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Abstract

The possibilities and limitations of the low-temperature modulated calorimetry are investigated experimentally and
theoretically. The effects of the sample holder and of the heat leakage into the thermocouple wires on the measured
temperature oscillations are discussed. It is shown that the effects can lead to incorrect measurements and impose limitations
on the calorimeter sensitivity and on the width of the appropriate frequency range of the sample temperature modulation. A
proper choice of materials and external parameters enables the construction of the calorimeter with sensitivity of ca. 1078 J/K
at 5 K. The presented calorimeter provides the possibility of the heat-capacity measurements up to 10° Hz at low temperatures.
High sensitivity and wide frequency range are of principal importance for investigations of complex heat capacity. © 1997

Elsevier Science B.V.
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1. Introduction

Modulated calorimetry [1-4] is based on the mea-
surement of the temperature oscillations of a sample,
which is heated by an oscillating heat flux. The AC
technique is very sensitive and it is useful for a fast
characterization of microsamples and thin films. The
AC calorimetry enables heat-capacity measurements
in the steady-state mode at continuously varying
temperatures. This is very important for phase transi-
tion investigations, when a narrow peak of heat capa-
city should be studied. On the other hand, the AC
technique gives a nontrivial opportunity for measure-
ments of a complex heat capacity ¢,y =c'+c”,
which is a function of the frequency w/27 of the
sample temperature modulation. It is interesting to
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investigate the physical meaning of the imaginary part
of heat capacity. A nonzero imaginary part ic’(’u ) of heat
capacity reveals that a slow-relaxation process occurs
in the substance. For example, consider a magnetic
system with a short time 7, of relaxation to thermal
equilibrium of the phonon subsystem and a long
relaxation time 7, of the magnon subsystem. In the
low-frequency limit, it can be shown that ¢’ ~ wry,.
The imaginary part of specific heat capacity becomes
negligible, when w tends to zero. Consequently, the
ability of high-frequency measurements is of principal
importance for ¢/ , investigations. The lower the
temperature, the higher the upper limit of frequency,
which can be achieved in the AC technique. Magnetic
systems may be convenient for experimental study of
the physical meaning of imaginary part of ¢, since the
magnetic phase transitions and the spin-glass transi-
tions [5] may occur at low temperatures. Another way
to increase the upper limit of frequency is to study very
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thin samples (of the order of 10 um). This requires
highly sensitive apparatus with low heat-capacity
detection limit. The present work is devoted to opti-
mization of the conditions of measurements and for-
mulate recommendations for optimization of the low-
temperature AC calorimeter construction. The reasons
which restrict the AC calorimetry possibilities are
examined.

2. Propagation of the temperature waves

Consider a cylinder face, which is heated by a
uniform oscillating heat flux Q = Qpcos(w?). The flux
density is ¢ = Re [goexp(iwt)]. where go = Qp/S, and
S denotes the face area. Provided the heat leakage
through the cylinder curved surface is negligible,
plane temperature waves T = Re [Toexp(iwt + kz)]
propagate along the cylinder axis (denoted as z axis),
where k is a complex wave number and 7y complex
amplitude in the z = O plane. These waves satisfy the
equation for heat transfer without heat sources. This
results in the dispersion law:

B = iwe/k, (1)

where ¢ and k are the specific heat capacity and the
thermal conductivity of the cylinder. A common fea-
ture of the plane temperature waves is the equality of
the dampmg coefficient Re (k) and the wave number
Im (k), i.e. k = k + ik, where k = we/2k. A plane
temperature wave T exp(iwt) with T, = Toexp(—kz)
is accompanied by the oscillating heat flux of a density
q. = Re [ckT exp(iwt)].

3. Temperature oscillations in the sample

Now consider a disk-shaped sample of volume V,
thickness d and radius R > d. The corresponding
parameters of the sample and of the ambient gas
are cs, Ks, ks and cg, kg, kg, respectively. A uniform
heat flux O = Re Qp[1 + exp(iwt)] is supplied to one
of the disk faces. Such a flux can be created by an AC
current flowing through a film-heater. The oscillating
part Texp(iwt) of the sample temperature depends on
the heat flux and on the sample parameters. The
temperature waves with a wave number k; propagate
from the sample faces into the ambient gas. For

Rkg > 1, these waves decay close to the sample sur-
face. They can be considered as plane waves. In this
case, the density of the oscillating heat flux flowing
from the sample into the ambient gas is

. = Re [2rk, T exp(iwr)].

The requirement w > Kycq/ (csd)? of the quasi-adia-
batic temperature modulation defines a low limit of the
frequency w. This limit can be reduced by lowering the
gas pressure p. The plane-wave approximation breaks
down at Rk, < 1. The heat-flux density from the
sample into the gas can be expressed as:

4. = Re [2"3gTw(I;g + a/R)exp(iwt)], (2)

where « is of the order of one. At low pressures, the
second term in Eq. (2) becomes dominant. Then, the
condition of the quasi-adiabaticity

w>» 1/ (3)

depends on the relaxation time 7g = c¢,dR/x, at pres-
sures lower than p; = ¢;Td/R. The condition kd < 1
for the quasi-static sample temperature modulation
can be written in the form:

/7> w, 4

where 7, = ¢,d” / k. Therefore, AC calorimetry can be
applied in the frequency range from 1/7g to 1 /7. The
range depends on the ratio (Tx/7) = KsR/(Ked)
which is usually large enough as (7g/7) ~ 10°—
10% at R/d = 10 and p ~ 10 Pa. An oscillating heat
flux supplied to the sample face at z =0 yields a
standing wave exp(iwr)[A cosh(kz) + B sinh(kz)),
which arises as a superposition of the incident tem-
perature wave and the wave reflected from the oppo-
site face at z = d. The amplitude of the oscillating part
of the sample temperature in the plane z = d equals

T.(d) = qo/ [Frskssinh(kyd)), (5)

where

F=1+28(1 + a/kgR)cotanh(k.d) + (ﬁa/k R),
and 3% = kycg/(Kscs) < 1. Let us consider 7,(d) at
1/7s > w> 1/7k and p < p;. To a first approxima-
tion on the small parameters w7, and 1/wrg we can
obtain the relation:

T.(d) ~ To/(1 + iwr,/6 + 2a/iwrr),  (6)

where Ty = Qo/(iwesV). The product w7, is practi-
cally independent on the frequency in the case of the
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quasi-static and quasi-adiabatic temperature modula-
tion. The value of the product equals Qy/(csV). The
conditions (3) and (4) can be checked by controlling
the phase shift p between the flux and the temperature
oscillations. The shift should be —=/2. Such a control
can be carried out using a lock-in amplifier.

Note, that the AC method can be used to measure
thermal diffusivity as well. In this case, one increases
the sample thickness or the frequency of the tempera-
ture oscillations so that the quasi-static condition
breaks. At large enough w7, values, the amplitude
of the temperature oscillations at z =d decreases
exponentially with increasing /wT ~ d\/cs/ks,
and the value of the negative phase shift grows in
proportion to this parameter. On the contrary, in the
case of common MDSC [6], when the temperature
oscillations are measured on the same face where the
heat flux is applied, the measurement of the phase shift
between the flux and the temperature oscillations
cannot be used for this purpose. For example, in the
quasi-adiabatic limit, when 3 =0, the measured
amplitude equals 7,(0) = go/[rskstanh(ked)] in
MDSC scheme. In this case, when d tends to infinity,
the amplitude tends to the value T,(0) = qo/v/iwksc,
which is independent of the sample thickness. Hence,
when we measure the complex heat capacity in the
common MDSC scheme, we have to control the quasi-
static condition, ksd < 1, by means of another inde-
pendent technique.

4. Temperature oscillations at the thermocouple
junction

Consider a disk-shaped sample with a wire of radius
a < R attached to the center of the disk face at 7z = 4.
Another disk face at z = 0 is heated by a uniform,
oscillating heat flux. The corresponding disk and wire
parameters are ¢, k, k and ¢y, Ky, ky respectively. The
amplitude of the temperature oscillations is disturbed
in the disk close to the region where the wire is
attached. Then, the amplitude Tw of the temperature
oscillations in the sample depends on the distance r
from the disk axis. It follows from [7] that the ampli-
tude can be represented as a sum of two terms:
T.,=Z(z) + AT.(z,r), where the plane standing
wave with the amplitude Z(z) = Acosh(kz)+
Bsinh(l}z) is accompanied by a uniform oscillating

heat flux. This term equals Ty, provided the oscilla-
tions are quasi-static and quasi-adiabatic. The second
term yields the heat leakage into the wire on the face at
7z = d. In the case of sufficiently thick disk withd >> a
the term AT, can be approximated by a superposition
of the spherical waves: AT, ~ exp(iw — kr)/r—
exp(iw +kr*)/r* at r > a, where r is the distance
from the wave source which is placed at the center
of the wire attachment and r* from the source which is
the mirror image of the former source relative to the
plane z = 0. For kr < 1, it yields the amplitude of the
temperature oscillations at z = d:

To(d,r) = To[l —e(a/r)/(2 +¢)], (7

where ¢ = kyaky/k is a small parameter for the thin
wire when ak,, < 1. The influence of the heat-leakage
into the wire on the measured temperature oscillations
is essential at high frequencies as well as in case of the
low heat-conductive samples. The influence is more
essential in the case of a thin disk with d < a. Then the
main contribution in AT, is proportional to
exp(+kz)In (r/R). The general solution at any relation
between a and d is obtained in [7]. In any case, the
reduced disturbance AT, /T, of the temperature oscil-
lations is about £/2, provided £ < 1.

The amplitude of the temperature oscillations can
be made practically uniform, if a high-thermoconduc-
tive sapphire substrate is placed between the sample
and the thermocouple. The value AT, /Ty can be made
sufficiently small, if 1/7y >»w, where 7, =
KwCwa®/ (fio)z is the relaxation time of the calorimeter
sensor, and ¢, Ko, ko are the corresponding substrate
parameters. Let us suppose that the wire of 0.05 mm
diameter is made of technical copper and the
frequency w is in the (0.1-1) kHz range at low
temperatures, and (1-10) Hz at room temperature.
Then, only if k¢ >> 1| W/K m, the oscillations distur-
bance is small: AT, /T, ~ kyak,, /(2ko). This is the
case for the sapphire substrate with g ~ 10> W/K m
in the (1-300) K range. In this case, ¢ = 1073 — 1072
at (1-300) K. Suppose the limit relative error AT, /T,
equals 8. Then the condition § > £/2 results in the
following limitation:

1/7'5>>w, (8)

where 75 = (26) *[kwcwa®/(k0)?] depends on the
sensor relaxation time and the limiting relative
erTor.
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The condition w > (a/R)*[kwcw/(csd)?] for the
quasi-adiabatic oscillations arises from the heat-leak-
age in the wire. If the new condition is less strict than
Eq. (3), the influence of the wire can be neglected.
This yields a limit for the maximal wire radius:
(ngcs/nwcw)R3d > a*. Let us suppose that ¢5 ~ cy,.
In the case considered in this paper, we have
a* ~ 107°R%d. Then, for K, > 10 %k,, the wire
influence can be neglected. This condition breaks
down for helium gas pressures lower than
pa ~ 1071 — 1 Pa at (5-300) K. Therefore, the opti-
mal gas pressure is limited by p, and p;. As a rule,
it is sufficient to pump the gas down to the pressure
(1-10) Pa.

5. Sample-holder contribution

The heat flux from the sample to the holder depends
on the area of sample-to-holder contact and on the
product spch, where s, and ¢, denote the appropriate
holder parameters. Consider the case when the only
contact between the sample and the holder is around
the sample perimeter. The quasi-adiabaticity condi-
tion, which relates the heat leakage into the holder,
brings up the following relation: w > 1/7,, where
o = (csR)*/ (rncy). If the requirement is less strict
than (3), the influence of the holder can be neglected.

Table 1

This is true if the sample specific heat capacity is not
lower than kpcpd/(kgR). The least values of the
product «c are offered by polymer compounds as
shown in Table 1. Thus, for the polymer holder the
limitation is ¢, > 300J/(m?® K) at5K andd/R = 0.1.
This means, when measuring the heat capacity of a
sapphire sample at 5 K with ¢; = 36J/(m? K), the
quasi-adiabaticity condition should be limited by the
heat leakage into the holder rather than into the
ambient gas. The effect of the holder is reduced by
fixing the sample on a thin nylon net, as shown in
Fig. 1.

6. The calorimeter cell

The calorimeter cell is a system for creation and
registration of temperature oscillations in a sample.
The calorimeter cell with a disk-shaped sample is
shown in Fig. 1. A plate-like polished sample is kept
in heat contact with a heater and a temperature sensor.
Heater and sensor are machined disks of diameter
2R = 3mm. The sample is fixed in the middle of the
sensor—sample—heater sandwich by means of thin
layers of vacuum grease (apiezon). To form the sensor
a copper field is sputtered on the polished sapphire
substrate. The thermocouple (Cu—Cu:Fe) microwires
of 0.05 mm diameter are welded to the copper field.

Thermophysical parameters of the materials used in the calorimeter design

Temperature/K Sapphire Technical copper Polymer compounds
specific heat capacity/ (J/m> K)

5 3.6 x 10! 1.4 x 107 4 x 10°

20 3 x 10° 6.3 x 10* 8 x 10°

100 5% 10° 2.3 x 100 6 x 10°

300 3.1 x 108 3.4 x 108 1.4 x 108
thermal conductivity/ (W/m K)

5 2 x 10? 10° 2x 1072

20 4 x 10° 3 x 102 107!

100 3.6 x 10? 5 x 107 2 x 107!

300 2.5 x 10! 4 x 107 2 x 107!
product of specific heat capacity and thermal conductivity / (J W/m* K?)

5 7 x 10 10° 8 x 10!

20 10 2 x 107 8 x 10°

100 2 % 108 10° 10°

300 8 x 107 10° 3% 10°
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Fig. 1. The diagram of the calorimeter cell. The sample (1) is kept
in heat contact with the heater (2) and the temperature sensor (3).
The sensor is fixed on the thin nylon net (4). The net is stretched on
the cylinder holder (5). The microwire leads (6) are welded to the
heater and the sensor.

The thermocouple sensitivity is ca. 0.01 mV/K in the
(1-300) K range. A thin chromium film is sputtered on
a polished surface of the sapphire substrate, which
serves as a heater. The copper contact pads are sput-
tered on the film, and copper microwires of 0.05 mm
diameter are welded to the pads. The sapphire sub-
strate thickness is dp = 0.1 mm. Note, that the fre-
quency of the temperature oscillations should not
exceed the upper frequency limit 1/7p = (ko/co)x
(2do)"2 for two sapphire substrates and the limit
1/71 = (k1 /c1) x (2d;)™* for two grease layers,
where ¢, k1, and d) are the corresponding parameters
of the grease layer. The upper limit wy, of the
frequency of the sample temperature modulation is
determined by the minimal of 1/, 1/7, 1/75, and
1/7;. Provided the limit relative error AT, /T, equals
6 =0.03, 2d; = 10um, and a sample is sufficiently
thin, the value of wy,y is determined by 1/7; at (5-20)
K and by 1/75 at (100-300) K, as shown in Table 2.
The relative error AT, /T, increases in proportion to
Vw. For example, the error is ca. 20% at 300 K and
w=100s"".

Table 2

The upper frequency limit wy, of the AC technique, which is
determined by the longest of the times: 79 — the time of the
temperature relaxation in the sapphire substrates; 7; — in the grease
layers; and 75 = (26)'2'rw, where the limit relative error AT, /T,
equals 6§ = 0.03; and T, the relaxation time of the calorimeter
sensor

Temperature/K  Frequency/s ™'

1/T0 1/T1 l/Tw 1/T5 Wmax
5 10°% 5x10° 5x10® 2x 105 5x 10
20 3x 107 10* 10° 5% 10 10
100 2x10° 3x10° 2x10° 6x 102 6x10%
300 3x10% 10° 7x 102 3 3

7. The sensitivity

The device sensitivity, i.e. the heat capacity detec-
tion limit, is limited by the magnitude of the effective
heat capacity C* of the cell. The magnitude of C* is
given by the heat capacities of two sapphire substrates,
two grease layers, as well as some contribution of heat
capacities of four wire connections and sample holder
contribution C,. The value of C* is measured in
advance and subtracted. It can be written as follows:

C* =nR*[2dyco+4k; ¢ (a/R)* +2d1c\ )+ Ca,
)

where k, is calculated at appropriate frequencies
w = 103, 500, 50, and 25~ ' for temperatures 5, 20,
100, and 300 K, respectively. Table 3 shows that the
main contribution to C* at room temperature is deter-
mined by the sapphire substrates. At low temperatures,
even relatively small amounts of an organic material,
such as grease, nylon and glue, provides considerable

Table 3

The background heat capacity C* of the calorimeter cell at different
temperatures calculated as the sum of the heat capacity Cy of
sapphire substrates, the effective heat capacity C,, of copper
microwires, and the heat capacity Cy; of grease layers

Temperature in K Heat capacity in mJ/K

Co Cer C. Cc*
5 5%10°5 2x10% 1074 3.5 % 1074
20 4x107% 4x10? 2x10? 107?
100 7x1070 3x1072 6x107% 08
300 4 7x1072 3x10°' 44
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Fig. 2. Temperature dependence of the background heat capacity
C* of the calorimeter cell. Shown in the inset is the low-
temperature part of the 100 x C* vs. T dependence. The set of four
squares indicate calculated C* at four different temperatures.

contribution. The threshold sensitivity is not worse
than C*/30. It means that a copper sample of thickness
ca. 10 um can be investigated by the calorimeter. The
dependence of C* vs. temperature is shown in Fig. 2.
The insignificant difference between calculated and
actual C* may be due to the sample holder contribu-
tion. The sensitivity to temperature oscillations equals
1074 K.

8. Conclusion

In conclusion, let us consider the AC-technique
possibilities for complex heat capacity measurements.
It is shown that the applicability of AC calorimetry is
well-founded in spite of the quasi-adiabaticity and the
quasi-static limitations. It takes place because of the

ratio 7g /7 is large enough: 7 /7, ~ (10° — 10%). The
influences of sample holder and wire connections can
be made insignificant. The high-vacuum technique is
not required. On the contrary, the helium gas pressure
should not be made lower than ! Pa. Due to high
sensitivity, the calorimeter enables heat capacity mea-
surements of very thin (ca. 10 pm) samples and at high
frequencies (ca. 1 kHz) at least at low temperatures.
The main reasons which restrict potentialities of the ac
technique are determined. At room temperature the
disturbance of the temperature oscillations at the
thermocouple junction restricts the upper frequency
limit and the sapphire substrates contribution to the
background heat capacity restricts the heat-capacity
detection limit. At low temperatures, even relatively
small amounts of organic material, such as grease,
nylon and glue restrict the sensitivity an the upper
frequency limit of the AC technique.
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