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Abstract

The historical, methodological and technical development and the applications of temperature-modulated calorimetry (also
known as AC calorimetry) are reviewed over the last three decades, up to about 1992. Modulation calorimetry (MC) is
compared with other calorimetric methods. Particular emphasis is given to temperature scanning and frequency-dependent
heat capacity experiments. Recent advances in MC, in particular the combination of differential scanning calorimetry (DSC)
and modulation technique — the temperature-modulated DSC (TMDSC) - is discussed in view of measured dynamic specific
heat. The theoretical models worked out before 1990 are briefly described. The limiting boundary conditions for dynamic
calorimetry are critically discussed. Some selections of experimental setups for MC, selected among about 200 citations given
here, exemplify by their characteristic experimental parameters the broad variety of existing possibilities to carry out
temperature-modulated calorimetric experiments. © 1997 Elsevier Science B.V.
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1. Introduction

In the last three decades, precision and resolution of
calorimetric methods increased significantly by the
application of improved non-adiabatic and/or dyna-
mical methods, as AC calorimetry [1-3] — which we
call by the following more appropriate term tempera-
ture-modulated calorimetry (TMC), differential scan-
ning calorimetry [4,5], heat-pulse (or relaxation-time)
calorimetry [6,7], continuous heating calorimetry
(DSC) [8,9] and the revived 3w method [10], intro-
duced by Corbino in 1910 [11]. The recent application
of temperature modulation to differential scanning
calorimetry (DSC) resulted in the construction of
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the temperature-modulated scanning calorimeter
(TMDSC) [12]. This had a profound impact on the
technical development of both DSC and TMC equip-
ment, on the underlying theoretical background of
these dynamic instruments as well as on the physics
and chemistry of the measured values, e.g. dynamic
heat capacity and related kinetic mechanisms.
Modulation calorimetry, better known to physicists
as AC calorimetry, was introduced in 1968 by Sullivan
and Seidel [1,13,14] and Handler et al. [2], simulta-
neously. Today, it is a well-established, reliable and
widely used — now ‘classical’ — calorimetric method
particularly suited for the investigation of small sam-
ples and good caloric resolution at all temperatures.
The method is theoretically well understood ([1,5,
15-22]; for more Refs. see Table 5). It has been set
up in widely different types of experimental arrange-
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ment (see Section 4) and used at very low (T < 1K)
and very high temperatures (up to 3600 K) as well,
including linear temperature scanning, measurement
of frequency-dependent heat capacities ([5,10,16,21~
30]; see also Table 5) and time dependence of specific
heat [10,31-34]. However, in most experiments, the
information from the phase of the temperature signal
was not utilized. The frequency dependence of the
heat capacity was scarcely studied over more than
one-and-a-half decades and the frequency range
remained usually restricted to the (1-10) Hz range.
On the other hand, differential scanning calorimetry is
widely used in physics, chemistry and material science
in the temperature range from 100 to 22000 K. It is
accepted as a useful tool for the investigation of
chemical reactions, phase transitions, a source of
thermodynamic data and for establishing phase dia-
grams. Since they are commercially available, the
instruments are widely used in industrial research
and production control. In recent years, the theory
of DSC and its understanding progressed considerably
[35-39], and some shortcomings were understood and
can be accounted for or compensated today [36-39].
The combination of DSC and TMC techniques, how-
ever, led to some confusion and misunderstanding in
the last three years with respect to the interpretation of
data gained with TMDSC. Although TMC and DSC
by themselves are understood rather well in most
details of heat flow and internal thermal relaxation
times, it turned out that the simultaneous effects of
temperature scanning and periodic heating/cooling
are not described sufficiently by the present models.
The essential implication of TMDSC originates from
the fact that, besides the temperature-dependent heat
capacity, the frequency dependence of heat capacity
becomes involved. Hence, any type of relaxation
phenomenon, being intrinsic to the sample studied
and/or characteristic of the calorimetric cell used
(heat resistances), influences the experimental results.
TMDSC should, strictly speaking, be called spectro-
metry. It enables measurement of C(T,w), the
dynamic heat capacity that is as a function of rem-
perature and frequency. This feature, at first glance,
appears surprising since heat capacity is in general
considered to be a static thermodynamic quantity.
More drastically, it can be expressed as follows:
thermodynamically non-equilibrium properties can
be studied with temperature scanning methods at

various scanning rates. This situation necessitates
recalling the concept of dynamic heat capacity and
considering how the heat capacity depends on the time
scale of the experiment. Similar to the concept of
treating real and imaginary parts of physical para-
meters, e.g. impedance, susceptibility, dielectric con-
stant, sound velocity or optical absorption, the specific
heat displays real and imaginary contributions.
Indeed, the mathematical fundamentals of dynamic/
complex heat capacity are already described in litera-
ture [40,41]. It is referred, in analogy to the mechan-
ical modulus (stress/strain ratio), to the general
response theory in order to extend the definition of
the static specific heat to a dynamic one. There is,
however, an essential difference between the imagin-
ary part of heat capacity and the imaginary part of
other physical properties. The latter are normally
related to dissipation processes. That is generally
not true for heat capacity, because heat is not con-
verted to other forms of energy. Whenever, an ima-
ginary term exists, the entropy increases. However, for
heat capacity phenomena, the phonon system acts
usually as a thermodynamic heat reservoir, and during
storage and loss of heat by samples, the intrinsic
relaxation phenomena remain in most cases reversible
when averaged over a sufficiently long time (i.e.
chemical reaction are excluded). The reader may find
more details on that tricky problem in the contribu-
tions by Donth et al. [46], Jeong [47], Schawe [48] and
Wunderlich et al. [45].

In this paper, as foundation for the discussions in the
IV Lihnwitz Seminar, and to arrive at a better under-
standing of TMDSC, the historical, methodological
and technical developments of MC are traced, the
particularities outlined and future prospects discussed.
Section 2 of this review describes the fundamentals of
modulation calorimetry and outlines its historical
development. In Section 3, MC is compared to other
classical calorimetric methods and advantages and
disadvantages of MC are listed. The present knowl-
edge on modelling MC and the critical boundary
condition for application of MC is discussed in Sec-
tion 4. Then, in Section 5, we refer to a selection of
typical methodological and experimental arrange-
ments, described in the literature. Finally, we conclude
with a summary of the critical parameters and condi-
tions for MC and TMDSC and outline possible future
developments and requirements.
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It is a necessary, to draw attention here to the many
expressions and abbreviations used for temperature
modulated calorimetry, e.g. alternating-current (ac, or
AC), alternating-heating/cooling, periodic, oscilla-
tory-, undulatory-heating method, etc. that will lead,
in future, almost to confusion. As one example, the
frequency of heating could increase linearly in an
isothermal experiment; the result: frequency-modu-
lated calorimetry. Therefore, according to the results
of discussions during the present workshop, we use
the term ‘temperature-modulated’ calorimetry or
TMDSC; by analogy, it is proposed to use power-
modulated, frequency-modulated, thermal-radiation
modulated calorimetry, etc.

Finally, the author notes that this review was con-
sciously restricted to the development of MC before
the appearance of a commercial TMDSC instrument
in 1992 [12]. Also, it does not include details on the
so-called 3w-method that is described in detail in Refs.
(10,47].

2. Fundamentals and history of temperature
modulated calorimetry
2.1. Historical

The first measurements of specific heat, by the
modulation method, were performed by Corbino in

1910/11 [11]. Corbino developed the theory and
indicated how to use the resistance of electrically
conducting samples to determine the temperature
oscillations. He detected oscillations of the resistance
either by passing an additional alternating current, the
frequency of which was equal to that of the tempera-
ture oscillations, or by recording the amplitude of the
third harmonic signal. The latter method is the basis of
the so-called ‘3w method’, which today finds rapidly
increasing application, also due to the recent develop-
ment of TMDSC and increased interest in complex
heat capacity.

The basic and characteristic steps of the historical
development of TMC are compiled in Table 1.
Remarkable advancement was then made in the
beginning of the sixties. The progress achieved, from
1960 to 1965, by Rosenthal [49], and Filippov and
Yuchak [50], refer to the high-temperature range,
where metaliic or refractory samples were investi-
gated and the (oscillating) sample temperature was
detected by measuring the sample resistance or the
sample’s thermal emission. In 1962, Kraftmakher
developed AC calorimetry and measured heat
capacities of metals up to 3600 K [51]; subsequently,
in 1981, applying also ‘high’ frequencies (> 10° Hz)
[52]. Unfortunately, the comprehensive work of the
Russian groups in the field of high-temperature
TMC is less well known [see Ref. [5] for further
references].

Table 1
Important steps in the historical development of modulation calorimetry
Year Subject Authors Ref.
1910 General theory of principle of 3w method Corbino [11]
1911 First application of third-harmonic principle Corbino [11]
1922 Use of thermionic current oscillations Smith and Bigler [89]
1960 Development of third harmonic (3w) method Rosenthal [49]
1962 Bridge circuit for wire sample at T > 1200°C Kraftmakher [51]
1963 Application of photodetectors Loewenthal [90]
1965 Heating by electron bombardment Filippov and Yuchak [91]
1966 Modulated resistive-heating and low-temperature experiments Sullivan and Seidel [1]
1967 Modulated light-heating Handler et al. 2]
1974 High-pressure calorimetry Bonilla and Garland [59]
1979 Improvement of light-modulated method, measuring of thermal Hatta/Ikeda and Ishikawa [21,92]
diffusion coefficient
1981 High-frequency relaxation (> 10° Hz) Kraftmakher 93]
1986 Specific heat spectrometer Birge/Dixon [23-25]
1989 Ultra-small sample measurement (< 100 pg) Graebner/Inderhees {19,170]
1991 Temperature-modulated DSC (TMDSC) Reading, Elliot and Hill [12]
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A landmark in the TMC history was the new
method introduced by Sullivan and Seidel, and
Mapother et al. in 1966/67, subsequently called AC
calorimetry [1,2,13,14]. Using external light or resis-
tive heating with the sample on a sample support, the
method enables one to determine the heat capacity of
any type of sample if certain restrictions concerning
thermal relaxation times are kept in mind. Some of the
numerous, and very different installations, as
described in the following years in the literature, will
be briefly characterized in Section 5. Among those are
applications to measure heat capacities — near phase
transition with high-caloric and high-temperature
resolution (<10_5) [21,30,53-58,65,67-70], at high
pressures by Bonilla and Garland and others
[18,53,56,59-63], in high magnetic fields [13,19,
30,63,68], with extremely small samples (25 pg) by
Graebner [19] and also other groups [65-67,71-73],
the thermal diffusivity measurements (on thin films by
periodic heating) [20-22,74], experiments in noisy
environment [68] and experiments with extremely
small scanning rates (< 0.1K/h) [67,70,75]. The
method followed the pioneering experiments on the
frequency-dependent heat capacity by Birge and
Nagel [8,23,24], and Dixon [25] using the 3w method
that has now been further developed [10,76-79]. The
interesting development of TMC technologies in
the seventies and eighties culminated in 1991 when
the TMC principle was transferred to the widely
used DSC instruments that led to the present rapidly
progressing development of commercial TMDSC
equipment [12].

2.2. Principles of classical temperature-modulation
methods

While looking at traditional modulation calorime-
try, one quickly stumbles upon a clue for the difference
between AC calorimetry and TMDSCs: The former is
directly related to quasi-adiabatic calorimetry, the
latter is a heat-flow instrument. Thus, in the AC-type
arrangement, the oscillating temperature (or
enthalpy), monitored at the calorimeter cell (sample/
sample-holder /heater/thermometer assembly), is
thermally directly related to the periodic heat input
into the cell. According to Fig. 1, the thermal resis-
tance Ry is rather high and the thermal-relaxation time
Tg of the calorimetric cell is mostly of the order of a

Tas /Heat shield

|__—Sample

RB"’K-‘_

W el

Fig. 1. Principle arrangement for a calorimetric measuring cell.
T ~ temperatures of thermal bath; Tys — heat shield; 75 — sample;
Kgy — thermal link with conductance (or Rg - thermal resistance),
respectively: and Cs — sample heat capacity.

few minutes or an hour. The measurement is carried
out under guasi-adiabatic conditions. In contrast, in
the DSC-type instrument, the temperature oscillation
in the calorimetric cell itself is produced indirectly:
The cell is attached to a heat reservoir, whose tem-
perature oscillates and the oscillating heat flow — from
the reservoir to the cell — is registered by a thermo-
meter, which gives an indication of the transferred
enthalpy. The latter case corresponds to the TMDSC
operational mode. As seen in Fig. 1, Ry is rather low,
with 7 being of the order of a few seconds and the
thermometer is located along the thermal link Rg. The
measurement is performed under isoperibol (i.e. non-
adiabatic) condition. The difference between the two
types of dynamic calorimeter does not show up if the
heat capacity is purely static; however, it generates
significant differences in the time dependences of the
temperature amplitude as well as in the phase beha-
viour when the heat capacity is complex, i.e. possesses
an imaginary contribution. The calorimeters described
below are all of the ‘AC’ type. The ‘DSC’ type
calorimeters are discussed in Refs. [12,42-45,48].
Modulation calorimetry consists in generating a
periodic oscillation of power P(r) with the frequency
2w that heats the sample (having a heat capacity, Cs)
and in recording the resulting temperature oscillations
Tac(t) as a function of time. The measured tempera-
ture oscillates with the same period and an amplitude
ATac(t) around a mean temperature Ty;. A phase shift
¢ develops between P(¢) and Tac(#) due to the finite
thermal resistance Rp (or thermal conductance Kg)
between the sample/sample-support ensemble and its
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surrounding (thermal bath, Ty and the heat shield, Tys,
and the general situation: Tg =~ Tys). The principle of
such a calorimeter is shown in Fig. 1. The basic
relations for a modulation calorimeter result from
the following common equation that describes in its
simplest form any calorimetric system as shown in
Fig. 1:

P(t) = CS(dT/dt) + KB(TS — TB) (1)
If one drives the heater with a current I = I cos wt,

then Joule heating occurs at a frequency 2w at the
heater. Eq. (1) then modifies to:

P(t) = Pace™ = RwCsAT*(1)e'*"
+ Kg AT (t)e o

The solution AT(¢) can be written as:
ATl = AT AT @

where AT* denotes the complex amplitude of the
oscillations. Introducing the complex heat capacity
as C§ = C' — iC”, the real and imaginary parts of heat
capacity, the temperature oscillations and the phase
shift (between power and temperature) are given by
the following four equations:

C' = —(Pac/2w|AT*|)sin ¢ 4
C" = (Pac/2w|AT*|)cos ¢ — K /2w 5)
|AT*| = Pac/[(2wCs)” + K3]"/* with Ky

= [Pac/|AT"[Jcos ¢ (6)
¢ = arctg {2wCs /K } 7)

These formulas simplify to the oft-cited equations
when dealing with a purely static heat capacity, since
in that case C" =0.

For this simplified system (Fig. 1 and Egs. (1) and
(2)), we must assume that the thermometer is con-
nected to the sample without a thermal resistance and
that the mean temperature, amplitude of temperature
oscillation and phase shift are the same throughout the
sample. We note, that the moduiation method requires
a heat loss by heat conduction to the thermal bath over
Rp (or equivalently, Kg) or by radiative heat to cool the
sample after a half-period of heating. As a conse-
quence:

(i) MC can never operate under strictly adiabatic
conditions and there always exists a heat flow from

the sample to the thermal bath through Rp; and
(i) if Ry is chosen such that Rg >> Cs, then Eq. (6)
yields ATac = Poc/wCs and the phase ap-
proaches the value ¢ = —(n/2). These are the
usual working conditions of a traditional AC
calorimeter and the system works under quasi-
adiabatic conditions.

For all other cases, we must account for heat losses
and phase shifts between input power and sample
temperature. Therefore, we have to use the full for-
mulas given in Egs. (6) and (7).

Finally, according to Eqgs. (1)—(7), the oscillations
are automatically superimposed by a linear tempera-
ture increase, given by ATpc = PacRg/2. An addi-
tional DC power is often applied for scanning
experiments.

In the general case, Eqs. (4)-(7) contain three items
of information: the heat capacity Cs and, as in all
classical calorimetric measurements, the heat conduc-
tance Kp, and eventually sample-intrinsic stored
energy that is released with a characteristic thermal-
relaxation time 71 (what is equivalent to a heat pro-
duction or in some cases to a heat absorption inside the
sample). This leads to a complex heat capacity, i.e. a
C” term. It is obvious that the frequency used con-
stitutes yet another variable parameter in the
experiment. Measured heat capacities, therefore,
are forced to depend on temperature and frequency
in any modulation-type experiment. This may even
be the case when no sample-specific relaxation
mechanism occurs inside the sample itself: there
always exist other thermal relaxations in a caloric
cell resulting from the various experimental arrange-
ments; as for example, from frequency-dependent
thermal resistance between the different components
of the cell. The result — the response of the sample to
heat input — depends on the experimental time
scale and its relationship to intrinsic relaxation phe-
nomena. Therefore, more than in all other calori-
meters, the relationship between the various
relaxation times of the modulation experiment are
of crucial importance to enable well-defined and
acceptable results:

(i) the external relaxation time, 7g, that charac-
terizes the thermal relaxation between sample and
its surroundings, given by 73 = Cs/Kp;
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(ii) the internal relaxation time, 75 = Cs/ks (ks
being the thermal conductivity of the sample),
describing the internal equilibrium of the sample
that usually includes the heater and the thermo-
meter; and

(iii) 71, which is the characteristic relaxation time
for any sample-intrinsic relaxation process.

As a rule, good heat capacity experiments are carried
out when the derivative of the amplitude of the heat-
ing-power-induced oscillations d(ATac)/d¢ is much
larger than the change in absolute temperature
d(6Tpc)/dr (per unit time) that occurs during one
period because of heat loss across the thermal link
Rp or due to scanning (Fig. 1):

d(6Tpc)/dr < 0.01d(ATac)/dr

is required. Otherwise, the amplitude ATa¢ will not
correctly display the related heat capacity Cs.

The periodic heating of the sample and the tem-
perature monitoring can be done in different ways that,
according to the chosen combination, offer a multitude
of experimental arrangements:

e Direct Joule heating, with either AC- or DC-current
passing through the sample or an external heater
being attached to the sample during a given period
of time, periodic heating by alternately chopped
light absorption (contact-free heating), electron
bombardment, inductive heating of metallic
samples, etc.

e Various resistance thermometers (for the different
temperature ranges), thermocouples, diodes,
pyrometers, etc.

We note that, in contrast to other calorimetric meth-
ods, in the TMC the sample can be located in vacuum
or in exchange gas. AC calorimetry is, apart from DSC
instruments, the only caloric method for which a
commercial instrument has successfully been intro-
duced in the market [80].

Evidently, modulation is not restricted to sinusoidal
oscillations but can have any other waveform, e.g.
rectangular or triangular wave forms have been used
[60,70,81]. Modulation was also induced indirectly to
the sample by giving a modulated power to the heat
shield [82].

A modification of the TMC technique — the 3w-
method — is based on the original work by Corbino

Heater / Thermometer

Sample

Thermal
Gradient

Fig. 2. Schematic view of a calorimeter for measuring with the
3w-method.

[11]. Later, Rosenthal [49] and Filippov [50] used the
bridge technique to measure third harmonic signals.
Smith applied the method to measure frequency-
dependent heat capacity of Ge [83]. In 1986/87 Birge
and Nagel reported in detail on dynamic heat capacity
experiments using this method [23,24]. Their experi-
ment allowed to measure the dynamic specific heat
over a wide frequency range, (1-3) kHz, for the first
time. In the meantime, the frequency range has been
extended to the (1-10) kHz range. The setup may be
regarded as a thermal spectrometer and is schemati-
cally shown in Fig. 2. The experiment relies on heat
diffusion from an infinitely long and thin plate heater
of width d on the surface of a semi-infinite medium,
realized by immersing the heater (evaporated on the
bottom plate) in a liquid or, alternately, deposits it on a
solid sample [23,24,78]. The technique exploits the
fact that the solution of the heat diffusion equation has
the simplest form in one dimension near a heater with
simple geometry [84], when the thermometer and
heater are identical in that arrangement. Thus, the
source of limited frequency range, the fact that heater
and thermometer are separated, is eliminated. In this
type of experiment, the same thin-film metal resistor-
element is used as both heater and thermometer. Thus,
the restriction imposed by finite size of the sample is
removed. The frequency range is limited by the geo-
metry of the heater. The solution for the heat-diffusion
equation (planar infinite long strip on a semi-infinite
surface) is given by Carslaw and Jaeger [84] and is
described in full length in Ref. [47]. The result says
that the amplitude of the temperature change at the
surface T{x,y = 0), resulting from a power input to
the heater, decays exponentially in the y-direction with
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the characteristic thermal length Ay,
Ab = (kwCs)? = (D/2r)!/? (8)

where « and D are the heat conductivity and the
thermal diffusivity of the material of the semi-infinite
sample. The two cases d < Ay, and d > Ay, may be
investigated. The case, d < Ay, which is not dis-
cussed here, allows to determine the heat conductivity
alone. The other case, d 3> Ay, is the common experi-
mental condition encountered. The temperature
oscillation is obtained as [84]:

ATac=(PAn/dr)= [(P/d)/(zwcsﬁ)l/Z]e—in/zx
9

The resulting temperature oscillations are propor-
tional to the power input per unit area and related
to the product of heat capacity and thermal conduc-
tivity. Provided & is known, the dynamic heat capacity
can be obtained from Eq. (9).

In order to create temperature oscillations, a current
I = Iy coswt is passed across the heater and produces a
heat flux with frequency 2w:

P(1) = Ppce'™ (10)

from the heater into the sample. The DC component of
P(t) establishes a time-dependent gradient in the
y-direction in the sample. Since the resistance of the
heater has a temperature coefficient ¢, its resistance
R(?) and the resulting voltage drop V(¢) also oscillate:

R(f) = Rpc[l + a|ATac|cos(2wt + @) (11)
and
V(1) = I(t)R(t) = IyRpc cos(wt)
+ (IoRpc/2)a| AT ac|[cos(wt + ¢)
+ cos(3wt + )] (12)

In Eq. (12), it is the third term that contains the
essential information, namely AT ¢ with a frequency
3w. Although the 3w signal is relatively small
compared to the first two terms (oscillating with w);
it is not mixed and it allows registering the
temperature amplitude and phase shift, and it can
be well separated by the lock-in technique. For more
experimental details, the reader is referred to Refs.
[10,23,47,78,79].

Due to the low mass of the heater, acting simulta-
neously as generator and detector, the ‘external’

relaxation time of the calorimetric system can be held
at an extremely short value in comparison with other
calorimetric arrangements. The basic limitation that
must be respected is that the thermal wavelength A,
should be much longer than the thickness d and much
shorter than the shortest lateral dimension L of the
heater:

L>»Mm>»d (13)

where Ay, is given by Eq. (8). One can satisfy this
condition, e.g. with d = 1075 cm, L = 1 cm, for the
frequency range from a few mHz to kHz. For this
reason, the 3w method — and its variations — have
experienced a widespread revival. It is the method
best suited to measure the frequency dependence of
the heat capacity over a relatively wide frequency
range.

There are only a few experiments using the TM
principle for the determination of thermal diffusivity
D so far [20,21,26,74,85-88,95,96]. Howling et al.
[86] measured D on centimeter-sized metal rods in the
temperature range of liquid helium. The decay of the
temperature oscillations was detected on two different
positions along the rod. Plate-like samples (thickness
(0.1-1) mm) have been measured by light irradiation
using the AC calorimetric method. D was obtained
from the observation of the phase difference of the
temperature oscillations, or from the phase shifts and
temperature amplitudes at the front and rear surfaces.
Measurements of D parallel to a thin plate were
reported by Salamon et al. [87]. In these diffusion
measurements, a part of the sample was shadowed by a
mask and the diffusivity was determined from the
oscillating temperature amplitude observed both at an
unmasked and a masked point. An advanced modifi-
cation of this experiment was developed by Hatta in
1985 [74]. The arrangement is schematically shown
in Fig. 3. Light energy P = Pace™ (for x < 0) is
supplied uniformly to the unmasked left side portion
of the plate-like sample with thickness d
(50pum < d < 300pum), whereas the right side is sha-
dowed by a movable mask. The periodic heat,
absorbed by the sample, propagates one-dimension-
ally, along the x-direction in the sample into the
shadowed region (to the heat sink on the right side).
The resulting temperature oscillations AT,c are
detected behind the masked area by an appropriate
thermometer, e.g. a thermocouple. It is assumed that
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Fig. 3. Schematic view of light modulated measurement of thermal
diffusivity. Sample thickness is d.

no temperature gradient perpendicular to the sample
plane occurs. Thermal diffusivity is calculated from
the solution of the one-dimensional heat diffusion
equation with the given boundary conditions for
x>0 [84]:

ATac(x) = [Pac/2(iwcd + Kg)]exp{[(iwcd
+ K)/kd)'?x} forx>0 (14)

where c is the heat capacity per unit volume, d the
thickness of the sample and & its heat conductivity; Kj
denotes the heat conductance from the sample to the
thermal bath (on the right side in Fig. 3). The external
relaxation time is given by: 75 = cd/Kg. Eq. (14)
simplifies to:

ATpc(x) =[Pac/2wedlexp{ —+x—i(kx + 7/2)}
(15)

when the conditions wrg <« 1, D=«x/c, and
k= (w/ 2D)"/? are introduced. The condition

rd = d(w/2D)"? < 1 and wrg < 1 (16)

must be fulfilled for a correct measurement to be
performed.

The method is related to the thermal wave techni-
ques. Obviously, the amplitude as well as the phase
change in Eq. (14) changes as a function of w and x.
This enables determination of the thermal conductiv-
ity « and the diffusivity D along the x-direction from a
measurement of the x dependence of the temperature
amplitude. Equally, a measurement of the dependence
of the amplitude or the phase yields the value of D
{74.94-111].

Besides the measurement of heat conductivity or
diffusivity, the method described can alternately serve
to find heat capacities according to the AC method

described before: the unmasked part constitutes the
sample, the masked part is the thermal link. Simulta-
neous determinations of heat capacity and thermal
diffusivity were also performed [87,99-103,105-107].

All the TM techniques described here — AC calori-
metry, 3w method, light-modulated diffusion experi-
ment — are well-suited for computer-controlled
automated measurements.

In the last two years, because of the appearance of
commercial TMDSC’s, the broad know-how of tradi-
tional AC calorimetry was rapidly combined with
DSC technique [29,101-108]. That had an enormous
impact on the investigation of dynamic heat capacity
phenomena and technological progress, like better
temperature and caloric resolutions, application of
light-modulation to DSC, shorter calorimeter time
constants (compared to commercial DSC), simulta-
neous measurement of heat capacity by DSC and AC
calorimetry using the same apparatus including linear
temperature scanning [30,87,101,103,104,109] and
the combination of TMC and relaxation time (non-
adiabatic step heating) techniques [106]. It is inter-
esting to note that the intensified research on dynamic
heat capacity — and new technological accomplish-
ment — today has been initiated by “TMDSC” although
all the ingredients for measuring C(T,w) were avail-
able for more than one decade. It seems that physicists
did not take enough care to exploit the phase informa-
tion and the potential of classical AC calorimetry.
Vice-versa, few chemists, in particular, very few TA-
scientists followed the calorimeter development in
other fields of science, e.g. low-temperature calori-
metry where high-precision differential experiments
enable to achieve an accuracy of 0.02% on milligram
samples [8,9,186-190]. More work must be done to
transfer the knowledge on that topic from the various
areas of science to the field of thermal analysis. The
most recent development clearly also suggests that
TMDSC is a bad solution for the determination of
C(T,w). The methods and arrangements of traditional
TMC, in particular the low-temperature installations
and the 3w method, are much more suited to expand
the frequency range for any C(T,w) studies.

2.3. Application of TMC

An external heater together with resistance thermo-
meters or heating by light absorption and temperature
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detection by thermocouple have been used, with
advantage, in the low-temperature range
(T < 300K), whereas resistive sample heating and
pyrometric temperature registration were applied
above 1500 K. Modulation calorimetry, in comparison
with other calorimetric methods, has been performed
over the largest temperature range, from 40 mK to
3600 K [5,51,72,112]. TMC was also carried out with
frequencies as low as a few mHz up to 10kHz.
However, the number of published reviews on mod-
ulation calorimetry remained rather scarce, presum-
ably, because of the large amount of constructions
reported, either for a special temperature range in
case of certain physical phenomena such as phase
transitions, for a particular type of samples, e.g.
thin films, or for certain materials. Nevertheless,
most of the basic knowledge is contained in the
reviews on calorimetry [4,5,47,51,111,113-118] and
is, to a great extent, identical for all calorimetric
methods. In the three decades of using TMC, more
than 200 papers have been published on TMC-tech-
nology and the number of contributions dealing with
results from TMC measurements will go far beyond
1000.

TMC is only a narrow area of the broad field of
thermal analysis, but we should be aware that it is also
only one technique among other modulation techni-
ques currently applied in physics of thermophysical
data when a higher resolution is required. Modulation
is frequently used to measure thermal dilatation
[119,120], electrical resistance [51,121], thermoelec-
tric power [56,122-124] and other quantities
[5,51,124]. Here, one has to discriminate between
modulation methods (as explained before) and deri-
vative methods where the derivative of a physical (or
chemical) quantity with respect to another parameter
is measured, e.g. change of heat capacity with mag-
netic field, dCs/dB. The information obtained from
modulation experiments comprise the amplitude sig-
nal and the phase signal whereas simple derivative
technique only yields higher resolution.

As will be shown in the next section, TMC fulfills
most of the requirements of a reliable, powerfulness
and economical calorimeter for modern materials
science: Very small samples required, very high rela-
tive temperature resolution achievable, possibilities
of automation and short measuring times. For that
reason, in the last 20 years, hardly any phenomena in

specific heat [64] have been studied with TMC,
particularly phase transitions:

e phase transitions of ferri-, ferro- and antiferro-
magnetic, ferro- and ferri-electric, superconducting
materials, spin-glasses, structural transition in
solids, liquids, liquid crystals and biological sub-
stances, also critical behaviour, etc.; and

e heat capacity of metals, semiconductors, insulators,
inorganic and organic solids and liquids, binary
alloys, single- and polycrystalline materials, pow-
ders, and biological material.

Two reviews have appeared concerning the use of
MC for studying phase transitions [55,67]. An
extended overview on MC is given in Ref. [5].

Nevertheless, it remains a significant potential to be
explored in future: The phase information, which is of
particular interest in non-equilibrium thermody-
namics, kinetically hindered processes, melting phe-
nomena, thermal hysteresis, incommensurate phases
and glassy-type transitions. Dynamic heat capacity is
one subject that has been of great theoretical interest
for a long time. The recent technological progress in
TMC renewed that interest and, with modern electro-
nics now, opens new ways to investigate frequency-
dependent heat capacity and to study the product of
heat capacity and thermal conductivity.

3. Comparison of TMC with other calorimetric
methods

In this section we compare the most frequently used
calorimetric methods with temperature-modulated
calorimetry to point out the advantages and disadvan-
tages of TMC, to evaluate its optimized application
and to find out its limitations.

3.1. Calorimetric methods — a comparison

The principal arrangement of any type of calori-
meter is that shown in Fig. 1. It may work in thermal
equilibrium (called ‘static’) or non-equilibrium,
mostly in the scanning mode (named ‘dynamic’).
The often used and best known calorimeters work
as isothermal, adiabatic (Nemst-type) or isoperibol
(i.e. quasi-adiabatic) step heating systems, as contin-
uous heating (or cooling), temperature modulation,
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Table 2
Classification of calorimetric measuring methods *
Thermodynamic classification isothermal isothermal quasi-adiabatic adiabatic
RB: RB?/—‘O RB%O Rg = oc
Thermal shield control: Ts = Tsu Tsg = const Tsy = const Tsu = Tsu(t)
Ts = TSH(I) Ts = Ts(t)
Tsu = Tsul?) Tsn = Tsu(f)
Detection of caloric signal
Compensation of measuring effect by phase 1,2 2 2
transition or thermoelectrically
Measurement of time-dependent temperature change 2,38 45,06,7, 8 2,55, 6
Measurement of local-spatial temperature difference 9T- 1IT
Measurement of frequency- or time-dependent 11 7,8 5

heat capacity

? The different types of calorimetric methods are labelled by 1 to 11:
(1) —1sothermal ice calorimeter type; (2) ~ Mixing or dilution calorimeter; (3) — Relaxation time calorimeter (PHC); (4) — Quasi-adiabatic
calorimeter (QAC); (5) — Adiabatic (Nernst-type) calorimeter (ADC); (6) — Continuous heating (scanning) calorimeter (CHC); (7) -
Temperature-modulated calorimeter (TMC); (8) — Third harmonic method (THC); (9) - Differential scanning calorimeter (DSC); (10) —
Differential thermal analysis (DTA); (11) - Temperature-modulated DSC (TMDSC).

1. S denotes: Stepwise-heating required.
2. T denotes: Twin arrangement of caloric cells.
3. Italic lettering denotes: Scanning mode possible.

pulse-heating methods, with the 3w method or as
differential thermal analysis instrument. In all types
of calorimeters, the surrounding (thermal shield) can
create either adiabatic, isoperibol or isothermal con-
ditions for the calorimeter cell. The calorimetric
methods are classified in Table 2 according to the
given thermal boundary conditions (isothermal, iso-
peribol or adiabatic) and the way how the thermal
event is detected. The calorimeters may be further
divided in stepwise-heating (denoted in Table 2 as ‘S’)
and temperature-scanning type instruments (labelled
by italic lettering in Table 2). A further division is
made in single sample/sample-support and double
(twin-type) arrangements (labelled ‘T’). Twin devices
are used when reference samples are required for
determining the caloric signal qualitatively, e.g.
DSC. The class of isoperibol and quasi-adiabatic
calorimeters can also work at constant temperatures
in order to observe the change in Cs under the
influence of an external parameter, e.g. pressure,
magnetic field.

In Table 2, the transition from one method to the
next one is always smooth. The external relaxation
time 7g is decisive for the method applied, i.e. the
manner in which the heat shield is controlled and the

heat transfer between shield and the sample/sample-
holder assembly takes place (heat conduction, heat of
radiation, exchange gas). The heat-shield temperature
T;s may: (i) be held constant as an isothermal shield;
(ii) follow the sample temperature adiabatically or
with a temperature difference between shield and
sample (isoperibol); or, conversely (iii) the sample
follows the shield temperature adiabatically or iso-
peribolically. Moreover, in former times every calori-
meter was especially designed to a specific measuring-
method or purpose. Today, thanks to modern compu-
ters and high-quality and flexible electronics, their use
enables running on the same calorimeter-hardware,
with the same sample /sample-holder and heat-shield
assembly, different software that permits us to work
the calorimeter according to the various methods.
Also, a certain method with various shield-control
operations, e.g. Nernst step-heating, pulse-heating
or temperature modulation with isothermal or adia-
batic thermal shield, can be chosen [9].

The adiabatic (Nernst type) calorimetry (ADC)
[113-118] — we refer in the following, again to
Fig. 1 — is today often carried out as quasi-adiabatic
method with an isothermal shield at low temperatures
(below 20 K) and an adiabatic-shield control above
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Table 3

Table of characteristic parameters of the most common type of calorimeters

Parameter ADC QAC T™MC PHC CHC DSC TMDSC THC
Inaccuracy, absolute(%) < 0.1-1 0.5-2 2-5 2-5 0.7-5 2-10 2-10 2-20
Inaccuracy, relative (%) < 0.1-05 0.1-1 0.01 1-3 0.3-5 0.5-5 0.5-5 < 1-5
Temperature-resolution (%) + + ++ + ++ + + ++
Sample mass (mg) > 5000 10-500 1-100 50-500 50-1000 10-100 10-100 < 0.1-1000
Temperature-range (K) all all 0.3-300 all 15-300 > 100 > 100 all
Measuring time week days days days hours hours hours hours
Flexibility + ++ + + + ++ + -
Heat-transfer control ® — ++ + — + - - ++
Thermal equilibrium. ® — ++ ++ + + - —? +®

? Always to be checked.

® 4+ — reasonable good; ++ — very good; — less good; and — bad performance with respect to the indicated property.

¢ Remarks:
ADC (Adiabatic calculation) — highest absolute accuracy.

TMC (Temperature modulated calculation) — best relative resolution for temperature and caloric signal.

PHC (Pulse-heating calculation) — well suited for low temperature and non adiabatic conditions.

CHC (Continuous heating calculation) — high resolution, good absolute accuracy and suited for small samples.

DSC (Differential scanning calculation) — moderate precision and suitable for measuring small samples.

TMDSC (Temperature-modulated DSC) — similar to DSC, but provides additional information on complex heat capacity available.

(Rp = 00). The Nernst method modifies into a pulse-
heating calorimeter (PHC) [6,7,112-114,118] under
strong non-adiabatic (isoperibol) conditions (Rg =2 0).
Pulse-heating is realized at constant temperature or as
a scanning method [7,124]; also scanning during
cooling is possible. The continuous heating method
(CHC) [8,9,114,115] allows heating and cooling under
adiabatic or isoperibol conditions where, in the latter
case, the sample may follow a time-dependent shield
drift or the shield follows the sample (for more
references, see [9]). The number of modifications
described in the literature is manifold. The various
forms of temperature-modulated calorimeters have
been discussed in the previous chapter. They can be
regarded as working with quasi-adiabatic condition
(Rp =~ 00). Measurement at constant temperature by
varying, as for example, an external parameter (mag-
netic field or pressure) or scanning — heating or cool-
ing — is applicable without problems. The TMC
technology offers the broadest spectrum of variability
as is noticeable from Table 2. Heat-flow instruments —
DSC and TMDSC, also differential thermal analyses
(DTA) instruments — represent a further class of
calorimeters that work under strong non-adiabatic/
isoperibolic conditions (Rg = 0) [4,35,36,39].

In Table 3, the calorimetric methods are compared
by listing typical values for their characteristic per-
formance parameters (inaccuracy, temperature resolu-

tion, sample mass needed, etc.). An evaluation of this
table shows that the highest absolute precision is
almost reached with proper adiabatic calorimetry.
TMC and CHC offer the best relative resolution with
respect to temperature and caloric value which is very
important for the investigation of narrow phase transi-
tions. Isoperibol conditions or modulation methods
like PHC and TMC are best suited for low and very
low temperatures (extremely low heat capacity) what
is identical to the requirement for ultra-low mass
measurements. Shortest measuring times over a large
temperature range are achieved with DSC and CHC.
The most frequently used calorimeter is the DSC that
provides only moderate accuracy [(1-5)%] and must
be carefully calibrated [38,39,125,126]. However,
DSC’s requires only small masses (mg-range). Pre-
sumably, the largest technical advance in recent years
was reached with CHC that gives a remarkably good
absolute precision, requires small samples (mg-range)
and allows short measuring times, e.g. one day from
(4-300) K [8,9]. As mentioned before, the 3w method
presumably is in a new stage of development and
offers the most interesting advantages to study
complex heat capacity.

The condition for thermal equilibrium is most
important for many studies and for the interpretation
of the data found. It is best guaranteed with adiabatic
calorimetry and becomes more difficult to hold when
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going from ADC to TMC and further on to PHC, CHC
and finally to TMDSC and DSC, since in that line the
used scanning speeds are increased to have sufficient
caloric sensitivity.

TMDSC adds additional information to the heat
capacity measurements, namely that of the frequency
dependence, and therefore, for correct data interpreta-
tion, more and precise information is required on the
various dependences of the result on the experimental
parameters used: Scanning rate, temperature ampli-
tude on sample, sample support, sample mass and
position in the cell, pressure and flow rate of purge gas,
calibration factor, on the phase shift, as well as
frequency dependences, etc. [38]. We note that in
long-time relaxation phenomena — with relaxation
times in the range of minutes to hours — the adiabatic
calorimetry can deliver reliable results on the fre-
quency dependence of the heat capacity. In summary,
the complexity of TMC requires much more careful
testing and calibration of the experimental installation
and caution with data treatment.

3.2. Advantages and disadvantages of temperature-
modulated calorimetry

What are the advantages and disadvantages of TMC
in comparison to the other calorimetric methods? To
answer this question, a deeper evaluation of the indi-
vidual methods is necessary besides the information
given in Tables 2 and 3. Such an analysis yields the
following conclusions:

Advantages:

¢ Dynamic measurements under quasi-adiabatic con-
ditions are possible over a very wide temperature
range (50-mK to 3600 K).

o Correction or extensive avoidance of any type of
heat loss, when the oscillation period is chosen
short enough.

o Extremely high relative caloric sensitivity and
high-temperature resolution (< 0.001%).

e Experiments with small and ultra-small samples
(mg and pg range).

e Best suited for studying samples under extreme
external conditions as high pressure, high magnetic
and electric fields, also very low temperatures.

e Appropriate for sweep runs (scanning) in heating
and cooling modes.

e Short measuring time compared to other calori-
metric methods.

e Information on sample-specific relaxation phe-
nomena.

e Study of frequency-, pressure-, magnetic field
dependences under isothermal condition.

o Possibility to apply selective amplifiers (also use in
mechanically or electrically noisy environment).

Disadvantages:

e Moderate absolute precision, error range (1-10)%,
which may be removed by combination with other
calorimetric methods, possibly on the same calori-
meter stage.

e Very difficult, or even impossible, for the determi-
nation of latent heats, first-order phase transitions
and hysteresis phenomena, see e.g. Refs.
[29,99,103,105,108].

e Strong and limiting boundary conditions for the
relaxation times.

e Large variety of partially very complex experimen-
tal accomplishments, often with insufficient
description of details, which render it difficult to
properly evaluate the results.

In summary, TMC (including 3w method) offers
several technical modifications that are permanently
improved. Similar to all other isoperibol systems,
TMC calls for very careful and stringent testing of
the behaviour and limits of the different calorimeter
parameters — temperature dependence of relaxation
times, differences between true and measured (indi-
cated) temperature, influences of frequency, phase-
shift, etc. Although the theoretical background for
some TMC arrangements is not yet fully worked
out, TMC has great potential for new and surprising
developments in the future. What is known on the
theoretical basis and the critical boundary conditions
for TMC are discussed now in the next section.

4. Theoretical knowledge and critical boundary
conditions

The model shown in Fig. 1 and expressed by
Egs. (1) and (7) describes insufficiently the true



E. Gmelin/Thermochimica Acta 304/305 (1997) 1-26 13

temperature vs. time behaviour of the different
components of a TMC setup in practice. The model
is too simple; by far, it does not include the
multiple ways of heat flow in a realistic calorimeter
model. Correct modelling, primarily, requires a
well-defined separation of sample-intrinsic relaxation
process on the one hand, and instrument-induced
relaxations on the other. Secondly, the detected
temperature oscillations of the sample can originate
from a heat flux into the sample (case of TMDSC) or
from heating the sample directly by an optical or a
resistive heater (case of classical TMC). Here, we
treat only the latter case. TMDSC is described in
more detail in papers in this issue as well as in
Refs. [42-45].

The most important problem which arises when
treating TMC mathematically, is to evaluate the inter-
nal thermal equilibrium times for the sample/
support/thermometer /heater  assembly and its
frequency dependence, both of which are controlled
by the heat capacities involved and the interlinking
thermal resistances. It turns out that the appropriate
choice of the frequency window, in which the calori-
meter operates, is decisive for the dynamic behaviour
of the calorimeter and thus for the reliability of the
measurement. These thermal parameters — heat capa-
cities and heat resistances — are dependent on the
temperature. Consequently, the frequency dependent
behaviour of amplitude and phase shift change with
temperature. In addition, the thermal resistance
between the sample and its support (including the
thermometric sensor) may vary markedly from one
measurement to the next and thereby strongly influ-
ence the result obtained. A very good and reproducible
thermal link between the sample and sample-support
is indispensable.

Various models, sometimes in great detail, have
been discussed in the literature [1,5,15,17,26,29,57,
61,67,74,95,96,101,127-129]. Here, we skip the
detailed mathematical descriptions in favour of pre-
senting a rough outline and demonstrating the core-
conclusions. Three diagrams of different possible
calorimetric arrangements for a TMC are shown in
Figs. 4 and 5. Fig. 4(a) and (b) refer to classical TMC,
Fig. 5 models TMDSC. The measuring systems are
essentially characterized by internal and external
relaxation times by which the internal one mostly is
composed of the different contributions resulting from

a) Heater

Thermometer To///, Thermal bath
s vaiis

Heater

Fig. 4. Schematic arrangement of a temperature-modulated (AC)
calorimeter. (a) ~ without sample support; and (b) — including
sample support. 7; and C; denote, respectively, the temperatures
and heat capacities of the sample, sample-support, heater and
thermometer, labelled by the indices i = S, SS, H, and Th. T} is the
temperature of the thermal bath, Rp represents the thermal
resistances to the component labelled with the corresponding
indices.

the sample itself, the thermometer, the heater and the
sample support. The analyses are made in analogy to
electrical networks.

The simplest model, in which the influence of
thermal resistance between heater and sample, ther-
mometer and sample, has been treated by Sullivan and
Seidel (see Fig. 4(a)) [1]. In that experiment, the
sample used had a large mass and the contribution
of the sample support could be neglected. Subse-
quently, this arrangement has been discussed and
re-described in many papers and it is, therefore, only
briefly described here. The following assumptions are
made in this model:

e The temperature variations are taken sufficiently
small so that the various heat capacities and thermal
resistance may be considered as constant.

e It is also assumed that the temperature of the
thermal bath is constant or varying very slowly
so that 6T << AT xc.

e Furthermore, as assumed in other models, the heat
capacity of the thermal resistance is set equal to
zero, thermometer and heater (later, also the sample
support) itself have an infinite heat conductivity
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Sample side (1) Reference side (2)

Rz, Base plate

e il

Sample and pan

Rs; Base plate

U el

Fig. 5. Schematic arrangement for differential scanning (DSC) or
temperature-modulated differential scanning (TMDSC) calori-
meters. Labelling is identical to Fig. 4.

and does not develop any temperature gradient
inside.

After writing down the thermal equations for the
system, the steady state solution for the temperature
oscillations, generated in the heater at the rate
P = Pac(1 + cos t) and monitored at the thermometer
TAC consists of three terms — the constant bath
temperature T, a DC term Tpe and a modulation
contribution T,¢ including the phase shift:

T=Tg+ Tpc + Tac = Ts + PacRs
+ (FPac/wC) cos (wt + ¢) an

where
C=Cs+Cm+Cy (17a)

and F =f(X;), is a complex function of the heat
capacities, heat conductivities, thermal relaxation
times (defined as ; = C;R;, with i = §,Th,H) of
the sample, thermometer and heater, of the sample-
to-bath relaxation time (73 = Cgrg) and the frequency.
The full formula is given by Eq. (3) in Ref. [1]. If

(i) the heat capacities of the addenda (heater,
thermometer) are much smaller than that of the
sample, Cs > Cp, Cy;

(ii) the addenda reach thermal equilibrium with a
time constant much less than the inverse of the
temperature-oscillation frequency w, more specifi-
cally when w?(74, + 74) < 1; and

(iii) the frequency is much larger than the inverse
of the sample-to-bath thermal relaxation time,
wtg > 1,

then F in the third term in Eq. (17) simplifies and
yields:

T = Tg + PacRg + {[Pac/(wC)][1 + (wTg)
+ P (R + )] eos (wt +¢)  (18)

— w(Tin + TH)]Z}

-2

~1/2
(19)

7p characterizes the period needed for the caloric
cell to reach thermal equilibrium with the bath
and is often denoted as external relaxation time Ty.
The contributions of 74 and 7y are often taken
together and defined as the internal relaxation time
Tint- That is the characteristic time constant for the
calorimetric platform itself to reach thermal equili-
brium. The thermal equilibrium inside the sample,
however, may be different and depend on the thermal
conductivity kg of the material investigated and the
amount of mass used. The equilibrium is characterized
by 7wt The condition TiNT & Tine > Ty, Tu should
hold.

The most important problem of dynamic calorime-
try is how to guarantee spatial temperature homoge-
neity in the sample itself. In Refs. [1,65], the influence
of the finite sample conductivity and influence of
sample size, respectively, have been discussed. Taking
a slab-shaped sample with cross-sectional area Ag and
thickness lg (with the thermometer attached on one
side and the heater linked on the other according
Fig. 4(a)), the size of Thc (oscillatory part of tem-

¢ = arcsin {1 + [(wrg)™"'
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perature) becomes:
Tac(ls,t) = [Pac/wCs] - [1 + (wrs) ™

+ (LJ.)TINT)2 + (leKB/?)Asns)]l/z
(20
where 71y is given by

vt = (Is)?/D(90)'/? 1)

The finite sample size and thermal conductivity result
in one correction term 7yt of the same form as the
terms arising from the thermal resistance sample-to-
heater and sample-to-thermometer (7;,). However,
there also exists a frequency-independent correction
of the form (2lsKg/3Asks) = 2Kp/3ks. At low tem-
peratures, this term is very much smaller than that
given in Eq. (21) and therefore negligible. However,
this term is no more negligible at higher temperatures
and/or for samples with poor heat conductivity «g.
The thickness of the sample slab must then be
decreased correspondingly.

The magnitudes of the temperature oscillations
show directly the heat capacity

ATac = Pac/[w(Cs + Cu + Cu)] (22)
with the phase approaching ¢ = —7/2, when

Text > 1007y and 7ex /10 > 1/w > 107,,.
(23)

These boundary conditions are rather stringent and not
always easy to fulfill. From the model, the most
critical boundary condition, namely the internal ther-
mal relaxation time of the sample, becomes under-
standable. The sample thickness lg is most crucial with
respect to Tyt It should remain below the required
minimum size so that:

TINT = [O.)lé/(l‘is(g())l/z)] << 1 (24)

The appropriate choice of frequency range is crucial
for the reliability of the measurement. As the condi-
tions given in Eqs. (23) and (24) are frequency-depen-
dent, a study of the frequency dependent behaviour of
the TMC cell is required before a heat capacity
experiment. In addition, the value of the thermal links,
in particular that of Rg (7g) vary markedly with
temperature for most of the materials used for that
purpose. The relevant and admissible frequency
window, then shifts as a function of temperature

and the phase signal is modified. A final check is to
look at the proper modulation of both temperatures
(heat flow) and sample temperature, e.g. by observing
the relevant Lissajous figures [44]. In general, there
exists a window of frequencies for which Eq. (22) is
valid with ¢ = —90" and where the conditions given
in Eqs. (23) and (24) are fulfilled.

A more realistic model of a TMC inciudes the effect
of a finite thermal resistance between the sample and
the sample-support. A detailed analysis of this pro-
blem is shown schematically in Fig. 4(b). The thermo-
meter and heater are attached to the sample support
and a thermal resistance Rg exists between sample and
support (addenda). The heater, in practice, is deposited
as a thin film resistance on the sample-platform and
thus the thermal resistance between the support and
the heater becomes negligible. The situation is more
complex in twin arrangements as displayed in
Fig. 5(a), the simplest schematics of a DSC. A heat
flow between both sample supports, along R, in
Fig. 5(a), is unavoidable. Introduction of a thermal
resistance Rg between the sample and the support, as
displayed in Fig. 5(b), again yields a more realistic
description of the twin-type (or differential) calori-
meter. The mathematical solution of this network
gives even more complicated results than those dis-
cussed in the following for the arrangement shown in
Fig. 4(b).

The configuration schematized in Fig. 4(b) has
been discussed by Velichkov [15]. If the power dis-
sipated in the heater is given again by
P = Pac(1 + coswt), in analogy to the above given
description, the modulation term of the temperature
indicated at the thermometer is as follows [15]:

T =Tg + Tpc + ATac cos {wt + ¢) with
Tac = [PacRs(1 + (wrs)'Pcos (wr + ¢)]

x [(1 — P + BPu?] 12 25)
¢ = —arcsin {(1 — aw? + 7sbw?)[(1 — aw?

+ 15bw)’ + (b — 75 + Tsawz)z]_l/z}

(26)
where a=7mg7+7T87s+s Tih + TnRBCssReCin
27

and b=+ 7ty + 75 + RgCtny + ReCs
+ w27’37'th7's (28)
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Inspection of these formulae show that the range of
frequency and thermal resistances Rg, Rs and Ry, for
which Eq. (22) is valid is very narrow or does not
exist. A minimum value of Rp is required to
guarantee adiabatic condition. Similarly Ry, and Rg
must remain below certain values, otherwise the
temperature monitored is wrong or the sample gets
thermally disconnected from the sample-holder; in
the worst case, the heat capacity of the holder alone is
measured. The frequency window for which
¢ = —m/2 is the most restricting parameter.

The complex situation is illustrated by model cal-
culations which are shown in Figs. 6 and 7. The curves
shown are calculated with commercially available
software (MAPLE V). We use Eqgs. (25)-(28) for
the model displayed in Fig. 4(a) with Cs =
Css = 1J/MolK, Cm, = 0.2J/MolK, Pac = 50mW,
the resistances R; are given in mK/W. The left side
diagrams show the product wATxc (Cs + Cec) vs.
different thermal resistance R; and/or frequency w;
the right side diagrams give the phase ¢ as a function
of R, and w (Note that ¢ is given in radians;
w/2 = 1.57);

(i) Perfect thermal coupling of thermometer
(Ry, = 0) and finite thermal resistance of the sample
to sample-support (Rs = 0.1): The result is shown in
Fig. 6 (upper part). The amplitude wAT,¢ increases
with increasing Rg to a constant value,
wATxc = 0.23, that corresponds to reaching adiabatic
condition (for Rg > 3). However, wATxc =
C! =const. holds only for the shadowed area
(Rg > 3 and w < 3). Beyond a certain frequency,
the sample that is poorly attached to the support,
begins to lag behind the temperature oscillations of
the support and, at sufficiently high frequencies, it
does not influence Tac any more. The relaxation time
of the sample /support assembly is 7s = RsCs = 0.1 s,
corresponding to w = 10. Here, for w > 3, the value of
wATxc increases linearly (thick line in the diagram)
which indicates that the sample smoothly decouples
from the support; the measured heat capacity
C = Cs + Css apparently drops down. Correspond-
ingly (right side diagram) the phase approaches, but
does not reach —90° (= —1.57). The conditions
implied from Rp, Rs and w to hold the phase near
—1.57 are much more stringent: Only ¢ = —14
(instead 1.57) is reached for the most favourable case
with w ~ 2 and Rg = 5 (right side in Fig. 6).

(ii) Perfect thermal coupling of sample (Rs = 0)
and finite thermal resistance to the thermometer
(0 < Rrh < 2) and Rp = 3: The result is displayed
in the lower part of Fig. 6. Correct heat capacity is
measured for the conditions given in the shadowed
area of the wATsc (left side) and ¢ diagram (right
side) and along the line R, = 0. The finite thermal
contact of the thermometer is reflected on WATac so
that beyond a certain frequency wAT,c (here
1 <w <5 on w-scale and/or 0 < Ry, < 0.5 on the
thermal resistance scale) falls off faster than
Tac = 1/w. The amplitude wATac drops also for a
given frequency (e.g. w = 20, thick line in diagram)
when Ry, is increased, and the drop is the faster, the
higher the frequency is. At the same time, the phase
shifts smoothly from —90° (shadowed area with
—1.57 in the phase diagram) along the Rr, and w
scale to nearly —180° (—3.14, e.g. see near
Rty = 2,w = 20). At very low w, Tac drops because
a considerable part of power P is lost to the thermal
bath by Rp. Correspondingly the phase falls from
—90° to zero. At high frequencies, the thermal resis-
tance Ry, and Rg limit the transmission of power to the
sample and/or heater, respectively.

(iil) Finite thermal resistance to the sample
(Rs =0.1) and to the thermometer (0 < Ry, < 2)
with Rg = 3: The result is given in the upper diagrams
in Fig. 7. The conditions are identical to case (ii)
discussed before; however, now the sample-to-support
relaxation time is not zero but 7 = 0.1 s. The differ-
ences between Fig. 6 (lower part diagrams) and Fig. 7
are obvious: The amplitude wATac is correct for
0 < w < 2 when Ry, =0, then wATsc = 0.23. The
increase of wAT e with w, along the Ryy scale,
manifests the thermal decoupling of the sample; the
decrease of wAT,c along the Ry, scale — that of the
thermometer. The situation is reflected in the phase
behaviour shown in the right side diagram. The com-
bined effect of finite thermal linkage of sample
(0 < Rg1) and thermometer (0 < Ry, < 2) is pre-
sented again in a different form in Fig. 7 (lower part
diagrams), for the fixed parameters w = 5Sand Rg = 3.
In the wWAT,c diagram (left) the thermal decoupling of
the sample with increasing Rs is easily seen when
Ry = 0: wAT,c doubles its value from 0.23 to ca. 0.4
for Rg rising from O to 1 (see the two shadowed areas,
connected by the thick line, in the diagram); the
amplitude wAT,c approaches zero when the thermal



E. Gmelin/Thermochimica Acta 304/305 (1997) 1-26 17

-0.4 b
0.6 \ ““ \"" N ,,
° Iy \\\!!‘Q\;%ggg‘&"lll

-0.2

i

-1.2
-1.4

-

0
<S? 2
X ,'I"
S ST
e 0 3 L
D 575
R 0 %0%2 26206204
2.0 RS ‘.::.:.:.\;,;;;‘:::2::::.::, 5
190009, 9999709
S s ses o
-3.0 SSSS ZEIIIRITITITHEAE
. SISLEISIIIBIEIIRELIREES
0 OSSR IIEISLSIGRSIES 0
e e S et e e S aess
SSSCSITIREIILELELIS” 5
RSLSETESIICERISLILS
i LSRR 10
RETSISTHIS>
S
RTH 1.5 < w

Fig. 6. Amplitude multiplied with frequency wTsc (left side in K s™') and phase shift ¢ (right side, in radians) as a function of the various
thermal resistances Ry, Rg and Rs, calculated according to Eqs. (25)~(28) for the calorimeter system shown schematically in Fig. 4(b). For
detailed discussion, see text. The values used for the calculations are, for the heat capacities (in J/g K), always: Cs = Css = 1, Cy, = 0.2; for
the thermal resistances (in mK/W) the following holds: upper part (ideal thermal coupling of thermometer) -0 < Rg < 5, Rs = 0.1, R =0
and 0 < w < 15 lower part (ideal thermal coupling of sample) — Rg = 3, Rs = 0,0 < 2 and 0 < w < 15. Note that the correct heat capacity is
measured for a phase shift of —90° which corresponds to a phase shift value of ¢ = —1.57 in the diagrams shown.

resistance to the thermometer is increased. The cor-
responding phase behaviour is given in the right side
diagram, and does not show a larger region where
¢ = —1.57, allowing correct heat capacity experi-
ments.

Case (iii) shows that the thermal resistances and
frequency may influence the temperature and phase
signals in a complex way. If characteristic frequencies
(of the various 1/7;) coincide, the effects can mask the
influence of one another because their influence on
amplitude and phase may be opposite, e.g. in Fig. 7

(lower diagrams) a correct phase —7/2 can be found
in the diagram of the phase, but the corresponding
ATsc would be wrong; conversely, the phase that
belongs to the correct amplitude wATac = 0.23 is
not —7/2.

The results of this rather simple model explain why
it is highly recommended to examine stringently the
frequency behaviour of the calorimeter in question,
empty and with sample loaded, with respect to phase
and amplitude, and that the amplitude and phase-shift
behaviour may be complex even in simple cases. For
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dynamic heat capacity experiments, however, the
frequency dependences may interfere with the sam-
ple-intrinsic relaxation processes and, hence, render
again more complicated the separation of the various
relaxation times or the data interpretation, respec-
tively. A knowledge of the w-dependence of the
instruments is indispensable.

It is another interesting result of Velichkov’s ana-
lysis [15] that heat capacity determination may be
performed also under the condition that wey < 10.
For the validity of Eqs. (22) and (23), w7exs > 10, must
hold and it is required that the calorimeter works under
quasi-adiabatic condition (influence of Ry is negligi-
ble). The condition wTey > 10 sets a lower limit for

the applicable frequency. When wtey < 10, the
thermal resistance Rp significantly influences Tac;
however, that influence can be determined exactly
in a simple way. If Ry ~ Rs~0, then from
Eq. (25), with 75 = Rgc and C being defined by
Eq. (7), it follows that:

ATac = [PacRa)/[1 + (wrex)?]'/?

= Tpc[l + (Wrex)]'? (29)

¢ = —arccos {(1 + (wrex)?) "}
= arccos{ATac/Toc} 30)

by use of Tpc = PacRg. Thus the resulting AT ¢ is
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corrected by a term involving sin ¢ only:

C = (PAc/u)ATAc)[l — (ATAc/Tnc)2]1/2
= (PAc/wATAc) sin¢ (31)

The outlined analysis changes only by constant
factors when periodic excitations other than sinusoi-
dal waveforms are used [70,81] or asymmetric
heating occurs due to the pulse shape of the laser
beam used [131]. The application of different non-
sinusoidal waveforms lead, in general, only to a
constant prefactor (= 1) to the given formulae.

The effect of heat leakage from the sample into the
electrical wires and the influence of the ratio of sample
size {or heat capacity, respectively) to measuring wires
were discussed. The indicated temperature oscilla-
tions (e.g. of a thermocouple) are disturbed close to
the region where the thermometer is attached to the
sample [132]. Other effects may occur that deteriorate
the measurement and lead to incorrect results, e.g.
radiation losses of the thermometer, asymmetries of
the caloric cell, influence of the position of the sample
on the support, thermal contact of the thermometric
sensor [37,38,130,132,188].

4.1. Requirements and limiting conditions for correct
and reliable TMC experiments

To perform reliable and correct TMC measure-
ments, the following requirements must be fulfilled:

e Test the frequency dependence of the empty system
by plotting (P/AT) vs. w.

e Determine the thermal constant of the calorimeter
7g by measuring ATpc = (Ppc/Kg) when a con-
stant power is applied to the calorimeter.

e Adiabatic conditions (with respect sample) are
valid if: 7ip = L2/(90)°° - D « w™! & Texr. The
sample thickness must remain below the limit given
by d < (wD)'? so that a uniform temperature
distribution is guaranteed across the sample.

e The heat capacity can be calculated in a straight-
forward manner from Eq. (22) when the phase shift
remains small: tan ¢ > 10 or sin ¢ < 0.005.

e For a temperature-sweep experiment, the scanning
rate 3 must remain much smaller than the modula-
tion-induced periodic temperature changes
dr : 3= (6T/dt) < (dT/de),

e The temperature amplitude applied should remain
always smaller than 10> of the absolute tempera-
ture,

e In the case of investigation of dynamic heat
capacity — or the separation of real and imaginary
part — it is recommended to establish the isothermal
frequency dependence of the loaded and empty
calorimeter at various temperatures. Also, the
amplitude and phase shift of the calorimetric cell
should be monitored permanently, e.g. by dis-
playing the corresponding Lissajous figures
[44.45].

e Remember whether heat capacity or enthalpy are
being measured.

Obviously, most of the inconsistencies reported
in the literature and most of problems with
TMC originate from the low thermal diffusivity
of the sample. Therefore, a careful check and
control of the influence of the relevant sample
parameters — dependence on mass, thickness, fre-
quency, thermal coupling (to the sample support) —
on the result is mandatory in TMC as in
DSC experiments [38]. When part of the sample
does not experience the modulation imposed, the
measured heat capacity decreases; as soon as the
thermal resistance in the sample—support-thermo-
meter assembly increases, the phase shifts also
changes the temperature amplitude. Such effects
may occur, in particular, while measuring phase tran-
sitions when, due to the strong variation of the heat
capacity in the transition region, the thermal diffusiv-
ity drops down or sample specific phonon scattering
mechanisms become activated, e.g. phonon-spin dis-
order scattering.

This short overview on modelling TMC systems
illustrates that a detailed and realistic theoretical
description of the components acting in a calorimeter
under modulating operation become complex. Mod-
elling becomes even more complicated when (i) dif-
ferential arrangements, as shown in Fig. 5, are used,
and (ii) heat-flow instruments (Rg < Rs) are modelled
[42-48,133]. It would be of great help — and contribute
to clarify the scientific problems studied — if the
commercial instrumentation available now, could
be equipped with permanent amplitude and phase
monitoring and with isothermal frequency sweep
Jacilities.
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5. Performance of select experimental equipment

Far more than 200 experimental arrangements have
been described in the literature since 1968. Each
displays particular features, technical details and the
experimental equipment are often constructed for a
special purpose such as temperature range, type of
sample, etc. Their performances, regarding absolute
accuracy or relative resolution, temperature or caloric
resolution are also very different. It would be good to
find these equipments listed in one comparative table
but this would require more space than available here.
Instead, we conduct a random walk through the lit-
erature of the last 25 years and pick-up some installa-
tions that constitute particular progress and give a
rather detailed description of the experiment. That
illustrates the broad scope of different experimental
implementations performed over the years. The appa-
ratus selected are listed in Table 4 in historical order
together with their most characteristic parameters.
Except for this collection, the author abstains from
discussing further details and refers to the list of
classified references presented in Table 5, and to other
contributions in this volume. The literature survey,
given in Table 5, should enable the reader to go into
more details.

The temperature range covered by TMC today
ranges from 50 mK to 3600 K, nearly over five
decades in temperature. The frequency ranges from
mHz to a few kHz, and covers in a few experiments
only 2 to 2.5 decades, whereas in ultrasound and
thermoelastic experiments the frequency can be chan-
ged by 16 orders of magnitude. For TMC, the relative
resolution, in temperature as well as in energy, are
among the best achieved in calorimetry. Resolution up
to 107>, or better have been reported whereas the
absolute accuracy is limited: the error amounts typi-
cally to (1-10)%. The ultimate energies measured
with TMC (at low temperatures) are in the pico-Joule
range [1,19,65] and must be compared with the mea-
surement of changes of reaction energy detected with
a modified atomic-force microscope where 10~ '8J
has been measured ([134]; for more information on
this field see, e.g. Ref. [191]). The installations listed
in Table 4 also include some cases in which the
sample is submitted to extreme external conditions
like high magnetic field or high pressure. Most of the
experiments are performed in the scanning mode.

Shortly after the pioneering work of Sullivan and
Seidel, the frequency dependence of the heat capacity
was sometimes studied (see Table 5). As mentioned in
Section 1, the samples investigated by TMC include
any of the chemical and physical properties with
particular emphasis on small samples and thin films.

6. Summary

The review given here shows the great variety of
temperature-modulated  calorimeters  that  was
designed during the last three decades. There is no
standard technique available, rather the experiments
consist of very differently and individually con-
structed facilities. That is, at the same time, an advan-
tage and a disadvantage: The variety and creativity
have pushed forward the technical development and
have enhanced the wish to understand deficiencies on
the one hand, but have hindered a modelling in deep
that could be generally applicable, on the other. The
appearance of commercial TMDSC has made under-
standing and modelling of TMC calorimeters a chal-
lenge and will, in future, certainly promote
significantly our understanding of the additional infor-
mation gained from TMC experiments at various
frequencies. TMC, including the 3w method, turns
out to be the most suitable tool to study dynamic heat
capacity and, in this context, certain relaxation phe-
nomena like melting, phase transitions (e.g. glass
transition), incommensurability, magnetic or dielec-
tric domains, etc., may be better understood in future.

For nearly thirty years, TMC was performed pre-
ferentially as a quasi-adiabatic experiment with a
constant phase shift of 90°, to measure ‘static’ heat
capacities. Now, opening the frequency/time scale for
calorimetry by broader application of TMDSC, it must
become a routine to: (i) calibrate the DSC instruments
used by recommended standard procedures and mate-
rials; (ii) describe the properties of the caloric cell
properly with respect to frequency dependence and the
various thermal relaxation times; (iii) indicate the
limits where strong phase shifts occur indicating
deviation from quasi-adiabatic state or non-stationary
conditions in the experimental run; and (iv) display
and reference continuously any variation of phase
(with the measurement of the temperature amplitude)
during the measurement. Thus, presumably, we are at
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Table 5
Survey on the literature for temperature-modulated calorimetry
Techniques Literature
Overviews [4,5,35,36,47,51,52,55,64,70,93,113-118]
on AC calorimetry [5,35,51,55,67,97,109,111,118]
Theory [1,5,7,15-24,26,29,42-45,57,61,67,74,95,96,100,101,113,127-130]

dynamic specific heat

Modulated sample heating
resistive (Joule heating)

light

direct resistive heating
elctron bombardement
inductive heating

Detection of temperature oscillations

resistance thermometer
thermocouple
photoelectric detector

Temperature range
low temperature

ambient temperature

External conditions for sample
high magnetic field
high pressure

Measured physical parameter *
(without static specific heat)
thermal conductivity
thermal diffusion
phase dependence
frequency dependence
time dependence

Special arrangements for
high precision calorimetry
specific heat spectroscopy
simultanous methods
very small samples
high frequency
biological materials
3w method
detoriating effects

[40-44,46-48,152] and Refs. in [48]

[1,13,14,18,19,22-25,27-29,31,53,54,56,60,65,71,72,81,88,107,130,132,135,138,141,150-152,1
74,176,178,179,181]
[2,21,26,30,62,66,70,71,74,80,85,87,94-98,100,107,130,131,145,153,165,182]
[3,5,16,50,51,93,136]

[5,50,136}

[51,155]

[1,13,14,17-19,22,24,25,30,31,53,54,56,65,68,88,70,72,101,135,139-142,152,174,178,18 1]
(2,20,21,26,60-62,66,73,74,80,87,98,99,130,131,137,138]
(5] (refs. therein),[90,113,156]

[1,6,7,9,10,17-19,31-34,62,63,65-68,71,72,78,80,87,97,100,112,114,117,131,132,137-139,
142-144,147,150-152,157,174,176,177,179-187]
{2,16,21,26,27,53,56-59,67,70,74,79,85,88,89,95,96,100,130,135,140,141,144-146,148-160,
165,179-181]

[1,13,19,30,63,68,98,101,130,152,177,178,189]
[18,53,56,59-63,67,149]

[102,110,135,139,162,172]
[20,21,74,85-88,94-102,148,157,162-164,172]
[10,22-30,79,107,127,166-169]
{5,10,16,21-30,55,60,78,79,83,88,127,156,173,184]
[28,31-34,108]

[9,21,26,34,53-58,65,67-70,108,160,167,170,171,183,186]
[10,23-25,27,29,66,83,85,166}
[30,87,101-103,105-107,109,172]
[7,19,65-67,71-73,78,98,108,110,118,173~175]

[5.51]

[27,85,106,166,183,185]

[10,11,23,24,46,47,76-79,107]
[37,38,95,101,103,109,130,132,161,188]

 Dynamic specific heat is included in ‘phase-dependence’ and ‘frequency-dependence’.

the beginning of an exciting new development that I
would call heat-capacity spectrometers where addi-
tional information as complex heat capacity becomes

available. On the other hand, one has to admit that
many complex thermal properties in the so-called
materials are based mainly on instrumental and not
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on materials-intrinsic properties. Such instruments do
not facilitate measurements or save time: in contrast,
the supplementary information supplied requires more
measuring time and delivers more complex results.
Full advantage of the new information is taken when:
(i) in addition to the temperature scale, the frequency
scale is also fully scanned, as for instance, isothermal
frequency scanning, eventually at different (fre-
quency) scanning rates, and (ii) during data computa-
tion the different experimental relaxation times
(including internal sample relaxation characterized
by its diffusivity) and sample intrinsic relaxation time
(e.g. stored energy) are determined and scrutinized.
The instrumental development should emphasize
equipment with large frequency range, smaller tem-
perature-modulation amplitude and the possibility of
isothermal frequency sweeps. Simultaneous experi-
ments and combination of the various calorimetric
methods on the same measuring cell are advantageous
and will receive increased attention to have both,
highest caloric resolution and absolute precision even
when repeated measurement on the sample with dif-
ferent methods are required. In fact, the present con-
struction of all the commercial DSC instruments is
most unsuitable as heat spectrometer. The expansion
of the frequency range, according to the present
knowledge may be possible only by further develop-
ing, simplifying and improving the performance of the
3w method.
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