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An adiabatic low-temperature calorimeter, capable of measuring the heat capacities of
solid or liquid between 1.4 and 21.0°K, was constructed. A mechanical thermal switch is used

for cooling the sample cell, the temperature of which is measured with a doped germanium

thermometer. The resistance-temperature calibration data for the resistor was fitted to a

function of the form log10R=A/T+B+CT+DT2. By using this formula the thermodynamic

temperature scale is represented to within ±0.02°K and by combining the correction curves the

final deviations of the calibration data from the thermodynamic temperature scale were within

±0.003°K in the whole temperature range investigated. The heat capacity measurements of

CsBr and CsI crystals were made with two kinds of adiabatic calorimeter assemblies, one for

the temperature range 1.4 to 21°K and the other for the range 12 to 300°K. Values of the

heat capacity Cp°, entropy S°, enthalpy function (H°-H0°)/T, and Gibbs energy function

-(G°-H0°)/T
, at 298.15°K are: 12.441, 26.785, 10.415, and 16.370 for CsBr and 12.571,

29.127, 10.788, and 18.339 for CsI, respectively, in cal-mol-1・ °K-1.

It is of some interest to note the fact that the

alkali halides crystallize at standard temperature

and pressure in the NaCl-type structure, with the

exception of CsCl, CsBr, and CsI which crystallize

in the CsCl-type structure, although polymorphic

transitions between the NaCl and CsCl structure

have been observed to occur for some of these crys-

tals with increasing temperature or pressure. Al-

though a great deal of work has been done on the

alkali halides with the NaCI structure, theoretical

and experimental studies of the alkali halide crys-

tals with the CsCl structure seem to have received

little attention in the past. Some theoretical in-

vestigations have been made to interpret which

structure will be more stable under a given set

of conditions. Among them Mayer1) showed that

van der Waals potential contributes to the sta-

bility of the CsCl-type lattice for CsCl, CsBr,

and CsI at absolute zero. Tosi and Fumi2) suc-

ceeded in establishing which phase has the lower

free energy and is thus thermodynamically more

stable under a given set of conditions. From the

standpoint of lattice dynamics Hardy and Karo3)

accounted for the instability of the NaCl-type
lattice under the condition just below the pressure-
induced phase transition. Some experimental
results4-7) have been also reported in which the
difference in the crystal structures seems to be re-
flected.

The purpose of the present investigation is to
obtain detailed thermal data on CsBr and CsI
crystals in the temperature range from 1.5 to 300°K,

and, in particular, to study how the difference in

structure is reflected in their thermal properties.

An adiabatic calorimeter for the heat capacity

measurements below 20°K is also described.

Experimental

Calorimeter and Cryostat. The main parts of
the adiabatic calorimeter consist of calorimeter cell,
cryostat, thermometer and electrical circuit. Figure 1
shows diagrammatically the cryostat assembly and its
essential features are depicted in Fig. 2. There are two
refrigerant compartments; an outer one (for the
liquid nitrogen) consisting of a stainless-steel Dewar
vessel and an inner one (for the liquid helium or liquid

*1 The first half was read before the 18th Annual
Meeting of the Chemical Society of Japan (1965),
Osaka and the latter half before the 1st Japanese Calori-
metry Conference (1965), Osaka.

1) J. E. Mayer, J. Chem. Phys., 1, 270 (1933).
2) M. P. Tosi and G. F. Fumi, J. Phys. Chem. Solids,

23, 359 (1962).
3) J. R. Hardy and A. M. Karo, "Lattice Dynamics,"

Pergamon Press, Oxford (1964), p.195.

4) E. E. Havinga and A. J. Bosman, Phys. Rev.,
140, A292 (1965).

5) S. P. Nikanorov and A. V. Stepanov, Fizika
Tverdogo Tela, 6, 1987 (1964) (English translation;
Soviet Phys.-Solid State, 6, 1569 (1965)).

6) S. P. Nikanorov, A. A. Nran'yan and A. V.
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Fig. 1. Calorimeter and liquid helium cryostat
assembly: (A) calorimeter cell; (B) germanium
resistance thermometer; (C) vacuum jacket; (D)
hermetic seals for lead outlets; (E) glass Dewar;
(F) carbon resistors for level indicator; (G) liquid
He or H2; (H) brass jacket; (I) nylon thread;

(J) metal Dewar vessel; (K) compression seal
with a lead O-ring; (L) liquid N2; (M) liquid
He pumping line; (N) to high vacuum pump;
(O) liquid He transfer tube; (P) winch.

Fig. 2. Schematic diagram of low-temperature

calorimeter (1.4-21.0°K): (A) vacuum jacket;

(B) calorimeter cell; (C) heating element; (D)

germanium resistance thermometer; (E) radia-

tion shield; (F) hermetic seals for lead outlets;

(G) radiation shield; (H) liquid He or H2; (I)

carbon resistors for level indicator; (J)nylon

thread; (K) glass Dewar.

hydrogen) consisting of a large glass Dewar of approxi-
mately 7l capacity. Carbon resistors (Allen-Bradley,
47Ω nominal resistance) positioned conveniently on the

stainless-steel tube serve as useful refrigerant-level
indicators. The third innermost compartment, which
houses the high vacuum for the calorimeter cell, consists
of a brass can apart from its bottom made of thick copper
plate. All conduits are made of stainless-steel. To
prevent that large amount of energy is imparted to a
sample from room temperature radiation, two radia-
tion traps are placed at the bottom of the central tube
(E and G in Fig. 2). Styro-form plate located at the
entrant of the glass Dewar also serves as a radiation
shield from liquid nitrogen temperature.

The body of the calorimeter cell consists of a cylinder
of copper. Thin copper fins project radially from a
small tube which is centrally located along the vertical
axis of the calorimeter (see Fig. 2). These fins are
soldered with the tube and the calorimeter wall. The

filling tube of the calorimeter cell is fitted with a small
brass cap to the center of which is brazed a short piece
of tubulation that permits evacuation of the sample in
the calorimeter and filling helium gas for heat exchange.
The diameter of the calorimeter cell is about 4.5cm,
the overall length (including cap) being approximately
9cm and the volume about 110cm3.

A Minneapolis-Honeywell germanium resistor
(Honeywell Series II) was used as a working thermo-
meter. It was firmly embedded in a small copper pipe
brazed to the top of the calorimeter. To further insure
the good thermal contact it was varnished (GE adhesive
#7031). The current used for the measurements of
resistance of the germanium resistor was selected as to
render maximum accuracy; i. e. in the liquid helium
region varied from 2.0 to 10.0μA and in the liquid

hydrogen region from 10 to 30μA. The details of

the calibrations of the thermometer will be described

in the next section.
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The heating element of the calorimeter is formed of
about 1000 ohms of a strain-free constantan wire
(Driver-Harris Co., #36). The wire was wound non-
inductively around the calorimeter cell and varnished
to insure good thermal contact. To minimize any
exchange of energy between the calorimeter and the
environment (refrigerant bath) the lead wires from the
heating element and the thermometer were made
thermal contact with the periphery of the calorimeter
and coiled helically in the vacuum space. These
wires entered the refrigerant compartments by means of
hermetic seals (New Nippon Electric Co., Ltd., #A241).
The electrical circuits for energy supply are the same
as those for the calorimeter8) previously described, which
is operative in the temperature range 12 to 300°K.

Determinations of the heat input and the resistances of
the thermometer were all made on a Wenner-type
potentiometer (Leeds & Northrup Co.). The heating
time was read on a timer placed in the energy circuit.

The mechanical thermal switch consists of a "make
and break" contact between the smoothly polished
surface of the bottom of the calorimeter cell and the
bottom of the vacuum jacket. The vertical movement
of the cell is controlled by a winch mechanism located
at the top of the cryostat. The connection between
the winch and the calorimeter is accomplished by a
fine nylon thread. The "making and breaking" of
the contact is detected through a micro-ammeter by
the "on and off" of the current controlled by the thermal
switch. By means of this device the calorimeter cell
may be cooled conveniently from room temperature
down to about 1.4°K (lowest pumping temperature) in

a vacuum better than 10-6 Torr without the use of any
heat exchange gas.

Temperature Scales. The germanium resistance

thermometer was calibrated in the temperature range
from 1.4 to 4.4°K against the vapor pressure tem-

perature scale (the T58 scale) compiled by Brickwedde
et al.9) In the temperature range between 11.8 and
21.0°K, on the other hand, the thermometer was

calibrated against a Leeds & Northrup platinum re-
sistance thermometer certified by the National Bureau
of Standards (the NBS scale). These calibrations were
performed by separate experiments before the ger-
manium thermometer being fixed to the calorimeter.
To complete the calibration of a germanium thermo-
meter, some adequate functional relationships between
resistance, R, and temperature, T, should be needed.
Such attempts to find an empirical formula were made
by, for examples, Lindenfeld,10) Ahlers,11) and Cataland
and Plumb.12) In the present case, however, a rather
simple formula13) of the form,

(1)

Fig. 3. Correction curve for the calibration of

the germanium thermometer in the range 1.4

to 4.4°K.

was fitted to the experimental Re and Te calibration
data of the germanium resistor by the method of least
squares, where A, B, C, and D are numerical constants.
A comparison between the Re and the Rc (calculated
value from formula (1)) is illustrated in Fig. 3 in the
case of liquid helium temperature region. It is clear
in the figure that formula (1) may reproduce the Re
and Te relationship within ±0.02°K. The same held

well in the liquid hydrogen temperature region where
the last term of the right-hand side of formula (1) was

Fig. 4. Determination of the correction factor,

α, for the carbon resistor in the range 4.4 to

11.8°K.

8) H. Suga and S. Seki, This Bulletin, 38, 1000
(1965).9) F

. G. Brickwedde, H. van Dijk, M. Durieux,
J. R. Clement and J. K. Logan, J. Res. Nat. Bur. Stand.,
64A, 1 (1960).

10) P. Lindenfeld, Rev. sci. Instrum., 32, 9 (1961).
11) G. Ahlers, J. Chem. Phys., 41, 86 (1964); Phys.

Rev., 135, A10 (1964).
12) G. Cataland and H. H. Plumb, J. Res. Nat.

Bur. Stand., 70A, 243 (1966).
13) M. Sorai, H. Suga and S. Seki, Preprints for

the 18th Annual Meeting of the Chemical Society of
Japan (April, 1965), 32311.
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omitted. To improve the effectiveness of formula (1),
it is necessary to define a correction term as

(2)

Finally the smoothed values of resistance of the ger-
manium resistor, Rs, were calculated by the following
formula,

(3)
and the tables of Rs aersus T were made every interval of

0.01°K in the region 1.40 to 4.40°K and of 0.1°K in

the region 11.8 to 21.0°K by the NEAC 2203 com-

puter. Deviations of the calibration points, Te, from
formula (3) are shown in Fig. 6. In order to check
the stability of thermometer after temperature cycling
the calibrations were repeated six times and no signific-
ant changes were observed. This fact is consistent with
the results by Kunzler et al.,14) and Plumb et al.15)
The final deviations of the calculated curve by using
formula (3) from the T55 scale and the NBS scale, re-
spectively, are within ±0.003°K.

In general a commercially available germanium re-
sistance thermometer had disadvantages such as that
the resistance-temperature relation is complicated and

should be established by calibration at many tempera-
tures. Thus, without the use of a gas thermometer
there is no method for evolving a "working" tempera-
ture scale between the liquid helium and the liquid

hydrogen temperature region, i.e. 4.4-11.8°K, as far

as a germanium resistor is used. For these reasons

there is always an uncertainty in evaluating the ther-
modynamic temperature scale in this region, so the
high-precision calorimetric investigations in this tem-

perature region are rather scarce. An attempt has
been made by DeSorbo and Nichols16) to circumvent

Fig. 5. Correction curve for the germanium

thermometer in the temperature range 4.4 to

11.8°K.

Fig. 6. Deviations of the calibration points for the germanium thermometer from the T58

scale (1.4-4.4°K), from "the Carbon scale" (4.4-11.8°K), and from the NBS scale (11.8-

21.0°K). Various marks in the liquid helium region mean different runs of the calibration.

TABLE 1. SPECTROGRAPHIC ANALYSIS OF THE SALTS

14) J. E. Kunzler, T. M. Geballe and G. W. Hull,
Jr., "Temperature. Its Measurement and Controli
n Science and Industry," Vol.3, Part 1, Reinhold
Pub. Corp., New York (1962), p.391.

15) M. H. Edlow and H. H. Plumb, ibid., Vol.3,
Part 1 (1962), p.407.

16) W. DeSorbo and G. E. Nichols, J. Phys. Chem.
Solids, 6, 352 (1958).



316 Michio SORAI, Hiroshi SUGA and Syuzo SEKI [Vol.41, No.2

this problem, at least approximately, with a careful
analysis of the carbon resistor data obtained both in
the liquid helium and liquid hydrogen temperature
regions. The working temperature scale adopted here

between 4.4 and 11.8°K is based on this convenient

method, that is to say "the Carbon scale". The pro-
cedure adopted is to evaluate the correction factor, α,

for the region 1.4-4.4°K and 11.8-21.0°K, first

by using the constants A and B evaluated from the R-T
data for the liquid hydrogen region (see Fig. 4(a))
and secondly by using constants A and B determined for
the liquid helium region (Fig. 4(b)). Here A and B
are constants appeared in the formula,

for the R-T relation of carbon resistor pro-

posed by Clement and Quinnell.17) By a method of
successive approximation, the two interpolated seg-
ments of the curves shown in Figs. 4(a) and 4(b) by
broken lines were determined to give a minimum dis-
crepancy in ΔT(T(H2-formula)-T(He-formula)). Un-

certain deviations of "the Carbon scale" from the ther-

modynamic temperature scale will probably be intro-
duced in the process of drawing the interpolated seg-
ments. An ambiguity in this procedure, however,
does not seem to exceed ±0.02°K (see Figs. 4(a) and

4(b)). The working temperature scale for the ger-
manium resistance thermometer was, thus, established
by using both "the Carbon scale" and the formula (3).

Fig. 7. Comparison of the heat capacity of KBr

in terms of the Debye characteristic temperature

below 21°K: ○, present work; ●, Berg and

Morrison.18)

Fig. 8. Heat capacity of CsBr in the temperature region from 1.5 to 300°K.

17) J. R. Clement and E. H. Quinnell, Rev. sci.
Instrum., 23, 213 (1952).

18) W. T. Berg and J. A. Morrison, Proc. Roy. Soc.,
A242, 467 (1957).
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The correction curve in this region is illustrated in Fig.
5. Two thick solid lines in the vicinity of 4 and　 12°K

mean the T58 scale and the NBS scale, respectively.
Final deviation plots of all the calibration points for
the germanium resistor from "the Carbon scale" are
shown in Fig. 6.

Materials. Powder crystals of CsBr and CsI of
high purity optical grade were obtained from Mitsuwa's
Pure Chemicals. The salts were recrystallized twice
from distilled water and then dried at temperatures

between 100 and 120℃ in a vacuum for 15hr.

The results of spectrographic analysis of this purified
samples are given in Table 1. Potassium bromide

crystal of high purity optical grade was obtained from
E. Merck AG. Procedure of purification was the same
as mentioned above.

For the heat capacity measurements in the tempera-
ture range 1.5 to 21.0°K the calorimeter contained

104.743g (0.49219mol) of CsBr, 184.462g (0.70999
mol) of CsI, and 150.582g (1.2653mol) of KBr, re-
spectively, as well as a small amount of helium exchange

gas. For the measurements at higher temperatures, on
the other hand, the calorimeter contained 43.8972g
(0.20627mol) of CsBr and 46.2041g (0.17784mol) of
CsI, respectively, and helium gas as heat exchanger.

Heat Capacities of CsBr and CsI. The heat
capacity measurements were made with the low-
temperature adiabatic calorimeter (denoted as calori-
meter-A hereafter) described above in the temperature
region 1.5 to 21.0°K and with the automatic adiabatic

calorimeter8) (calorimeter-B) described previously in

the range 15 to 300°K. Approximately 230 heat ca-

pacity data were determined for CsBr and CsI with

various small temperature rise (0.05-0.5°K below

20°K and 1-3°K above 15°K).

The Precision and Accuracy of the Measure-

meats. The scatter of the results obtained with the
calorimeter-A is at worst ±3% at the lowest tempera-

tures and ±1% for T>4°K. The precision of the

calorimeter-B appears to be ±2% for T<20°K,

±1% for 20°K<T<50°K, and ±0.3% for T>50°K.

The accuracy is more difficult to assess. It is likely
that the most serious error arises from the uncertainty
in temperature scales. The accuracy has therefore
to be judged by comparison of results obtained from
independent assemblies. A comparison of the two
sets of results between 15 and 21°K provides a measure

of accuracy in this range. For each of two salts the

average deviation of one set from the other was within
the experimental errors. The accuracy of the calori-
meter-B had been checked previously8) by using it to

measure the heat capacity of the Calorimetry Con-
ference sample of benzoic acid in the temperature range
13 to 300°K. Another comparison may also be made

with the measurements of other workers. In order to
check the accuracy of the calorimeter-A heat capacity
of potassium bromide was also measured between 1.5
to 21°K. The results are compared with the data by

Berg and Morrison18) in Fig. 7 in terms of the Debye

characteristic temperature. Agreement between them
seems to be very satisfactory if the experimental errors
are taken into account. For caesium iodide heat

Fig. 9. Heat capacity of CsI in the temperature region from 1.5 to 300°K.
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TABLE 2. HEAT CAPACITY OF CsBr

(Molecular weight 212.809)
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TABLE 3. HEAT CAPACITY OF CsI

(Molecular weight 259.809)
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capacity data have been reported by Taylor et al.19)

in the range 13 to 300°K. They agree with the pres-

ent results to within ±1% above 60°K, but the sys-

tematic deviation appears with decreasing tempera-

turc to amount to +5% below 20°K. Heat capacities

of CsBr and CsI above room temperature have been

reported by Bronsted.20) His value is 0.6% higher at

300°K for CsBr and 1.4% higher for CsI.

TABLE 4. THERMODYNAMIC PROPERTIES

OF C3Br CRYSTAL

(in cal/mol・ °K)

TABLE 5. THERMODYNAMIC PROPERTIES

OF CsI CRYSTAL

(in cal/mol・ °K)

Experimental Results

The results of the heat capacity of CsBr and CsI

in the region 1.5 to 300°K are plotted in Figs. 8

and 9, respectively. Tables 2 and 3 list their
numerical values. The calorie defined as equal
to 4.1840 absolute joules was used. The ice-
point was taken as 273.15°K. The molecular

weights are based on the 1966 IUPAC report on

atomic weights.

Smoothed values of the heat capacity, entropy,

19) A. R. Taylor, Jr., T. E. Gardner and D. F.
Smith, U. S. Bur. Mines Rept. Invest., No.6157 (1963).
20) J. N. Brdnsted, Z. Elektrochem., 20, 554 (1914).
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enthalpy function, and Gibbs energy function, and

also of the standard thermodynamic values at

298.15°K, are listed in Tables 4 and 5, for CsBr

and CsI, respectively. The differential heat

capacity, Cp°, listed in the tables, which is ob-

tained from the observed values of ΔH/ΔT, was not

corrected for curvature because of the small rise

in temperature, ΔT.

Other thermal properties of these crystals and

significant differences between the alkali halide

crystals with the NaCl-type structure and the CsCl-

type one are fully described in part II.21)

The authors wish to express their sincere thanks
to Mr. Nobukatsu Fujino of Sumitomo Metal
Industries, Ltd. for spectrographic analysis of the
specimen for metal impurities. They are also in-
debted to Messrs. Takasuke Matsuo and Masayasu
Sugisaki for their help in part of the measurements.

21) M. Sorai, J. Phys. Soc. Japan, 24 (1968) (in
press).


