this kind are avail-
able to detect electronic phase transitions. Since the sample used
for this measurement was a small piece cut from a bulk pellet of
which bottom surface has been polished, the quality of the sample,
especially the superconductivity volume fraction is not so good as
compared with single crystal sample. However, the clear detection
of the signal in such pellet sample demonstrates that the system
is sensitive enough for detecting small superconductive anomalies
[12–13]. The application of magnetic fields influences the transi-
tion, which seems to be consistent with the early works performed
by pellet sample of this material.

In Fig. 4, we also show the temperature dependence of heat
capacity of organic charge transfer salt of (DMe-DCNQI)2Li sample,
which is known to show a spin-Peierls transition at 51 K, according
to the previous report in Ref. [14]. The broad hump structure related
to the transition is detected in the corresponding temperature as is
clearly observed in the CpT−1 vs. T plot in the inset of Fig. 4, but
the transition itself is broader than that observed in the previous
reported. Since the spin-Peierls transition is very sensitive to the
lattice disorder as is reported in Ref. [14], the broadening of the
thermal anomaly may be attributed to the inhomogeneous stress
due to the adhesion by Apiezon N grease. However, the detection of
thermal anomaly at the same temperature demonstrates that this
chip device is still available at low temperatures region where var-
ious type electronic phase transitions occurs in molecular based
compounds.

4. Conclusion

Using the micro-chip MEMS device of TCG3880, we have tried
to detect electronic phase transition through the ac-temperature
modulation technique. The frequency dependence of the ac ampli-
tude signal produced by the square wave currents were detected
by the lock-in amplifier. The observed frequency dependence gives
a peak structure different from the plateau, which demonstrates
that the �1 and �2 are comparable order in the vacuum environ-
ment. Through the temperature dependence of the ac signal, we
have studied the thermodynamic character of high-Tc cuprate of
YBa2Cu3O7-ı and organic charge transfer salt of (DMe-DCNQI)2Li.
Thermal anomalies related to the electronic phase transitions have
been detected for tiny piece of crystals.
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