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Abstract- High themdl stability and temperature resolution of the 
adiabatic calorimetry mke it possible to study freezing process of 
disorder existing in coladensed mtters. 
liquids around their glass transition regions. It turned out that the 
enthalpy relaxatim phenanenon occurreed also in crystalline materials 
associated with the freezing of relevant degree of freedam Since the 
measurement is based on the time evolution of enthalpy through the 
observation of temperature change under adiabatic condition, the adiabatic 
calorimetry belongs to time-danain spectroscopy corresponding to the 
frequency range between 10 mHz and 1 p H z .  
applicability to a wide range of substances indepndently of the chenical 
nature and physical state. 
occurring in several crystals are reviewed here with their implications. 

This was first demonstrated for 

The method has a feature of 

Examples of the frozen-in prccesses of disorder 

INTRODUCTION 

Heat can transfer in various modes; conduction, convection and radiation. "his situatim 
gives unique status to the adiabatic calorimetry for the determination of enthalpy change 
associated with a physical or chemical process (ref. 1). 
for heat leakage which takes place betwen a calorimetric cell and surroundings during the 
measurment and governs primarily the accuracy and precision of the obtained results. 
the adiabatic calorimetry has been accepted as the mst reliable method specifically in 
determining the heat capacity and related thdynamic functions of condensed matters at low 
temperatures. 
third law of themidynamics (ref. 2). 

In a certain nunber of cases, mst notably for H 0 (ref. 3) and 03 (ref. 4), the calorimetric 
entropies were smaller than the spectroscopic enhopies. ?kis was the first indication that 
even these simple substances retain frozen disorder in segningly thennal equilibrium at low 
temperatures. Scme of the mre canplex substances such as glycerol (ref. 5) undercool easily 
without mdergoing crystallization d m  to the lowest temperature. 
periodicity of the mlecular arrangement is the mst clear evidence of the disorder in the 
non-crystalline state, entropies of liquid as w e l l  as vitreous glycerol attracted attentim 
already in 1930. 
thermodynamic equilibrium state even though it may not ul7dergo perceptible change in the 
experimental time (ref. 6). 
solid state, there exists a transitional state called the glass transition regim (ref. 7). 
Atypical behavior of the heat capacity in the glass transition region is characterized by a 
steplike increase of magnitude that differs fran one substance to another. At temperatures 
away fran the glass transition the heat capacities are reproducible, while they vary in the 
glass transition region depending on the sample history. 

Sane of crystalline substances (cyclohexanol, and sane other highly disordered crystals) were 
also found to exhibit a glass-like behavior (ref. 8). 
periodic crystal lattices but their orientation relative to the crystal axes is randan and 
aperiodic 
Because of the positional and orientational disorder, glassy substances have residual 
entrcpies in conjugational m y  with the glass transitions. 
experimental determination of the residual entropy is possible only for the relatively 
simple substances. 
absolute entropy has been limited to those for which the entropy of the frozen state can be 
related either to the ideal gas state thrcugh a chain of accurate experimental data or to a 
polymrph whose entropy can be detenni.ned indepsndently. 

The method minimizes the correctim 

Thus 

fie mthd played the crucial role in the experimental verification of the 

Since the lack of the 

man these studies it was recognized that the frozen state is not a 
Between the high-temperature fluid state and low-temperature 

Molecules in these substances form 

The frozen-in disordered states of these crystals are called glassy crystals. 

It is to be noted that 

Therefore, study of disordered systems based on the determination of the 

cbntribution No. 154 fran the Chemical 'Ihermsdynamics Laboratory. 
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CALORIMETRIC SPECTROSCOPY 

Vibrational part of the enthalpy of any disordered system always responds quickly to a rapid 
temperature change. 
temperatures is called the configurational enthalpy. A part of the latter is brcught into 
frozen state due to a prolonged relaxation time. 
calorimeters which can detect temperature change of sample with the least time lag cm one 
hand and which have a good long-tm stability of the adiabatic regulation on the other, it 
has became possible to study the process, not merely the consequence, of the freezing of the 
disorder by calarimetry (ref. 9). 

Since it is based on the measurement of the time evolution of the enthalpy, ar temperature, 
it belcqs to time-dcmin spectroscopy. 
lhe short-time limit is set by the thermal time lag in the sample. 
dictated by the stability of the thermanetry and adiabatic control. Autamtic operation of 
the calorimeters by microcanputers has renoved humvl factors as an agent limiting the 
operational range of the calorimetric spectraneters. 

The calorimetric spectroscopy has several features that distinguish it fran other 
relaxational spectroscopy. 
another in the sample. 
production that characterizes the irreversible prass. Secondly, it is relatively 
insensitive to spurious effects. 
strong evidence that a molecular prccess involving a fairly large energy is taking place. 
lhis may be canpareed with other types of experiment in which the result depends on the 
surface effect. Surface electric polarization due e.g. to ionic migration sanetimes 
overshadows the bulk properties we are interested in. Interference due to such spurious 
effects does not occur in the calarimetric spectroscopy. 

The remining part of the enthalpy that responds slowly at low 

With the developnent of adiabatic 

Its useful time damin is fran 0.1 ks to 0.1 Ms. 
The long-time limit is 

Firstly, it measures relaxation of the energy of one form to 
lhe heat effect thus determined is directly related to the entrow 

When a relaxation is observed by calorimetry, it is a 

PRINCIPLE OF THE EXPERIMENTAL METHOD 

Suppose that a sample in a calorimetric cell is placed in an ideal adiabatic condition, 
so that no heat is exchanged between the sample cell and its envirorment. When an amount of 
heat is evolved fran the sample, it increases first the sample temperature and then is 
transnitted to the sample cell where the temperature is measured. The increase of 
temperature of the sample cell is proprtional to the amxlIlt of heat that has been evolved. 
If the thermal coducticn between the sample and the cell is sufficiently fast, the 
measurement of calarimetric temperature as a function of time reproduces the heat evolution 
rate in the sample. It is important to recognize that the thermaneter measures the 
temperature of itself. In t h m l  equilibrium, the temperatures of the thermaneter, sample 
cell and sample are all equal. But they are different in general when the temperature varies 
in time. 
themaneter, sample cell and the fast-responding vibrational degrees of freedan of the sample 
are at the same temperature. 
supplies or receives thermal energy to and fran the configurational degree of freedan of the 
sample. 

Since the heat evolution experiment is made under an adiabatic codition rather than 
isothennal, temperature depedence of the relaxational property of the sample has to be taken 
into accaunt. 
equilibriun value. It is a function of temperature T ,  time t and a time constant T 
characterizing the relaxational property of the configurational enthalpy for a given initial 
state. Its temperature dependence enters thrcugh the temperature deperdence of the 
equilibrium enthalpy. 

If the rate of heat evolution from the sample is sufficiently small ,  then the 

They are represented by a heat capacity as a whole that 

u t  H~~~ represent the excess configurational enthalpy over that of the 

HceX H c e X  (T ,  t, T ) .  

In the adiabatic codition, enthalpy of the whole calorimetric system is constant with time. 

H e x  + H = constant ,  (2  1 

where H~ represents the sum of the enthalpy of the sample cell and the fast-responding part 
of the sample enthalpy. Differentiation of both sides with time gives 

(3)  
dHcex - &o 

dt dt 

With the assumption that the variation of temperature is sufficiently slow to ensure that the 
fast-responding part of the sample and the cell with its thermcmeter and heater are 
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represented by a single temperature, the FUiS of eq. ( 3 )  may be written as 

dHo dHo dT 

d t  dT d t  
- = - -  

dT = c  - 
o d t  

where C, is the heat capacity mespmling to Ho . Hence 

Tnis equation relates the configurational enthalpy to the experimentally accessible 
quantities. 
given as follows 

Relation between dHcex/dt arid the isothermal relaxation rate @ H c e x / a t  )T,T is 

The first term on the right is the isothermal relaxation rate which is mre easy to analyse 
and which we would like to detertnine experimentally. 
temperature depenaenCe of Hcex through the temperature dependence of the equilibrium 
configurational enthalpy as stated above. 
changing temperature, as the relaxation proceeds, on the relaxation rate via the temperature 
dependence of T. The second arid third correction terms depend on the details of the 
substance being studied and specific d t i a n s  of the experiment. 
and often neglected. 

'Ituo types of experiments are possible. 
high temperature where the whole thermal equilibrium is reached in a short time to the 
temperature at which one wants to stdy the relaxation The calorimetric system is then 
kept under the adiabatic control. 
temperature rises gradually. The temperature versus time data can be identified with the 
excess configurational enthalpy versus time data if the zero of the two quantities are 
suitably chen. The curve is then amlysed by cunparing with appropriately parametrized 
functional forms, taking the correction term in eq. 7 into account if necessary. 
varying the initial temperature stepuise, ane obtains a series of relaxational data at 
different temperatures. 

In the second type of experiment, one obtains the temperature dependence of the relaxational 
property fran a single guenching. First the sample is quenched from a high temperature to a 
sufficiently law temperature where the relaxation time is long enough to ensure that rm 
appreciable relaxation takes place in the course of the first few heat capacity 
determinations. The heat capacity is measured as in ordinary adiabatic method, by increase 
the temperature by a few Kelvin in one determination of cP. 
temperature is approached, exothennic temperature drift appears in the equilibration period. 
The temperature drifts are measured for a fixed the, e.g. 1 k s  in each equilibration. At 
the lower temperature where the relaxation time is much longer than this,  the temperature 
drifts are in effect linear in time, the slope being proportional to the heat evolution rate, 
As the heat capacity measurmt enters the glass transition regicm, the linear drift rate 
increases at first, reaches a maximum and then decreases fast, crossing the zero to becane 
negative (en3othennj.c) arid finally non-linear in time. The maximum of the drift rate occurs 
as the canpranise of the increasing relaxation time arid decreasing excess configurational 
enthalpy, as the temperature is raised. 
analysed on a simplifying assunption that the relaxational rate is propartional to the excess 
enthalpy, 

The second term shows the effect of the 

The third term represents the effect of the 

They are usually -11 

In the first, the sample is cooled rapidly fran a 

As the relaxation proceeds in the sample, the calorimetric 

By 

As the glass transition 

&ta obtained in th is  type of experiment can be 

,I  ex 
dT n~ c - = -  

o d t  T ' 

fran which one obtains the relaxation time T as follows 
BceXP, t )  

= c o ( d T / d t )  ' 
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fie quantity H ~ T T , ~ )  is the excess configurational enthalpy at 
which the drift rate is determined. l h i s  is given by successive 
quantities 

temperature T and time t at 
backward addition of the 

where t 1 and tz are the mid-times of the heatingpicd previous and subsequent to the n-th 
drift measurement, respectively. 
occurs at the crossing of the actual and equilibrium enthalpy curves. 

fie assumption eq. 8 greatly simplifies the analysis of the experimental data but may be 
appropriate only for a limited group of substances, of which an example will be given belaw. 
For other grcup of substances it may be replaced by more ccmplicated relaxation laws such as 
the Kohlrausch-Williams-Watts function (ref. l o ) ,  

'Ihe zero of H ,  corresponds to the zero drift rate that 

Haveever, this entails less straightforward interpretation of the result of the analysis. 

EXPERIMENTAL APPARATUS 

A cross-sectional view of typical adiabatic calorimeter used for the ultra-law frequency 
spectroscopy is sham in Fig. 1. It consists of the sample cell, two adiabatic shields, 
thermal anchor, liquid hydrogen tank and liquid nitrogen dewar. The outer shield, kept 
always a few Kelvin lower than that of the calorimetric cell, allows to make finer control of 
the inner adiabatic shield. fie sample cell is shum in a larger scale in Fig. 2. It is a 
double walled cylindrical copper container, 16 mn in the inner diameter and 25 mm in 
the length. The thermaneter (naninal 100 s2 at 273 K, 3.2 mn in diameter and 13 m long) is 
placed in a close fitting copper tube and tightly fixed on the cover of the cell with screws. 
fie thermal contact between the thermaneter unit and the cell is an important factor in the 
design of the cell. 
temperature of the main bcdy of the cell. The two screws were found satisfactory to secure 
the gocd thermal contact between the thermmeter unit and the top of the cell, whereas 
thermal contact between the thermmeter and the unit is achieved by the snug fitting between 
them and facilitated by a piece of gold foil that fills any remaining gap. An effect of the 
thermal resistance in question here is that the thennrnetric temperature lags behind the main 
bcdy of the cell when the latter is heated. 
temperature indicated by the thermaneter continues to increase for a while and beccmes 
constant to tO.1 mK within ca 20 s after heating. 
the sample (often crystalline pxder) can be a more restricting difficulty. fie best we can 
do is to provide fins in the cell to reduce the thermal path length in the sample. 
also essential to fill the dead space in the cell with helium gas. An effect of the thermal 
lag of the sample behind the cell is that the thermmetric temperature decreases for a while 
after heating, as a quantity of heat is transferred frcnn the cell and thermmeter to the 
sample while they are adiabatically isolated as a whole. A n  example of this effect is given 
later in which the temperature becanes uniform within 
times, we experienced much larger decrease of temperature after heating. 

'ItrJo factors appear 9 contribute to the improved situation. 
was typically 25 an in the former time as ccmpared 4.6 an3 shown in Fig. 2. 
smaller heating pmer to be used to achieve the same heating rate, resulting in smaller local 
heating within the cell. 
the surface area of the cell in the recent design 
Joule heat in the cell and gives a shorter equilibration time. In the typical former design, 
the heating wire was often localized around the thennrneter. This was harmless and even 
reasoMble when spectroscopic use of the calorimeter was not intended. For the present 
purpose, it is important that the thermaneter indicates the sample temperature which may 
change in time. 
heat generated at the heater should be as small as possible within a reasonable dqree of 
design canplication. 

Another point which is often overlooked and becanes important for s m a l l  sample cell is the 
thermal lag of the thennocouple wires straddled between the cell surface and the adiabatic 
shield. 
heat has to be supplied to them when the sample is heated. 
conducticn along the wires thenselves. Since thermocouple wires are usually alloy of poor 
thermal conductivity, it takes sane time for this prccess. 
s ~ l l  cell, especially if teflon cover is used for the insulation of the wires. l h i s  effect 
may be minimized by the use of thin (and short) themxouple wires covered with insulating 
mterial as thin as is practical. 

If the thermal contact is poor, the themawter does not follaw the 

Magnitude of this lag is such that the 

Thermal conduction between the cell and 

It is 

100 s after heating. In former 

First, the volume of the cell 
This allows 

The second point is that the heating wire covers a large part of 
This results in even generation of the 

fie apparent temperature change caused by the redistribution of the Joule 

Since the thermocouple wires have a small non-vanishing heat capacity, a quantity of 
This is achieved by the thermal 

Tnis canriot be negligible for 
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EXPERIMENTAL RESULTS 
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Fig. 3 Typica l  runs  o f  en tha lpy  r e l a x a t i o n  
experiments o f  pure  i c e .  

Freezing process occurs not only in undercooled metastable phase but also in stable phase. 
Typical example is hagonal ice which has been knawn as the most stable mification of ice 
uider atnospheric pressure. 
encountered enthalpy relaxation occurring slowly a r o d  100 K (ref. 11). 
examples of the first-type relaxation experiments on pure ice crystal are reprcduced in Fig. 3. 
The sample cell was cooled with a rate of 1 K min-l from 120 K at which the thermal 
equilibrium auld be reached quickly. The calorimetric temperature rises exponentially at 
the initial stage and apprcaches a stationary drift rate at the final stage of each 
relaxation experiment. 
done so far. 
tendency t d s  a more ordered arrangement of proton configuration in the lattice. 
configurational enthalpy relaxes t d  the equilibrium value very slowly at 89 K, but the 
relaxation time becanes shorter ad. shorter as the temperature is raised. 
of the temperature change arises from residual heat leakage. By changing stepwise the 
initial temperature, a series of relaxation time data were obtained. 

~n a separate second-type relaxation experiment, a small heat-capacity jump and the 
associated exothermic follawed by endothermic temperature drifts were observed. 
samples used in the first-type experiments shawed increasing heat-capacity jumps in the 
subsequent heat capacity measurements. These are typical behaviors of vitreaus liquids 
around their glass transition regions. Ice was already knm to have a residual entropy 
(ref. 3) which was explained in terns of canpletely disordered pattern of proton location 
under the ice corditions (ref. 12). Ice was not an exceptional case of the glassy crystals. 
m e  ice oanditions constraint severely the rearrangement of proton configuration or 
reorientational mtion of water molecules in the lattice, leading to freezing of that degree 
of freedan a r d  100 K. 
measurement (ref. 13). 

A trace amount of alkali hydroxides incorpOrated into the ice lattice was f d  to shorten 
dramatically the relaxation time for the waty reorientation (ref. 14). 
doped with KOH in mole fraction x of 1.8 x 10- exhibited a f irst-order phase transition at 
72 K (ref. 15). The specimen was annealed at 65 K in advance for a few days for a ccmplete 
transformation into the low temperature phase. The transition removed the substantial 
fraction of the residual entropy and the proton-ordered ice was designated as ice XI (ref. 
16) (orthorharbic system as detdned by a neutron diffraction experiment (ref. 17)). Thus 
the dopants have significant effect to r a v e  the kinetic hindrance and to reveal the 
equilibrium configurational heat capacity of ice within a reasonable time. 

In the course of remeasurment of heat capacity, we have 
Typical two 

The observation at 89 K was the longest relaxation experiment we have 
7% initial exponential rise of temperature is considered to be due to a slight 

The 

The straight part 

The annealed 

This possibility has been conjectured already fran dielectric 

An ice specimen 
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Lithium hydroxide also exhibits the catalytic action for the acceleration of the water 
reorientation (ref. 18). 
degree of freedan is drawn in Fig. 4. It is interesting to note that the LiCPI(x=l.8 x 
doped ice specimen shws underoooling of hexagonal phase with the developnent of increasing 
short-range order dawn to 60 K, where the freezing hinders the crystal to reach a 
hypothetical ordering transition in the hexagonal phase. The freezing temperature shifted 
fran 100 K to 60 K by the doping. 
it transformed into the ordered phase. It is intriguing to infer the possible structures of 
proton ordered arrangement in the undercooled phase keeping the hexagonal symuetry. This 
probp has keen discussed once by &ma1 and W l e r  (ref. 19) and the suggested space grcup 

'Ihiophene is a unique crystal in which freezing process c a m s  in both of stable and 
metastable phases. Thiophene has been found to exhibit five modifications (I, 11, 111, IV 
and V fran the high temperature side) in the first calorimetric measurmt (ref. 20). 
Later, the phase 11 was found to undercool easily to give a metastable phase sequence; 111 
and 112 The phase sequence is sunmarized as follows: 

The excess part of the heat capacity due to the cmfigurational 

(h annealing the dcped specimen around 65 K for five days, 

was GV - c6mc with z= 12. 

1 1 2 . 3 5  K 138.SK 170.70K 17J.031; 23J.02K v - IV  - I11 - I1 - I - I 
112 - 11, * 

A 

9 0 . 7 6  K 1 3 9 . 1  K 

Metastable-phase sequence 

cku: remeasuTement of heat capacity for each phase sequence shawed that both of the lavest- 
temperature phase, V and 11 
drifts, respectively (ref. 31). 
This is the results obtained by the seamd-type relaxation experiments. 
of the calorimetric entropies with spectroscopic entropy showed that both the lwest- 
temperature phases retain their residual entropies which sunrmnt the experimental uncer- 
tainty (ref. 22). Already a dielectric study of thiophene crystal revealed the existence of 
dielectric dispersion at temperature as low as 80 K when measured at 30 kHz (ref. 23). 
was no description in the repart as to whether the measurement was done on phase V or I1 
m u s e  they m e  not a w e  of existence of the metastable phase sequence at that time. ?Li 
given in Fig. 6, a canparim of the relaxation time data derived fran the calorimetric and 
dielectric measurements showed that the dielectric study was possibly done on phase 112, the 
metastable phase. ckring to the long extrapolation of the data, M v e r ,  careful dielectric 
measurements with lower frequencies on well-characterized phase are highly desirable. Close 
melation between the calorimetric and dielectric relaxation times will be discussed later. 

The study of reorientatioml and collective ordering processes of linear cyanide ions in 
alkali cyanide crystals is a field of intense current interest (ref. 24). 
the cubic symuetry of the lattice at room temperature and the s-le dubbell shape of the 
cyanide i a  
For example, pure I O l  crystal a first& phase transition at 168 K (ref. 25) 
fran the mC1-type cubic ( I )  to an orthorhanbic low-temperature phase (II), accanpanied by a 
strong softening of the shear elastic constant ce4 (ref. 26). Hence, the nam "elastic" is 
given to this phase transitia (3 further coolmg, abtype transition arising fran head- 
to-tail ordering of the CN ions appears at 83 K (ref. 25). 
electric dipoleaipole interaction of the CN- ions (ref. 271, giving rise to an 
antifermelectrically ordered orthorhanbic phase (111). Wefare, the name "electric" is 
given to the seccad transition. 

For RhcN crystal, the elastic transition occurs at 132 K (ref. 29). The low temperature 
phase belcngs to the monoclinic system and the head-to-tail disorder of the CN ions 
persists in this phase, as evidenced by calorimetry (ref. 30), dielectric measurement (ref. 
31) and neutrcn diffraction (ref. 32). 
interanionic distance d(CN- - CN-) is given in Fig. 7 (ref. 24). The esthted 
temperature far a hypothetical electric transition in RbcN is very lcw, inducating a 
possibility of freezing out of the head-to-tail reorientational mtion of the CN- ions before 
the crystal arrives at the electrically ordered phase. Actually we found a relaxaticplal 
heat-capacity ana~ly in RhcN crystal around 30 K (ref. 33). 7% experimental heat capacity 
data are given in Fig. 8. 
in the second-type relaxation experiment are given in Fig. 9. The enthalpy relaxation rate, 
measured as the sp0ntaneo.s temperature drift rate, was described with a function consisting 
of terms exporaential and linear in time, each describing the relaxation part and heat 
leakage. The best-fit paramters m e  determined by the least-squares methcd, and the 
fitting is shown in the figure by curves A to D. The first curve shcm an exothemic 
relaxation, the second and third endothennic relaxation, and the fourth normal behavior. The 
relaxation time values thus determined are shown in Fig. 10 tcgether with those obtained 
earlier by dieledric (ref. 31) and ionic -1 current (ref. 34) measurements. All the 
data can be CONhedeed snoothly by a single straight line, ificating that all the relaxation 
effects have a carmon physical origin. 
time data including those of NMR methcd (ref. 35) (which are not shown in the figure) follow 
a single Arrhenius equation covering 7 ( ~ )  over 12 decades from 11s to ks. 

exhibited ma11 heat-capacity jumps and ananalous temperature 

meful canparison 
The experimental results are shown in Fig. 5(a) and 5(b). 

There 

This is because of 

A large amount of work has been spent on the structure and lattice dynamics. 

The transition is driven by 

NaCN crystal also exhibits the same trimorphism (ref. 28) .  

Transition temperature plotted as a function of 

Typical four runs of the spontaneous temperature change abserved 

It is interesting to note that all the relaxation 
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s = 112 king model of the face-centered-cubic lattice 

T I  K 
60 50 LO 30 3 I I 

, l  

w = tanh(J,/RT) 
C/R = (J , /RT)’(6 A. 48w t 3 9 0 ~ ’  + 3 2 1 6 ~ ’  

+ 26 aMW4 4 229 5 8 4 ~ ~ )  

I 

I 

80 
- I  I 

50 T i K  20 

T< T, 
u = exp( - 4 J 2 / R n  
C/R = (J2/Rn’(576u6 * I 1  616u” - 1 4 9 7 6 ~ ’ ~  

+ 28 SOOU~J + 172 032~16)  

F i g .  10  F ig .  11 
Re laxa t ion  t ime  d a t a  f o r  r e o r i e n t a -  Excess h e a t  c a p a c i t y  o f  RbCN due t o  g l a s s  t r a n s i t i o n  and phase  
t i o n a l  motion o f  CN-ions i n  RbCN t r a n s i t i o n .  The broken  l i n e s  r e p r e s e n t  t h e  h igh - t empera tu re  
ob ta ined  by d i e l ec t r i c ( . ) ,  i o n i c  approximat ion  f o r  t h e  g l a s s  t r a n s i t i o n  and t h e  low- tempera ture  
thermal  current( .) ,  and c a l o r i m e t r i c  approximat ion  f o r  t h e  phase  t r a n s i t i o n ,  bo th  be ing  based  on t h e  
(A) measurements s 1 / 2  I s i n g  model and on t h e  f c c  l a t t i c e  

The heat capacities below 30 K are free from the slow-relaxing part which originates fran the 
configurational enthalpy of the CN- ions. 
represented by a canbination of Debye and Einstein functions whose chracteristic 
temperatures were determined by the least-squares fit of the model heat-capacity function to 
the experimental data below 30 K. A part of the excess heat capacity arising fran the 
configurational degree of freedan is drawn in Fig. 11. ‘Ihe elastic transition reveals its 
shape entirely but the electric transition partly, mly the high-temperature tail of its 
shape due to the kinetic hindrance. 
freeze in its paraelectric state in RbcN while they becane ordered electrically in NaCN and 
KCN, both the kinetic and equilibrium aspects of the problem need to be considered. 

The head-to-tail reorientational problem of the CN- ions has an analogy of the Ising spin 
system with s= 1/2 (up and dawn). m s  situation makes to replace the electric transition of 
the CN- ions with magnetic transition of the Ising system 
heat capacity for the S= 1/2 Ising system of the fcc lattice (ref. 36) can be used as a model 
function to be fitted to the experimental heat capacity data between T 
transition temperature. The expression for T<TC should be used for th2 low temperature tail 
of the elastic transition and that for T > T ~  for the high tmperature tail of the electric 
transition. 
elastic transiiion. 
contributions are plotted in the figye together with the experimental data. The best-fit 
value of J~ parameter is 20.8 J ml- , which can be correlated irrmediately to the 
hypothetical transition temperature, 24.5 IG 
ordering would take place in an equilibrium experiment for RbCN. 

Mxapolation of the dielectric relaxation time in the Arrhenius plot to l ow temperature 
gives the relaxation time T =  4.56 Ms= 53 days at 24.5 IL This is substantially lower than 
the usual experimental time. Naturally we could not obtain the electrical 
RbcN. The excess en opy a sociated with the glass transition is 0.33 J K-’ZY ocmpareed 
with R In 2= 5.76 J K’ ml-’ which we could have obtained if we started fran the ccmpletely 
ordered state at the lmst 
residual entropy 5.43 J K-’ m% ?his quantity corresponds to the developrent of short- 
range order by 4 % fran the canplete disorder. 
the carbm and nitrogen occupancy factors are (0.50+0.05), respectively. 
range order derived here fran the calorimetric measurement may be deteded by neutron 
scattering experiment. Electric dipolar interaction is strongly angle de-L 
paraelectric state, all of the CN- dipoles are parallel in NaCN and KCN. 
are at skewed orientations close to perpendicular almg a particular axis in RbcN. 
structural difference may be responsible for the small value of the interactim parameter J~ 
and hence for the low transition temperature that leads to their frozen disorder. 

Similar problem arises in KCN-KBr binary system These mixed crystals belong to the well- 
known family of mixed cyanide crystals such as R b ( C N ) p l  
exhibit rich and interesting phase diagram. A tentative isse diagram of K(CN)$Xl-x mixed 
crystal was given by Loidlet. a1 (ref. 38) and reprcduced in Fig. 12 with slig t 
modifications. ?he mixed crystals in the regim x Q 1 .O is trimorphic, underyoing their 
elastic and electric transitions, respectively. For 0.6<X<0.9, the cubic phase transforms 
into a monoclinic phase, which also appears as a metastable phase in pure KcN by a special 
thermal cycling (ref. 39). 
stabilization of the monoclinic fonn due to randcm local strain in the lattice (ref. 40). 
the stability reversal region, a mixture of the m l i n i c  and arthorhcmbic modifications is 
prcducd. Tne substitutim leads to reduction of the transitim tgnperatures and eventually 
the crystal remins cubic down to the lawest temperature. Ebr the COncMtration 0.6< <0.9, 
the mnoclinic phase is elastically ordered but electrically disordered. It is interesting 
to examine again what happens to the head-to-tail orientational &gee of freedan of the CN- 
ions in this phase. 

The normal heat capacity was a s s w  to be 

In order to understand the reason why the CN- ions 

Series expansion expression of 

and the elastic 

J is an interaction parameter characterizing the electric transition and 52 the 
The calculated heat capacity and its decanposition into the two 

Tnis is the temperature at which dipolar 

ed phase of 

ature. The difference between the two values is the 

According to neutron diffraction experiment, 
The week short- 

In the 

This 
By contrast they 

KXftbl-,CN (ref. 37), which 

Tne partial substitution of CN- by Br- ions leads to 
In 
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Figure 13 shows the heat capacity data of K(CN) -730.3 mixed crystal (ref. 41). 
peak at 112 K is due to the elastic transition &cih occurs much sharply in pure KCN and 
m. 
spantaneous temperature rise of the calorimetric cell observed at 25 K after it had been 
cooled fran 40 K is drawn in Fig. 14. 
thenral equilibrim of the calorimetric cell was established within 60 s at 40 K. 
scale involved in the relaxation is much longex than the time canstant of the calorimeter, 
showing that the relaxation is definitely a genuine property of the mixed crystal. 
analysis showed that the slow-relaxing part a u l d  not be reproduced by an exponential 
function with a single relaxation time. 
relaxation processes of many physical quantities arourd the glass transition region of 
organic and inorganic glasses of m m i c  and polymeric nature (ref. 42). 
f& to be reprdud in terms of the Whlrausch-Williams-Watts relaxation fmcticn. 
function was modified in the following form so as to reproduce the present experimental data. 

The brcad 

A relaxational behavior was observed between 20 and 30 K. Typical result of 

It had been tested in previous measurenents that the 
The time 

Careful 

This non-exponential behavior is familiar in the 

Tne behavior was 
Tne 

(13) B 
T ( t )  = A + Bt - Cexp [-(t/T) ] , 

where T ( t )  is the tenperature at time t, (A-C) the initial tmperature, B the constant drift 
rate due to residual heat leakage, C the amplitude of the relaxation, T the relaxation time 
and R the K-W-W parameter. The full line in the figure is the best-fitting model functian 
with parameters !3= 0.62 ard T =  6.0 ks. 
tmperatures show that the relaxation in this simple glassy crystal can be described by the 
K-W-W function with parameter values that are CoFlDTDn in structurally more ccmplicated glassy 
liquids. Tnis is the first application of the K-W-W functim to the relaxatim in 
crystalline substance. The deviation of 
distributicm of relaxation time in the system (ref. 42). 
located in various environments with respect to the reorientational mtion in the mixed 
crystal, leading to the non-uniform relaxations for the motion. 
Similarity of the present mixed crystal to pure RbCN is briefly mentioned. 
mncclinic system ard disordered with respect to the orientation of the CN- ions. RbcN 
crystal undergoss a distinct glass transition at 30 K in the calorimetry. 
crystal does not show a clear heat-capacity jump in the ordinary measurfment. However, the 
long-time data plotted in the figure gave slightly larger heat cap  ity 
meas enen 
J iT'l",l-'at 26.1 K. These quantities are to0 small to esthte the hypothetical 
temperature for the electric transitim 
characteristic of the mixed system 
msmMt we have no means or way by which the relaxation times for the reorientational motion 

Tnis result with those obtained for other 

fran unity can be most simply related with wide 
'Ihe CN- ions are considered to be 

Both are 

wlt the mixed 

the ordinary 
The excess configurational heat capacity is 0.12 J K-" mlYat 24.1 K and 0.06 

The very much sneareed-out glass transition may be a 
Both crystals are a kind of dipolar glasses. At the 

are shortened so as to reveal-thG entire shape of 
capacity, as in the case of hexagonal ice. 

the equilibrium configurational heat 

I I 
10000 2 0 0 0 0  30000 

t / s  
F i g .  13 Heat c a p a c i t y  of KBr0.3(CN)0.7 F i g .  14 Enthalpy r e l a x a t i o n  o f  K B r o , 3 ( C N ) o e 7  

mixed c r y s t a l  observed a t  25 K 
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CONCLUDING REMARKS 

In th is  way the adiabatic calorimetry found a navel role as an ultra-low frequency 
spedraneter i n  the range betwen mHz and vHz in addition to the traditional mission. 
time danain less than hs m l d  be reached by the present method only af ter  a drastic 
d f i c a t i o n  of the apparatus, which has not been a t t e e d  thus far. 
feature of applicability t o  a wide range of substance i&pendently of the chemical nature, 
such as  polarity, of the mlecules and physical state (liquid, solid or 
using the same apparatus. 
molecules contributes a measurable magnitude of enthalpy t o  the total sample enthalpy and 
that the relaxation t ime  d e w  on tgnperature fa i r ly  strongly. 
highly-sensitive and highly-stabilized adiabatic calorimeter w i l l  prove the wide occurrence 
of freezing processes i n  cadensed matters with respct to positional, orientational, 
donna t iona l ,  or magnetic dqree of fredan. 

The 

The methcd has a 

of the sample 
Chly requiranent on the sample is that the relaxational mticn of 

a e f u l  experiments with 
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