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Abstract

The paper gives a review on recent progress on new methods, instrumental innovations and
new trends in low temperature calorimetry as reported in the Iast five years in the literature The
paper refers to establishing strictly adiabatic conditions, improved analysis of quasi-adiabatic cx-
periments, high resolution adiabatic and isoperibol scanning calorimeters and microcalorimelers
for the study of pg-samples.
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Introductien

Since decades thermoanalytical instruments are based to a great extent on com-
mercial equipment whereas low temperature calorimetry, a particular branch of ther-
mal analysis, today still has 1o use home-made and individually designed equipment
[ i-71. The construction of suitable calorimetric equipment below 100 K remained a
domain of a few cryogenic laboratories. Traditionally, low temperature calorimetry
(LTC) uses the adiabatic step healing technique introduced by Nernst and Eucken 80
years ago [8]; for an overview [9]. Therefore, from the beginning, and in contrast 1o
thermal analysis (TA), LTC was always concerned with quantitative calorimelry and
all the time held a high level of awareness of the inherent problems of *absolute’ ca-
loric values in order to provide high-accuracy data [, 4-6, 9. In addition, low tem-
perature calorimetrists have been the source of numerous powerful and ingenious
calorimetric methods and innovations which sometimes were later transferred 1o
comimercial products but at higher temperatures only [10]. A focal point of the de-
velopment remained the reduction of the amount of sample mass required [vr cal-
orimetric measurements. Due o the strong decrease of heat capacity, below ca
100 K by several orders of magnitude, the reduction of mass from the g-range into
the mg-range led of necessity away from adiabacy (o more isoperibolic conditions.
This required new methods and new technologies. So, miniaturisation and calibra-
tion have became a permanent subject of innovation for scientists working at low
temperatures. The two most accurately measured materials with respect to specific
heat below 100 K, namely Al1;0; (<0.2%) [11] and Cu (<0.5%) [12], have been in-
itiated from the low temperature community.
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In the seventies and eighties, LTC enriched the TA-world with the development
of new methods which in the meantime can be named ‘classical’: the non-adiabatic
heat step or relaxation time calorimetry [13], the su-called ‘ac-culurimeuy’ per-
formed as temperature or power modulated method [14] (for a review [7]), various
scanning methods, e.g. the conlinuous heating (or cooling) method at constant or
variable heating power [15, 16], the ‘dual-slope’ method [16, 17] or the adiabatic
scanning as the most perfect realisation of scanning calorimetry [18-20}. At the
same time small-sample Nernst type {quasi-adiabatic) calorimetry {sample mass be-
low 0.5 g) became a routine technique in several laboratories [1, 2, 4, 15, 21, 22].
Several of these methods have found wide-spread application but could never reach
the level of commercialisation.

The following decade till now showed a wealth of improvements of the diffcrent
cxisting methods and experimental implementations focusing on perfecting the auto-
mation of the experiments by the extensive use of more and more pewerful comput-
ers, application of high-performance electronics, new and better thermometers, bet-
ter sample and heat shield temperature control by sophisticated electronics, more in-
telligent and refined ‘on-line’ and ‘post-run’ data trealment, compensation of non-
adiabacy by hardware or software means, betler understanding of dynamic methods
by appropriate modelling, considerable progress in small sample experiments and
increased accuracy as well as a reduction of the tediously long measuring time, pref-
erentially by application of scanning.

Finally, in the recent five years, in particular in the years 1997/98, new and essen-
tially improved calorimeter constructions have been reported. With respect to accu-
racy, the difference between strictly adiabatic and isoperibol calerimeters vanishes.
Computers enable detailed and refined computational procedures, ¢.g. post-run data
evaluation which at least partially remove non-adiabacy due to thermal loss of any
type. Implementation of various methods, for absolute or relative heat capacity de-
termination on the same calorimeter hardware has become customary, The individ-
ual methods are then realised by loading the relevant program. Temperature mea-
surement and controlling of sample temperature and that of the surrounding shield
approach =10 pK so that “ideal” adiahatic conditions arc available. Several measure-
ments with pg-samples have been reported (Scet. 4). The introduction ol commer-
cial temperaturc-modulated instruments [23] as well as the revival of the 3w’ tech-
nique [24, 25] that allows 1o perform heat capacity spectroscopy and encompassing
complex heat capacitics, constitute new tools for better rescarch. These tools opened
new applications for calorimetry. In summary, the recent developments enable more
accurate determination of the specific heats, much higher resolution of phasc transi-
tions and better determination of critical exponents as well as the investigation of pug
samples, rapid (10 h) orienting measurements of heat capacity from 4 to 300 K.
However, the classical high-precision calorimetry is still neglected and only a few
calorimeters for high-accuracy data have been reported {4, 12, 26, 27] in the last ten
years.

In conclusion, the progress in LTC is obvious and itis surprising that always new
and fascinating possibilities appear. We note again that most of these developments
took and take place exclusively in the few low temperature laboratories.
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In this contribution, some of the new and most recent features of low temperature
calorimetry are described, the performance of the calorimeters is compared, advan-
tages and disadvantages are poinied out. For reason of limited space, it was not the
intention of this paper to explain in detail the various calorimetric methods nor to
give a comprehensive literature review, rather than o outline the merits and draw-
backs of the methods described recently and to indicate some representative litcra-
ture, in order to give an orientation to the non-cxpert reader for the continuously
growing numbecr of different calorimetric methods and techniques.

Problems and merits of low temperature calorimetry

Considering low temperature calorimetry (LTC), two questions always rise:

— Do we really need calorimetry at cryogenic temperatures, i.e. below liquid ni-
trogen?

~ Why LTC is not praciised at more places and remains restricted (o specialised
laboratories?

LTC is among the most powerful tools [or thermodynamic investigations. The
study of the temperature dependent specific heat Cp, provides exclusively direct ac-
cess to define the temperature dependence of the thermodynamic functions, in par-
ticular the Gibbs free energy G(7, p). In addition, LTC provides information on en-
thalpy and entropy changes involved in phase transitions and allows to delermine
critical phenomena. It indicates {in the range of liquid helium) the electronic density
of states of the carriers in a material, characterises spin wave contributions below
magnetic transitions. gives the zero-temperature Debye-temperature, indicates de-
fect concentrations and order-disorder phenomena and yiclds direct entropy infor-
maltion on crystalline electric field effects and two or multi-level thermal excitations,
e.g. nuclear gpin orientation. The necessity of LTC data is directly demonstrated
when the Gibbs function is inspected:

G(T, p)=H-TS=[C(TYdT-THCTHT)T

G(T, p) is essentially governed by the difference of the terms of enthalpy and entropy
integral (1st and 2nd term). The second term, however, results predominantly from
the temperature-dependent entropy and remains of nearly equal size down to the
lowest temperatures hecause of the denominator T. Thermodynamic functions as
well as energy ol formation are incontestably governed by the low temperature C(T)
valucs via G(T, p). This demonstrates clearly the necessity to perform low tempera-
ture Cp-experiments in order to define accurately G(T, p). There is indeed a world-
wide demand for LTC data.

The special problems of LTC result from

(1) the thermal propertics of solids used to built the caloric cell and

(ii} the cryogenic liquid necessary for cooling.

The particular drawbacks of LTC arc:

* cryogenic environment, mostly liquid helium with its low heat of evaporation
which requires special thermal insulation and transfer-techniques for the cryo-lig-
uids,
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« drop-down of the heat capacity of the caloric ccll (and all solids) below 100 K
by several orders of magnitude which requires that a LTC must be able to detect en-
ergies and changes with a resolution of better 107" in the Joule, mJ and uJ range, si-
multaneously.

= strong variation of the heat transfer by heat conduction (<ca. 40 K) and heat of
radiation (>ca. 40 K) rendering diflicult the temperature control ol the sample and
heat shield,

e strong variation of the values of heat diffusicn, i.e. the relaxation times T for
the thermal equilibrium between the different parts of Lthe calorimeter: sample, calo-
rimeter-ccll including addenda (heater, thermometer) and surrounding heat
shield{s). Resulting from the changes of C,(T) and heal transfer rates with tempera-
ture, the dilferent 1; may vary [rom minutes to less than msec.

As a consequence, experimentalists who want to start LTC have to learn cryogen-
ics, vacuum technology, low temperature thermometry, ac and dc weak-signal elec-
tronics, and will experience a lot of problems related to heat transfer and thermal
equilibrium, more than at higher temperatures (>100 K) since in this range the vari-
ations of C;, and 1; seldom exceed one order of magnitude.

We note that in view of the problems and the adjustment of cxperimential parame-
ters, related with the measurement of small samples, small sample experiments are
comparable to low temperature experiments. In both cases, the heat capacity is low-
ered. Although the measurement with a low sample mass is more difficult (due 10
smaller C-values), it may be advantages because of shorter thermal relaxation times
and thus shorter experimental time. In [act low masses arc comparable to low tem-
perature in view of the experimental parameters.

Today in many laboratorics, LTC experiments arc performed as a routine tech-
nique. Highly flexible sample holdcrs enable to measure any type of samples, even
air or humidity-scnsitive ones, without problems [2, 10, 21, 22]. Also experiments in
high magnetic fields up to 17 Tesla are made without major problems. Nevertheless,
a number of problems remain on the agenda of LTC:

simplification of cryogenic experiments and commaereialisation of LTC,
high resolution measurements under pressure,
— thermometer calibration in high magnetic fields (B>15T),
more caloric standard reference substances,

— still better understanding and modelling of dynamic processes and definition
of boundary conditions for the individual calorimetric methods,

— microscopic experiments (Sect. Progress: new calorimeters and improve-
ments).

1

Methods and classification of low temperature calorimeters

The very basic part of a calorimeter — the caloric measuring device — is always
very similar for all calorimeters: The proper calorimeter-cell {of whatever construc-
tion) at a temperature T¢(?) is located inside an environment with temperature Ts(f),
generally labelled as heat shield (or several shields). The thermal conductance  be-
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tween cell and shield rules the thermal coupling. So, the following simple equation
describes any calorimeter:

QT N=C(T HTAN+(TH T N-Ts(D }=C(TNT(D)+k(DAT(T 1)

where (C denotes the (temperature and eventially time dependent) heat capacity of
the cell including the sample and addenda, Q the heat transferred to the cell and AT
the difference of temperature between cell and heat shield, C/k=t,,, defines a time
constant (external thermal relaxation (ime) which characterises the temperature
cquilibrium between the cell (sample/sample-holder/thermometer/heater assembly)
and the heat shield as heat sink. The equilibrium of the cell itself occurs with the in-
ternal time constant T,

For the classification of calorimeters, various schemes exist [28, 29]. Very
bricfly, a classification is mostly based on the size of k and AT and distinguish (i) iso-
thermal. isoperibol and quasi-adiabatic/adiabatic methods, (ii) single or twin cell ar-
rangements, i.e. absolute caloric or comparalive (difference or differential) measure-
ments, (iii) step-wise heating or scanning, and (iv) technically, whether the caloric
measurcment is controlled hy Q. Te or Ts. In view of LTC, however, the maost basic
distinction refers to the location where the thermometer for the determination of the
heat capacity of the calorimeter cell ensemble is placed. The location is cither on the
calorimeter cell itself (sample and sample support with heater and thermometer),
which is the classical arrangement or along the thermal coupling & or even on the
thermal shield Tg, usually called heat-{low instruments.

The history of LTC and the experience made show that heat flow instruments are
unsuitable for low temperature use due to the drastic lowering of specific heat with
decrcasing temperature and the related shortening of thermal relaxation times 1.
Therefore. all methods applied below 100 K own calorimetric ¢ells which include
the sample studied and the thermometer Lo register the sample temperature. The
methods — quasi-adiabatic, temperature-modulated, heat-pulse, continuous-heating,
differential scanning calorimetry, etc, — are listed in Table 1 giving some charac-
teristic averaged parameter-valucs and the typical performance of these calorimeters
for low temperature use. Also, an abbreviation is given to classify the instruments.
Advantages and disadvantages of the methods are readable {rom this table. The clas-
sical adiabatic heat-pulse method (ADC and QAC) [1, 2, 4-6, 9, 11, 12, 21, 26, 27]
is still the most precise tool to determine ‘absolute’ values of heal capacities as well
as it allows direct enthalpy measurements, c¢.g. on first order phase transitions, but
the method is less adequate to resolve discontinuitics at critical temperatures with
high temperature resolution. For that purpose, TMC (or so-called ac-calorimetry) [7,
14] and CHC [15, 18-20, 30-34] are much more powerful. Both methods (TMC,
CHC) display excellent lemperature resolution, are preferred to detect very small
changes of heat capacity, ¢.g. in comparative arrangements or in magnetic fields, and
allow scanning in the heating or cooling mode. A unique advantage of TMC is its
ability for repetitive measurement and signal averaging. TMC and PHC are the tech-
niques favoured for small sample calorimetry (<1 mg) whereby PHC [13, 35], due to
the step-heating, shows less performance for resolving sharp transitions in Cu(7T).
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The advantages of ADC on one hand and TMC and PHC on the other arc best com-
bined in CHC which enable quick experiments with low mass samples with rather
good accuracy and cxcellent temperature resolution. Finally DSC {28, 37] and
TMDSC [23, 38] arc widely used and reliable for semiquantitative studies. Good
quantitative measurements, however, require careful adjustment of the experimental
conditions [39, 40]. In view of flexibility, to measurc any type of sample, ADC,
QAC, CHC and DSC have advantages whereas TMC and PHC are submitted to
stringent boundary conditions with regard to internal relaxation time, Heat transfer
and thermal cquilibrium (relaxation times Ty, T.y,) of sample, sample-support and
heat shield are best recorded and controlled in ADC and QAC whereas it is poorly
known and difficult to control in DSC experiments.

We mention that ADC, QAC and adiabatic CHC require the most careful and well
claborated constructions and testing for systematic errors once in the beginning,
TMC, PHC and isoperibol CHC involve simpler apparatus design but will take con-
siderably more tme 1o optimisc the measuring conditions and calibrate the instru-
ment for the individual experiments. For example, TMC and PHC require a properly
selected heat link, adjusted Lo the value of heat capacity under investigation in order
to achivcve reasonable 1., and hold the condidon: T.,,>10 ;. Both requirements
need time for testing and to gain experience. In PHC, for example, if 1. becomes
too long as o approach adiabatic region, then the underlying zero-line is less known
and determination of Ty would Be less good; otherwise if g, is oo shor, the condi-
tion T >>Tiy is not fulfilled and the serious ‘“1,-cifect’, i.c. superposition of internal
and cxternal relaxation times in the thermal equilibrium time, arises [13, 14, 36].
The ‘1y-cffect’ arises also from poor thermal conductivity either of the sample or be-
iween sample and sample-support. This causes serious problems in TMC, PHC and
CHC but not for ADC and QAC. Commercial equipment (DSC, TMDSC) require
also a considerable amount of time for calibration and testing to rule oul systematic
crrors, c.g. mass dependence, temperature dependence of calibration factor, etc. [39,
40]. As crude guideline, we say that ‘static’ methods — ADC, QAC, PHC arc less sus-
ceptible to uncxpected and systematic errors and puor heat conductance in parts of
the calorimetric cell, e.g. the sample, allow much better knowledge of the relaxation
times involved and show higher flexibility in view of the type of sample to be studied
than ‘dynamic’ methods, i.c. TMC, CHC, DSC. The dynamic methods, however, aie
lavourable for small mass experiments, short-time and high-resolution measure-
ments performed as scanning, but arc subjected to serious restrictions on maximum
usablc sample mass and heat transfer in connection with the admissible Ty and Ty,
The relevant boundary conditions must be held and checked [7, 13, 14, 36, 41].

According to the discussion above, heat pulse techniques (ADC, GAC, PHC) and
scanning (TMC, CHC, DSC) arc complementary to cach other. As mentioned be-
fore, many modern calorimeter constructions allow the choice to run various pro-
grams, i.c. to perform experiments according to the different methods, with the same
calorimeter cell. The focal points of construction calorimetric set-up for LTC remain
the approach of adiabaltic conditions and, in recent years, the application of scanning
for reason of temperature reselution and saving of measuring time.

S Therm, Anal. Cal., 36, 1999
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Progress: new calorimeters and improvements

The following selection of calorimeters for the determination of C(T) at low
temperatures were cssentially published in ‘Rev. Sci. Instrum.” and refers to reports
from the last two years. Particularly complex, very specific or sophisticated con-
structions have been excluded. Each of the referenced papers gives quile comprehen-
sive and detailed deseription of the apparatus. For reason of limited space, we do not
describe or discuss details but only judge the performance. The LTC’s representing
progress, the reference number, an abbreviative deseription of the calorimetric
method applicd and some of their characteristic features are listed in Table 2. In ad-
dition reference is made to some earlicr low temperature scanning calorimeters.

New methods, new calorimeters

A significant improvement and exiension of the usable temperature range of the con-
ventional DTA configuration has been reported by Schilling and Jeandupeux [42]. Heat
capacitics of milligram samples arc measured in the range 40 to 300 K with a relative
accuracy of dC/C<0.02% by use of high-precision electronic components. The base
temperature (shicld) is scanned lincarly — with a typical rate of 1-10 mK s™' — and
the sample follows isoperibolically. Measuring the temperatures of the base (la-
belled b) by a platinum resistance thermometer, and the sample (s) and reference ()
by copper-constantan thermocouples yield the difference of the heat capacities be-
tween sample and reference:

AC=CC=hk fk H (ATSdONAT AN (T TN T Tp)+ 1)} C G
and hence
AC=CUT—THTsTy)

if the thermal conductances k; and scanning rates d7i/dz for sample and relerence arc
equal: k=k,, dT/di=dT/ds, respectively. Both conditions are quite casy to [ulfil.
Thus the heat capacity of a sample is determined simply by simullancously monitor-
ing the temperature differences T T and T—Ty, without calculating any derivative in
time or temperature.

Based on the classical TMC technique, Fominaya et al. {43, 44] developed a
modification that makes the calibration of thermometers ohsolete. The particularity
of the set-up is the insertion of an additional reference mass with a separate heater
between the ensemble sample/sample-support with heater and thermometer, and the
heat sink (thermal shield or bath). The method is interesting for applications where
the thermometer must often be calibrated, c.g. calorimetric experiments in very high
magnetic fields B (B>12 T) or at high pressure. The theoretical treatment results in
a simple formula:

C=C Py /Pr0a)

J. Therm. Anal. Cal., 56, 1999
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where C; and C,, P, and P,, w, and , denote the respective heat capacitics, heating
power and modulation frequencies of the sample () and reference (#).

Inn an attempt to simplify cryogenics, Jurado et al. [45] developed a TMC that op-
erates on the cold stage of a commercial closed-cycle refrigerator in the temperature
range from 8 to 300 K. It uses chromel-alumel thermocouples as thermomelers,
works at a frequency of 2 Iz and has typical temperature amplitudes of 5-20 mK.
Samples as small as 100 pg have been measured and the relative resolution amounts to
0.1%. The absclute heat capacity values were determined by a Perkin Elmer DSC-2. In
this context, we note that presumable the mechanical vibrations of a refrigerator do
not affect THC and PHC, however may be deteriorating for ADC, QAC and CHC.

No top-loading adiabatic calorimeter has been constructed so far because of the
complicated structure. Only ITanda [46] reported on a top-loading Tian-Calvet heat-
flow instrument. Now, Tsukushi er al. [47] describe an adiabatic top-loading calo-
rimeter for the range 20 to 290 K that reduces drastically the time required for
changing the sample (ca 10 min) and enables also sample changing at liquid nitrogen
temperatures. The Nernst type calorimeter uses rhodium-iron resistance thermome-
ters and is run with a sample cell of 9 em” weighing nearly 100 g. The inaccuracy
amounts to 0.2% at 13-30 K and deercases 0.02% above 50 K.

A novel adiabatic calorimeter introduced by Takahara e al. [48] enables the si-
multaneous measurement of cnthalpy and volume under high pressure up to
100 MPa in the temperature range 80 380 K using also rhodium iron thermometers,
The sample is pressurised hydrostatically and the volume is determined with a new
type of dilatometer using bellows instatled in the cell. The cell mass is ca 650 g, the
inaccuracy +0.2%.

Scanning

In the last five years, CHC as a particular type of scanning calorimeter became a
widely used technology for the wide temperature range 10-300 K. Based on the car-
lier work by Junod [15] and Pinel and Lebeau [331, a variety of different implemen-
tations and modern electronics helped considerably to improve CHC and establish it
as an advantageous and flexible type of calorimeter. This type combines {as men-
tioned ahave) the merits of ANC/QAC and TMC/PHC. The CHC are hnilt as single
stage (without usc of a reference) or twin stage caloric cells working with isoperibol
or adiabatic surrounding conditions according to whether a temperature difference
AT between sample and heat shield is accepted or not. The sample (and reference
when twin-staged) is heated either with constant power and the heat shield follows
the sample temperature, or the shield temperature increases, mostly lincarly, and the
sample temperature is recorded. In the adiabatic version, the heater power supplied
to the sample varies in such a manner that the sample temperature always equals the
shicld temperature. An advanced adiabatic version of a CHC system, described by
Schnelle and Gmelin [19], uses platinum resistance thenmometry, needs sainple
masscs of 20-200 mg at a scanning specd of 0.2 to 10 mK 57! (typically 2 mK s7),
gives an absolute accuracy of 1-2%, reaches a relative resolution of nearly 8C/C=107
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and records ca. 100 data K™'. Temperature deviations between sample and heat
shield are detected to £10 pK and the heat supplied to the sample by a software-type
PID temperature controller, to hold the temperature difference between heat shicld
and samplc within the limit of 50 uK, is a direct and absolute measure of heat capac-
ity. CHC systcms show equally high performance for calorimetric experiments in
high magnetic ficlds upto 17 Tesla which is needed 1o study anisotropy effects on
single crystals [49-51].

Using cxtremely slow heating and cooling runs (<100 mK h7!y allows to study
rate dependent cffects [52, 53], for example the long internal thermal relaxation
lime, ¢.g. in polymers, the oricntational transition of Cgg near 260 K in the order 10 h
|53] or time-dependent heat capacities.

As a modern example of non-adiabatic scanning, Yao er al. [54] installed the
‘dual mode’ (or slope) method, initially described in [16, 17], in which the losses
caused by isoperibolicily during the heating cycle arc taken into account by measur-
ing the temperature vs. lime curve during cooling or with a different small heating
power. The calorimeter is used either as CHC, TMC or PHC. We remark that the
isoperiholic form of PHC is much easier to construct than the adiabatic type.

Mest recent scanning type TMC’s work with a laser diode as a heater and optical
light guides to determine heat capacitics of mg- and pg sample. Commonly, thermo-
couples serve as thermometer and the absolute heat capacity is taken from other

methods [55, 56].

Computational

Computers have simplified considerably the former laborious and time-consum-
ing compulation of heat capacity curves. Recently the application of more claborate
evaluation procedures, in order to lake into account isoperibolicity, yield data of bet-
ter quality and thus more efficiency.

Correction of heat leaks can be made cither on-line or as post-experimental com-
putation. Such corrections are of particular interest in the “static” type of calorimetry
{QAC). Extrapolation methods for the correction of heat leaks by radiation or con-
duction were discussed for example in [57]. Ota and Gmelin [58] and Pecharsky et
al. [59] described methods correcting losses on-line.

Application of a correction for the exponential post-healing temperaiure drift
curve in quasi-adiabatic or iseperibol heat-pulse calorimetry (QAC, PHC) with iso-
thermal heat shield is particularly advantageous for small sample measurements and
for experiments above 100 K to correct for radiative heat losses [58]. Instead of us-
ing the well known formula for the calculation of the heat capacity C=(Pr/AT)
(heater power P, heating time £, and resulting temperature increment AT), the fol-
lowing equation is used [58]:

C=(P/AT)[ 14+t Tex) 124
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where 1,,=C/k. The time T 18 determined from a fit to the curve temperature vs,
time of the post-heating curve. The corrective term [...] largely accounts for tempera-
ture Muctuations of the heat shicld, non-adiabaticity and non-lincar heating as well
as losses during the heating cycle. The scatter of the €, data, evaluated by this way,
improves by a factor of five compared to those calenlated with the usual and simpler
formula. The reproducibility of the data increased from 0.7 to 0.2% [58].

Due to the ‘1, effects’ the exponentials of Ty and T, become superposed and may
also deviate from the proper form of a single exponential. Then a linear curve fitting
of the legarithmic temperature vs. time plot (T vs, £) of the post-heating driftlinc be-
comes questionable. Additional corrective terms may be required to represent the T
vs. t curve. Such a second order correction to the above equation may be helplul
when strong heat leaks are present and yicld nevertheless correet Cp results. A para-
bolic Tunction has been applicd as correction for the non-linear logarithmic 7 vs. 7
curve [60].

The majority of (so-called) automated calorimeters, described in the literature,
operate in fact semi-automatically, i.e. they still need human interaction to observe
when thermal equilibrium is reached, to adjust manually the appropriate experimen-
tal parameters, e.g. lor delay time, heating time, time-length of temperature-drift-
lincs, etc.. This parameter setting may be avoided by strict analysis and formalisa-
tion of the measuring process and incorporating in a real-time data collecting solt-
ware [51, 59]. Pucharsky et al. [59] report on the analysis, design and operation of a
fully automatic quasi-adiabatic calorimeter for sample masses of about 1 g in which
via software the measuring paramaters are optimised. The compuler handels intelli-
gently the detection of existence of thermal equilibrium, the determination of t; and
the compensation of the thermal losses according to the given mass and heat conduc-
livity of the sample, thermal conductance in the calorimeter, etc. It is crucial that the
lusscs are minimized, i.c. the temperature difference to the sample remains zero. The
application of several heat shield thermometers on several scparately controlled
shield scctions, as usually done [4] does not guarantee zero-loss conditions. The
losses, however, are best cvaluated by recording the actual fore drift and post-
driftline of the sample temperature and adjusting the drifts to zero by controlling the
heat shield temperature. Thus. the heat shield temperature scnsor need not be cali-
brated, it can cven be suppressed [51, 597. The fore drifiline stability amounts o
<0.02 mK 57" in quasi-adiabatic calorimetry with isothermal shicld during the full
cycle of a heat capacity measuring point {51]. In small sample quasi-adiabatic cal-
orimetry, an cxcellent aceuracy and low data scallering results from combining the
described compensation of the losses by a software temperature controller (for the
heat shield) and the above mentioned procedure Lo compute isoperibolic post-drifthi-
nes [70, 71].

Recently, Jih Shang et af, [61] fitted the whole temperature response of a heat-
pulse calorimeter (PHC), i.e. heating cycle and thermal relaxation process, in order
separate intcrnal and cxternal relaxation times. Thus the 1; problem is ravelled.

Often both ways arc applied simultaneously, the on-line correetion and a post-ex-
periment correction and parameter-optimisation, respectively. Now, it is no problem,
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to store all data of the temperature vs. time heating and relaxation curves of the sam-
ple, and eventually of the shield, also. After terminating the experiment, the 7(¢)
curves fur each Cp data point can be inspected with regard (o internal and external
r¢laxation, thermal coupling cte., first and second order derivatives of T(#) may re-
veal discontinuitics in the losses as a function of time. Thus, the quality of the mea-
sured data can be ciitically judged, e.g. by evaluating the measured data with various
thermal equilibrium times, and reliable correction may be performed [51].

Ulrra-small sample measurements and mesoscopic techniques

The increasing trend of further miniaturisation of semiconductor devices into the
suh-micrometer scale enhances also activities and requirements of low temperature
calorimetry. Calorimetric sensors for pg samples at rcom temperature have been de-
veloped |62], however, we will refer here only to ETC.

Looking on modern sub-micrometer topographical methods. as Scanning Tun-
neling Microscope and Atomic Force Microscope, the calorimetrist should be aware
that these technologies are now also applied in the rescarch of thermal parameters,
¢.g. SThM, the Scanning Thermal Microscope. The author has recently reviewed the
potential of the SThM in view of thermal measurcments and calorimetry [63]. A [irst
commercial instrument has come an the market |64]. The SThM technique may pro-
vide in future routine data on locally (nano-meter scale} and timely (nano-sec scale)
highly resolved thermal parameters and effects, c.g. thermal resistance or heat ca-
pacity [65].

The most scnsitive calorimeter using the AFM technology and based on the de-
flection of a bimetallic micromechanical sensor as a function of temperature demon-
strated a sensitivity of <100 pW and may be able to detect a minimum energy of
<100 ] (femto-I) [661.

Recently, heat capacity measurements of St nanostructures using a thin film
DSC with 0.2 nJ sensitivity were described by Lai et @l. [67]. The authors studied the
melting process of Sn films of different thickness down to 1 A, formed via thermal
cvaporation, by combining (wo calortmeters in a differential measurement configu-
ration.

One must be aware that in this mesoscopic range ¢lassical physics and chemistry
may be no more valid and new phenomena may occur. An extrapolation of the ther-
mal data to macroscopic scale is doubtful [63].

Beside of mesoscopic effects, classical calorimetry presumably ends with g
samples. Then TMC seems to be the best choice. Riou er af. [68] describe a very sen-
sitive calorimeter based on TMC for measuring ca 10 pg samples. A polyphenylguin-
oxaline membrane suspended on a round copper disk offers a usable diameter of
0.6 mm and has an addenda heat capacity of 1.5 pJ K~ at 100 K. The time constant
of the sample holder is 5 ms and thus allows to work at 10 Hz with the *ac-technique’
using copper as thermometer. The absolute and relative accuracy are 0.1 and 10%,
respectively, with a temperature resolution of a few pK. The micro-sample holder,
the membrane stage has been described in detail. Equally, Marone and Payne [56]
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built a TMC which uses a diode laser as the heater with frequency 0.2 to 50 Hz. The
absence of a contact heater reduces the addenda. The calorimeter works from 5 K to
room temperature and samples as small as 4 pg have been measured using a 12,5 pm
type-E thermocouple as thermometer.

Summary and conclusions

Classical calorimetry criginated more than hundred years ago. Since the time of
Walter Nernst more and more sophisticated apparatus have been developed. Al-
though progress seems o be slow, permanently new methods appear and this over-
view prools again that in recent years the perfection and refined use of the different
types of calorimelers even acceleraled. Nevertheless, calorimetric measuremnents are
not as simple as it appears: the removal of systematic errors, the avoidance of experi-
mental artefacts and the carelul calibration of the energy and temperature scale re-
main on lop of the problems facing the calorimerrist [6, 39].

Also calorimetry is facing a ‘mental’ problem. Many of the actual experimental-
ists presumably do not really know how accurate their results are on the absolute or
relative scale of uncertainty or which temperature scale (IPTS-68 or ITS-90) was
used for calibration. Many error indications are lower than the accuracy of the cali-
bration substances used. Only few reports talk about calibration whereas often pref-
erence is given o the description of comfortable programs and the prescntation of
coloured curves. It will remain a continuous challenge for calorimetrists to produce
well-documented, accurately described data of high quality. It should be a duty 10
any thermoanalysts/calorimetrist to report his data according to the recommendation
given in ‘For better Thermal Analysis™ [69].

What will the [uture bring — quo vadis calorimetry?

Still more preference will be given o the dymamic methods. High speed very
small samplc mass calorimetry, sample heating by laser, still higher resolution, spe-
cific heat spectroscopy and extension of sub-micrometer studics may be the next
marks in progress for LTC. The commercialisation of LTC has just started and will
most probably succecd. In addition, more sophisticated computer programs will
compensate more and more the intrinsic imperfections of the different methods. The
development should be faster with regard to ETC under extreme conditions, ¢.g. high
pressure, thermometry in high magnetic fields, and the simplification of cryogenic
environment of LTC. The most serious problem which will unfortunately continue to
exist for some longer time, is the lack of more (beside of sapphire and copper) high-
precision certified reference substances for calibration and their commercial distri-
bution. For this reason, the revival of the classical high-precision (<0.2%) cal-
orimetry will move in future more and more into the centre of interest.

* ok Kk
Thauks arc given to the technical staff and many scientific co-workers and guest scientists of
the Low Temperature Laboratory who contributed by their wotk to the improvement of our heat

capacity installations and who performed many experiments. Particular thank is given to Dr. W.
Schnelle and the technical help by K. Ripka.
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