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Chapter 1 Introduction
1.1 Introductory remarks

Heat capacity at constant pressure is a fundamental quantity
characterizing various substances and is related to other important
thermodynamic quantities. First, the heat capacity means the tempera-

ture derivative of enthalpy H; Cp = ({;%Jé. Secondly, this can also be

related to entropy S by the equation Cp = T({?%Jp. Moreover, this gives

the second derivative of Gibbs energy with respect to the thermodynamic

temperature, Cp = - T (gii)p. Gibbs energy is the thermodynamic poteﬁtial
at an arbitrary temperature and pressure and determines the stability
of the system. Thus, heat:capacity measurements prove to be highly
sensiBle and powerful means to iﬁvestigaﬁe the properties of the system
“which we are interested in. '

The above thermodynamic functions give us macroscopic description
on the proberties of substances. On the other hand, microscopic aspects
are obtained by other experiments such as spectréscopy_with eléctromagnetic
waves, neutrons and so on. Statistical mechanics infdrms.us of not only
microscopic and macroscopic but also static and dynamic properties of
the substances to be invéstigated. Here we intend to studyifive ferro-

HSO,., ND,DSO,, RbHSO,

477742 ULV 4

concentrating upon their ferroelectric phase transitions, cation effects,

electric substances, NH RbDSO4, and (ND4)2504,

and isotope effects in terms of statistical thermodynamics.

001



1.2 Review of previous works on the five ferroelectrics to be

\ investigated

Beéides amorphous state and glaésy state, crystalline state may Be '
distinguished'from liquid state and gaseous s;afe by its periodicity and
anisotropy. Tﬁerefore a crystal is characterized as bﬁe~of 230 space
groups, which are subdivided into 32 crystal classes. Among theﬁ only
.10 classes show pyroelectricity. Ferroelectric crystals have the
spontaneous polarization PS, i.é., they display pyroélectricbprbperties;
this describes only a necessary condition. Reversibility of Ps under
an applied electric field would be sufficient criterion.l) Receqtly,
however, the sufficient condition has been modified‘from reversiBility
to mere reorientability of Pé at a fixed angle differing from 180°.2)
For example Schmid was the first to detect suéh'ferroelectricbbehavior

3)

in boracites.

4)

The first ferroelectric was Rochelle salt discovered by Valasek
in 1920. 1In 1940 Mﬁllers) developed his phenomenological theory on
Rochelle salt to explain its macroscopic properties obse:ved since its -

discovery. KHZPO4 and its isomorphous group, known as'hydrogen bonded
6)

ferroelectrics, were shown to be ferroelectric in 1935.

theory on KH2P04 was first published by Slater?)

Statistical
in 1941, arogsing
experimentalist's and theoretist's interest for ferroelectric transition
phenomena. Ferroelectricity’of BaTiO3 and its isomorphous with a

perovskite structure, known as an oxide ferroelectrics, were found in

19458) and antifefroelectric behavior of Pb_ZrO3 was observed in“1951.9)

1)

In general form Devonshire™ ’ proposed in 1954 a purely_thérﬁodynamical,

phenomenological theory of various ferroelectrics and antiferroelectrices .
. _10)

observed heretofor. 1In 1956 Matthias and Remeika first found that
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(NH4)ZSO4 becomes. ferroelectric below its transition point at —49.56C.
In those days the N-H++:0 bonds, which did not appeéar in any ferroélectriC"

except alum, was anticipated to be important for the occurrence of

ferroelectricity. In 1958 Pepinsky, ‘et al.ll) HSO

4774

became ferroelectric only in the limited temperature between ~3 and -119°C

reported that NH

and it showed comparatively low coercive field. In 1959 Pepinsky and

12)

* Vedam, moreovef; observed ferroelectric behavior of RbH804 below -15°C.
Various kinds of experiments have been done after discovery of
ferroelectricity in (NH4)2804,ANH4HSO4, and RbH_SO4 to elucidate the -

nature of their ferroelectric behavior. Now a brief review of their

results will be given in the following sectioms.

Dielectric Study

Pepinsky and histOWOrkersll) found that NH4H804 exhibits a large

dielectric anomaly (ec) on passing from a»paraelectric to a ferroelectric.
phase and another small but sharp degrease from a value of 16 to 9 on
paésing to the lowest phase (piezoelectric), while dielectric constants
€, and €, remain practically constant. .Dielectric cOﬁstant of RbHSQ4

b
12)

measured by Pepinsky and Vedam shows a fairly sharp maximum along

the ¢ axisvsimilar to NH4H804 but no second transition could be detected
in the temperature range -15°C to -196°C, unlike in NH4H804. The most
remarkable difference between NH4HSO4 and R.bHSO4 appeared in their
‘magnitude of coercive field, amoﬁnting to only 1.1 kV/cm‘ét -118°C for
NH4HSO4 and 23 kV/cm at -170°C for RbHSOA.
polarization along the ¢ axis was 0.8 uC/cm2 for NHAHSO4 and 0.65 for

The saturated spontanéous

RbHSO4, small when compared with KH2P04 (4.8)13) or BaTiO 14) (15.5).

15)

Kasahara and Tatsuzaki

3

reported the temperature dependence of

the dielectric constant €. for ND4DSO4 92 % D),'yhich was quite_similar-
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to that of NHAH_SO4 except for two unusual transition temperature shifts.

16)

The dielectric constant ec'of (NH shows '‘quite a strange

_ 47250
behavior that it suddenly jumps to a méximum value at -49.5°C and thén
drops to nearly the value at roombtemperaﬁure. This unusual béhavior,
showing large deviation froﬁ the Curie-Weiss la#, could not be explained
by conventional phenomenological theory gnd'seemed to Bevresﬁonsible

17)

-for a‘domain wali movemént. Ahother_unusual EehaVior appeared in the
temperature dependence of spontaneéué'polarization along its orthorhombic
¢ axis; Pepinsky and his coworkers gave a constant value of ca. O.45uC/¢m2
below.Tc but Unruhla) reported'a gradual decrease of spontanequs polar-

ization and a reproducible change of its sign at -188.5°C. Unruh was .

the first to detect ferrieléctricit& in (NH4)ZSO4.

Sturctural Study

Crystal structure of NH4HSO4_was determined by‘Pepinsky and his

11) 19) 20)

coworkers, Ogawa and his coworkers, and Nelmes. Crystal data

are given in Table 1.2.1. From this table it is seen that all the three
phases may be characterized as having the pseudo—orthorhombiq symmetry.

Crystal structures of each phase are summerized as follows;

Phase I : The unit cell in this non-ferroelectfic phase contains

N

two inequivalent sulfate units, which are related by a pseudo-symmetry.
The two inequivalent sulfate tetrahedra are distorted and linked by
short hydrogen bonds into chains to the very short b axis. Neutron

20)

diffraction data revealed that the hydrogen atoms are ordered'onto

acentric sites in hydrogen bonds. The detailed analysis ofvunusﬁally
large thermal parameters for oxygen atoms in one of HSO4- ions (named

as Sl by Nelmes) led to the conclusion that S1 is statistically disordered

between two sites. An ammonium ion named Nl is éqordinated by ten oxygens
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o . .
with N-O separations less than 3.5 A and N2 by nine, respectively.

Figure 1.2.1 shows the room temperatﬁre structure projected_onvpianes'
(a, b, c),'using the resulté of Nelmes.

Phase'DZ. The asymmetric unit of the pseudo—ortﬁorhombic unit
cell (Space group Ba) contains four formula units which are related in
~ pairs by a center of inveréion.in the non—ferroelectrié phase abové the
upper transition. X—réy analysis by Nélmes shows that the ferrbelectric.
structure correspohds to an orderiﬁg.of éulfate'groupélwhich are
disordered in the room-temperature str#ctpre, an ordering which is
antisymmetric.with respect to the room-temperature cénter of inveréion;

The temperature dependence of intensity ratio of I(204) /I(ZOZ)lg)

resembles that of spontaneous polarization given by Pepinsky, et al.,ll)
andlleads to an interesting conclusion that the lowef'the témperéture
in this phase goes, the more marked pseudo-orthorhombic cymmetryvthe/
crystal shows. |
Phase TIL No detailed crystal stfuctures are reporfed with -

respect to the phase II. {This phase exhibits n0'ferroélectricity bﬁt
pizoelectricity and marked twining, the plane of which is (001). -

Crystal structures of RbHSO4 determined by X-ray diffractioﬁ12521)
are given in Table 1.2f2; RbHSO4 is found to be isomorphous'with_NH4H804,
and both high and low temperature phases show pseudo—orthorhoﬁbié \
symﬁetry as in fhe case Qf NH4HSO4, Rb+(1)“named by Mumme is surrounded
by nine oxygens with the Rb-0 distances of 2.97 to 3.27 Z and Rb+(25 by
ten oxygens with distances of 2.91 to 3.15 Z- |

Detailed crjstal structural analysis of (NH4)2804, using three
' 22)

dimensional neutron diffraction, was made by Schlemper and Hamilton,

who sumarized their crystal data for both phases as given in Table_1;2.3Q
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At room temperature the sulfur atom, two oxygen.atoms, the nitrogeh
atoms, and four hydrogen atoms lie 6n the mirror planes as shown in
Fig. 1.2.2 which was depicted By using their_results. The rest of the
atoms are in general positions. At low temperature all atoms occupy
geﬁeral positidns. The enviromment of NH4(I) is determined by the
configurations of five sulfate ions taking part in the N-H.+-0 bonding,
while that of NH4(H3 by six. Using the thermal parameters of both
phases, the anisotropicbtorsional frequencies for,two ammonium ions in
both phases are determined,eand they concluded that within experimental
error the root-mean-square frequeneies of the ammonium ions remain
virtually unchanged in passing through the traﬁéition. The coneluding
remark reached by Schlemper and Hamilton WasAthee the transition is

not of the order-disorder type but rather involvee.a,change in the
hydrogen bonding of the ammonium ions to fhe sulfate ions which reeults
in stronger hydrogen bonds in'the_ferroelectriC‘phese; these are ﬁade
poesible by the loss of the mirror. plane perpendiculaf to the c axis,
which is the ferreelectric‘axis. ,

Anisotrbpic.thermal expansions of (NH4)280416)Awere observed by
precise X-ray measurement of lattice constants with temperature, showing
that the orthorbombic b and ¢ axes exhibit sudden'small'shfinkage and
on the other hand the a axis sudden large expension on passing through
the transition and resﬁits in increase:of>cell volume in the'ferroelectric
phase.

Though'KHSO4 is not ferroelectric, the crystal étructure of KHSO4,
which shows complete orthorhombic symmetry, is given_in'Teble 1.2.4 to'

be compared with that of RbHSOA.
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NMR Study
23)

The line width and seéond moments of proton.ﬁagnetic resonéncé
in the powdered NHAHSOA, which is the same as the calorimetric saﬁple,
shows no distinct change on passing th£0ugh two inherent transitions
and their low vaiues are assigned'as that of the'isotropié reor;eﬁtation
of NH4+. The température dependence of froton spin-lattice reiaxation
time revealed the relatively low activation.energy'Eé for reorientation

of NH4+ as 8.4 kJ mol-l for Phase II - and Phase I below 320 K and

11.1 kJ mol_l for Phase I above 96 K, showing agreement with the/résults
' 24)

- by Miller and his coworkers. While the temperature dependence of

25) 1

gave Ea = 9.1 kJ mol™
1

deuteron spin-lattice relaxation time in ND4D504

for Phase I, Ea = 12.0 kJ mol_1 for Phase II, and Eé = 7.41 kJ mol ™

for Phase I, respectively. Judging from the low value of the activation
energy Millér, et al.,24) suggested that the upper transition was not

connected with NH4+ ordering, but was more likely due tO’a change in

the equilibrium distribution of protons along the 0-H-O ands. Above

statement of equilibrium distribﬁtion of protons was modified by Nelmeszo)V

26)

and Kasahara and Tatsuzake. From the rotation patterns at 20°C of

first order quadrupole shifts of deuteron magnetic resonance in RbDSO426)
it is concluded that the deuterium is not in a diéordered state but in
fact stays on acentric position in each hydrogén bond even invthe
paraelectric phase. The rotational displacement Of‘SO4-_ ions was
confirmed by the shift in the principal Z axis of EFG in the ferroelectric
phase. The temperature dependence of quadrupole splitting is shown to,
be proportional to the spontaneous polarization.obtaiﬂed by the

26)

' pyroelectric method. An interesting result in this connection is

the separation of resonance lines and spontaneous polarization depend
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on temperature as (Tc - T)B, with g of 0.33 or 0.28 in the 1imited
temperature range, ffom -30 to -100°C. Proton magnetic resonance
study of RbH80427) reported an anomalous temperature beha§iorrofithe
proton spin~lattice relakation time, wﬁicﬁ showed a large hysteresis -
and marked change in magnitude like a first order transifion, and
concluded that ‘the transitiop is caused by a cémbiﬁation of.sldw
proton . tunneling and SOA—- deformation. |

Blinc and Levstekzs) explained their NMR and ir data in terms of
half "frozen—in" and half "rapidly reorienting" émmonium ions, disagreeing
with the interpretation of ﬁeutron diffraction data*by Schlemper aﬁd
Hamilton. The deuteron nuclear magnetic resonance of éingle érystals
29)

of (ND4)2304

tensor rotates by about 30° in the transition to the ferroelectric .

. showed that the principalcoordinate system of the EFG

phase. From the measurements of proton spin-lattice relaxation time

29)

and proton relaxation time along the rf field it was found that

o . . + ' .
activation energies for reorientation of NH4 was determined as Ea =

9.6 kJ le-1 above Tc and 16.3 kJ mo]_'-l

for NE, (D) and 11.3 kJ mol™t
for NH4+(DD below Tc and fhat.tﬁe NH;+(D3 is‘uﬁdefgoingbquantum;.
mechanical tunneling at 20 K. From above feSults O'Reillyvand Tsang
proposed an order—disbrder mechanism for the phase ﬁransition in whicﬁ
_ NH4+ tetrahedra are disordered with respect to the cryétal-ab plane.

This statement is also in contrast with results given by Schlemper and

Hamilton.

Spectroscopic Study

From splitting of infrared spectra of NH4HSO4 and RbHSO4 into a

doublets on tranmsition through the upper Curie point, Myasnikova and .

(1;:;5



30)

Yatsenko deduced the conclusion that ferroelectricity of RbHSOA_and

NH4H804 was due to hydrogen bonds 0-H-O. , _
' The temperature dependence of the- 1nfrared spectra of (NH4)2504
and (ND4)2 between 17 and 298 K was analyzed by Schutte and Heyns31)
and they supported the evidence of 'the neutron diffrection datadof
'Schlemper and Hemilton thet there is.an increase’in hydrogen bonding
strength below Tc' An interesting eorfelation was eétabiished between‘
the temperature veriatidn of the peak heights (bands at 612, 1047, and
3305 cm—;) at about 160 K and the»NMR line width transition a..t' 1.63 K.
" The veriation of the bands in the N-D stretching with temperature.was
explained by the possible existence of three phases in (NDA)éSO4 (Tc =
225 and 223 K).19) |

32)
The recent Raman and ir spectra of (NH4)2804 and (ND4)ZSO4

.~showed
no anomalous changes in either frequencies or peak Widths, and the
normal mode frequencies of the NH4+ ions were those expected for a
tetfahedral rather than a disordered confignration. Either of the:

simple models of the phase tramsition, which have been reported by o

Schlemper and Hamilton and O'Reilly.and Tang;bwas’not supported;
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1.3 Theoretical considerations

When we examine the properties of the macroscopic system which

" has s degrees of freedom and is described by the timé—indepeﬁdentv'
hamiltonian H, then we are able to write down'thé follbwing‘exé
pressions for the thermodynamic functions, which are to be obtained 
from the heat capacity, assuming the cahonicai distribution.

‘According to the standard text,33>

the caﬁonical distribution ol
is given by Eq.1l-1 | |

o = e Bz o 1
where kTg = 1 ande is the partition functionvdefined-as

-gH

Z=Tr e 1-2
Helmholtz energy A is related to Z by Eq.l1-3
BA=1n2Z . - 1-3

Generally, the entropy of the system is defined as the mean value of

the logarithm of the distribution function.
S/k = -<In p > . 1-4

Eqs.1-3 and 4 lead to the expression for the internal energy U Whicﬁ

is merely the thermal average of mechanical hamiltonian.

U=A+ TS

(]

1-5
=< K->

The thermal average of certain mechanical quantity B(p,q) can be

written explicitly as:

< B >

Tr pB ‘ (in quantal )

fpclB ar- ~ (in classical ) 1-6
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1 e-BH/ Z

pcl c1 

7 = fe PR S ar | | a7
= : j S

dr dp.l...dps.dql...dqs / h

dpdq / h°

The prime on the integral sign shows that we must integrate only over
the region of phase Spase.which corresponds to physically distinct
microscopic state of the system. Heat capacity at constant volume is

defined as the first temperature derivative of internal energy.

C
v

(3u/aT),

g2 <(-<m>)*> 18

which is'also obtained by Cv = T(BS/BT)V. Eq.l—S shows that.the heat
capac1ty is directly related to the fluctuation of the energy.

~Assuming that our many—body system is regarded as the partlcular
aggregation composed of the completely independent particles, then
we can describe the normal tﬁermodynamic'behéviots in'fhe'following. 
cases; |

A Free rotator in three dimensions

Eigen value EJ = J(J+1) 52/21, J = 0,1,2,000¢
Degeneracy gy = (2J+1)2
. o o
Tred = K7/ 2kI
- 2-
Tred = 0,26 K for the tetrahedral SO4 Wlth the

S-0 bond length of 1.49 & and T.
red

tetrahedral NH4+ with the N-H bond length of 1.02 &,

= 8.6 K for the

B Free rotator in two dimensions

Eigen value En =rn(n+1).hZ/ZI,' n=0,1,2,....
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Degeneracy gn = 2n + 1

2
T g =8 /2KI

T = 0.30 K for the planar CO 2--with the C-0 bond

red 3

length of 1.29 A and Tred = 7.7 K for the methyi group

[+]
) CH3 with the C-H distance of 1.09 A.

C One dimensional harmonic oscillator and'libratorv

Eigen value En = Aw(n +1/2), n = 0,1,2;....
Tred = fw/k
w = vK/M . for the translational vibration

]

w = VK/I for the librational vibration
where K is an effective force constant.
This model leads to the Einstein heat capacity which is often

applied for the internal vibrations of molecules and also for

the librational vibrations of molecules as a whole.

D Particle in one dimensional box

Eigen value En = (ﬂ%ﬁz/Zmaz)nz, n‘='l,2;3,....'
2.2 2. - 3
red = TR /2mka |
T = 240 K for the hydrogen in the O-H...0 bond,

red
[

“in which it moves freely in the range of‘l.O A.

The temperature dependence of thermodynamic functions for abovg
gimple models is calculated and illustratedvin the reduced'formfin
Fig. 1.3.1 (left). The heat capacity due to three dimensional free
rotator has a peak of 2,11 R at T = 0.60 Tred before it atfaiﬁsvthe
classical value of 1,5 R gbout T = ZITred‘ On the other hand, ith&t of
twd dimensional free rotator has a relatively broad peak of'1.098 R
at T = 0.80 Tre&’ Harmonic oscillator model has no hump iﬁ the heat

capacity curve and shows merely a monotonously ificreasing behavior. -
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Free particle in one dimensional box has a lérger Valﬁe'tbanyO.S R above
T=1.30 Tred’ which is obtained in the limit of infinitely large width
in classical mechanics, and shows a very gradual hump amounting to 0.562
Rat T=2.8T1T and has a value of 0.555 Reven at T = 5.2 T ...
red red
Model A has been applied for explaining the heat capacity of
symmetric top molecules in gaseous phase in semiclassical statistics,

34)

But model A as well as model B was employed by Pauling for the model
of rotational phase which appears above the rotational transition in
condensed phase such as NZ’ CH4 and so on. Using the two dimensional

free rotational entropy (quel B) and the librational entropy‘(model c),

35)

_ Frenkel, Todes and Ismailow calculated the transition entropy of solid

HC1l at 98 K, which showed a good agreement with the experimental results

36) and Chihara and Inaba.37)

given by Giauque and Wiebe i It‘is
interesting to be able to estimate the transition entropy in terms of
superposition of two aspects of thermodynamic entropies in Which the
cooperative effect is not taken into account.

Now we consider the thermodynamic properties of systems of many -
strongly interacting particles. As a representative system we may take
a crstal in which a constituent atom interacts with-its neighbour atoms.
In tﬁe harmonic approximation the thermodynamic functions are additive

functions of the normal mode frequencies. Among them, the heat

capacity at constant volume can be expressed as

Cc,/k

. - |
Ej K;j / sinh Xy 5 | 19

hwj(g) / 2kT,

"3

38,39) Since the number of atoms

- where the notation have usual meanings.
in a crystal is very large and the eigen values are very dense and

bounded, it is more convevient to deal with the ‘frequency distrbution
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function, or frequency specrum g(w), than the individual frequencies.
The useful analytic spectrum ié the Debye spectrum which is derived

from an elastic continuum .model;

178}

]

g@) = 30 /w3, _ 0

=0, w > w

where wp is an artificial limiting frequency which leads to the

correct normalization of the crystal. Using the Debye spectrum, one

obtains :
3rNk fx, x4eX : .
C = — . - - dx 1-10
v x3 “0 (ex _ 1)2. v
x = GD/T
@D =‘th/k

where OD is called the Debye characteristic temperature. In the high
temperature limit, the Debye heat capacity gives the Dulong—fetitfs
law and in the limit of low temperature the "Deb&e T3 law".
The harmonic crystal shows no anomalous behévior of'which is

depicted in Fig. 1.3.1(c). These properties df themodynamic

functions can be explained by the facts that fgr the étomic vibrations
in a crystal the priﬁcipal axis traﬁsformation which diagonalizes the
corresponding hamiltonian in zero order re-expresses it as the sum of
the hamiltonians of individual, independent; harmonic oscillators
(phonons). As fhe temperature goes up, however, most of real. crystals
exhibit anharmonic behaviors of not only thermal eipansion and fhermal

40) 41)

conductivity but  also the shift and damping of the vibrational

frequency due to a phonon-phonon interaction.

In calculating the thermodynamic functions of anharmonic crystals
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the phonon-phonon interactions are treated by the operatbdr. . -

)

renormalizétion method (renormalized phonon)42
3)

or by the self-
consistent method (self-consistent phonon)4 . ,The_baSic idga of
_the former is to oBtain improved phonoﬁ creation and annihilation
operators representing "dressed" phdnons.whiéh‘do not interéét with
one another in first-order perturbation and tﬁen_calculate the
eﬁergies of these phonons in the second—order perturbations. Qn the

other hand, the basic idea of the later is to introduce an effective

harmonic potential @h and write

H=H + (& -5 ) : : 1-11
o - h? .

where Ho is an effective harmonic hamiltonian and ® is the pétential

in the real crystal and @h is to be determined so that the~pérturbation
"$ . @h" is small in the statistical sense. The.temperaturé;-
dependenf shift of the self-consistent phonon'freQuenéy is natﬁrélly
introduced and hence this theory has been applied for.thé'displacive
"and other deformatiom-related transitions.t?)

It should be stated here that unfortunately the results of
above two methods aré exptessed in so complicated fashion.that the
direct comparison with experimental result sucﬂ as excess heat
capacity'cannot be made with ease.

In terms 6f thermodynamic perturbation theory we would descrbe
the excess thermodynamic functions in somewhat general form, which
allow us to compare the theoretical results with the experimental.

In the calculation of the thermodynamic quantities of the System

of many body particles, there occur cases when the hamiltonian H can

be written as H = Ho + Hl where Hl represents the small terms which"
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can be negrected in an initial approximation. Fér’instance, - We may
regard H, as the anharmonic hamiltonian for the vibrations in the
crystal or as the potential energy of the system in an external field
or-as the hamiltonian with the symmery which Eéloﬁgs to the sdbgroup
of the symmetry group which keeps the hamiltonian Ho invariant.

The partition function is

z=Tr e PH o z <v> . : - 1-12
- -BH . _ g i
Zo =Tr e o 1-13
where V ='eBHo e—BH and <¥> is the average of V with N =~e-BHo/Z°.
The density matrix is
I P
p=e A/Z —-QOV/<V>. . . 1-14
~ The excess Helmholtz energy A - Ao is given by
: \
B(A-A)=1nz-1n2Z I 115
= In <V>
The excess energy U - Uo is
U - Uo = Tr pH —.Tr PH, - R 1-16
= (SVH > + <AVAH >)/<V> -
where the notation AX = X - <X>,
The eXxcess entfopy S - So is given by
(s - so)/k =-Trplnp+ Trp_ 1In _90 ~ 1-17
<V>1n <¥> - <Vln V> <AVAH >
= = — + B 2

<V> <V>
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The excess heat capacity Cv - Cv‘ is given by
. ©

2
(CV - CVo )/kB

Using the next

.for the excess
G(B)
G(B)
B(B)

B(8)

AA
AU

AS/k

,
cV/kB‘_

1-18

_ _ 2 _ ’ _ N2
=Tr p(H - Tr pH) Tr po(Ho Tr poHo)
9 1 9 . ‘5
= <H >° 4+ ——(<AVAH “> + <VH H.> + <VH_H > + <VH,">) -
o <v> o o7l 170 1
< > >
¢ VHl + <VHo )2 |

<V>

theorems (Eq. 1-19 and 20), we obtain final fbrmula

thermodynamic functions when 62<(AH1)25 g<‘l;

eBAHO e-BAH

B - ‘ _
=1 - f dx éXAHo AHl e XAHO , - 1-19
0 ‘ :
= eBAHo AHl e—BAHo
= AT 8 . : gl
= AH, + [odx [AH_, B(x)] | . . 1-20
= <H. > — —§-<(AH )2> + | - 1-21
. l 2 - 1 T eee . v » i

-8 20 s e enin 2 L
<H;> = —5-(<(8H)) AH > + <A(MH,)“AH,>) + ...,  1-22

1
22 23 |
- B 2o BlnEHRE S o, 1-
= BHp> + o< (M) - <ABH)TAE> + e, 1023
, |

: B 2 2
2<0H AH > = —SmsD(AH ) PA(E + B> +

2 2 o -
B <A(MH) ) AH, + H)><(H + H))> +.... 1-24

‘Thus, the first—order correction to the free energy is

" simply equal to the mean value of the perturing H

l" The second

order correction is always negative and is determined by the mean
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square deviation of Hl from its mean value. .In'particular, “if the mean
value <Hl> becomes zero then fhe Helmholtz energy deéreases'aé"a result
of the perturbation. |

‘ When Hl is the anharmonic term for the vibratibnS‘in solids, then
45) '

<H1> is evaluated by various authors and is exﬁressed as

2

2 T2, 1225

<H;> = AT+ A+ A_

1 2 2

The first term is the leading term due to anharmonicity. .The'anharmonic
coefficient A2 can be determined by the calorimetric results. For
example among the alkali halides with the NaCl type structure, lattice

46)"Was found to be most anharmonic.

vibrations in RbCl
The vibration of crystal lattices up to this point.has been
'restricted to perpect lattices. Next we pay'attenfion to the :
thermodynamical properties of the crystals containing impurifies and '
lattice imperfections. |
It is well known now that even a small concentration of defects
(impuritues) in a crystal can radically alter the_frequencies'qfvthe
normal modes of vibration of the atoms in the crystal and the pattern
of the atomic displacements in these modes. For eXamplé, . the lacalized

38)

modes appear in the gaps of forbidden frequencies and in addition

to localized modes, so called resonance, or quasi-localized modes38)

can also occur, whose frequencies lie in the bands of allowed frequéncies,.
and which are characterized_by a large amplitude of vibration of the
impurity atom orbof those atoms with which they interact directly. Thus,
the resonance modes rather than the localized modes may be reflected in the
temperature dependence of the low temperature heat capacity. Especially,
metals containing impurities have been primarily ekamined‘calorimetrically

by several authors.47)
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Thermally activated point defects48)

are present in the equilibrium
structure of crystals at non-zero temperature. Atomic motion
associated with thermal energy causes atomic coordinatesvto fluctuaté
about their time average values, and arbitrary large excursions are,
in principle, pdssible.

Vacancies (Schottky defect) and interstitials (Frénkel défeét) may
be regarded repectively as solutions of the vaéuum and of solvent atoms
in the host crystal. When thermal equilibrium is eétablished, the

- chemical potential u of these defects must be zero; for the Gibbs

energy is

G = nou + nu o : o 1-26
and when 3G/dn = 0 we find

u=g+RT Inc =0, 1-27

where there are n moles of solute and n  moles of solvent and g is
called the g~function to,distinguish‘it from the chemical potential,
c is given by

e—g/RT

(e}
il

n/(n + no) = for Schottky defect,j

and

_ e—g/RT

c n/\)(no - n) for Frenkel deféct;

where v is the number of interstitial sites per 1attice-point;
Although u = 0, G must be less than Go a.noﬁg ofvdisefdgr )

would not be generated in the perfect crystal; thus u°'< ug, with

ug the chemical potential of atoms in the absence of_disorder.‘ This

inequality is derived from the equation
ﬁo = ﬁg + RT In (1 - ¢). ' B - 1-28

The numbexr of defects changes with temperature during any proceés
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that preserves equilibrium in the real crystal. The heat capacity is

glven quite generally by

¢, =nl,+ Gu@/AD, o 1.f29

Since n is the total amount of atoms present, the excess molar heat

capacity is obtained as

AC

» (1/n) (3(nh)/8T)p

(n/nq){(sh/am)p + ((n, # n)/n_) (b/RT) R} 1-30

where the + sign applies to Schottky defect and the - to Frenkel

defect. When n << n_, then for-the both defects
AC, = (a/n)1(en/om), + (h/RT) 2R} ‘ 1-31

The enthalpy of defect formation h is usually rather temperature
‘independent and h/RT has for a typical order of magnitude the ratio
of the cohesive to the thermal energy; the second term in braces

_ therefore dominates the defect heat capacity and
s - - o
ACP =@ /RR(h/K[‘)e h/RT : : 1-32

' The practical application of this equation will be shown in
section 4.3.

Up to this point we have focussed attention Chiefly onAfhé
noncooperative behavior of the heat capacity; The following éectionb
will be concerned with thg cooperative effects, which ﬁépally give
.rise to so called A-type heat capacity anomalies;

Such cooperative anomalies appear in the phase transitions
accompanied by the onset of ferromagnetism in the magnetic dipole

(spin) system, ferroelectricity in the inéulatq;s, superconductivity



in the electronic system, superfluidity in liquid:helium, molecular

rotation in crystals and order-disorder in binary élloys and so on.
Although cooperative phenomena are now knownkto occur in numérous
substances, there exist many cases where the detailed e,xplana.;ién of
.the cooperative process of transition mechanism is unknown or known
only to a limited extent.

Especially, as to the ferroelectric transitién phenoﬁené, there

are two main theoretical approaches. The first one is the thermbdynamical.

5)

and phenomenological theory which was advanced by Mueller™ and

Devonshirel) to explain the ferroelectric behaviors in'the firstband

second order transitions and was further developed by»Landau49)

50)

and -

Ginzberg to shed light on the thermal behaﬁiors in more general form.

Their approachs are based on the idea that'the,thermodynémic potential
employed is able to be expanded by the order parameters (polarization

and strain in the case of ferroelectrics). The validity of analytic

51)

expansion was later examined by Pippard, Fisher and others The

Second one is the lattice dynamical theory suggested by Anderson,

>2) to produce ferroelectric polarization in. ionic

53)

Cochran and others

crystals such as BaTiO As Aizu and Takagi et al.54) developed

3°
the ﬁhenomenological theory combined with the grdup theory of the
ferroelectric transitions of NH4HSO4 and (NH4)ZSO4, their results

will be compared with the experiments in Chapter 4.
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Table 1.2.1 Crystal Data of NH,6HSO

47774

Cell dimensiqn .

B

‘ a b c
Phase Space Group Z _ S — v -
A “A A . degree
a) B2, /a 16  24.904  4.540 14,902  90°18"
Phase 1 : . ‘ '
(R.T.) P2, /c 8 14,511 - 4.540 = 14,902  120°18'
5) Ba 16  24.37 4,62 .14.80 .  ~90°
Phase 1II :
(at -30°C) Pc ' 8  14.26 4:62 14.80 121°18'
' R B=91°12',
S Bl 16 24.43 4.56 15.15 ,(asv9o°, Yo 90°
_ : : B8=123°24"
PL 8 1426 456 15.15 (L o00 T g4
Phase I°) B2, /a 16 24.66  4.60  14.82 '89.87°
. (RcTo) '
Phase T ) Ba 16 24.48  4.56 . 14.75  90.0°
(at -70°C) : o

a) Pépinsky and his coworkers, Phys. Rev. 111, 1508 (1958) .

b) R. J. Nelmes, Acta Cryst. B27, 272 (1971).
¢) R. J. Nelmes, Ferroelectrics, 4, 133 (1972).
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Table 1..2.2

Crystal Data of RbHSO, and RbDSO

4

-

" Cell dimension

Society of Japan, 5a-F-5 (1973)..

027

a b c B
Phase Space Group Z _— —_ —_
A A A "degree
2 B2, /a 16 24.612  4.622  14.807  90°3'
. Phase 1 ‘ :
P21/c 8 -~ 14.356 . 4.622  14.807 120°59"
Phase ]Ia)_ Pc 8 —-— — —— —
Phase Ib) P21/c 8 14.354 4.618  14.808 —_—
Phase 1%, P2, /e 8  14.29  4.61  14.76  120.4
Phase 1% P2, /c §  14.329  4.623  14.808
a) R. Pepinsky and K. Vedam, Phys. Rev., 117, 1502 (1960).
b) H. Ashmore, unpublished Data. ‘
¢) W. G. Mumme, Acta Cryst., B29, 1076 (1973). »
d) M. Yamada,.Presented at the 28th annual meeting of Physical



a) -

Table 1.2.3 Crystal Data of (NH,),SO,

Cell dimension'

a b e v
Phase Space Group Z S - - =3
' A , A A A
Phase I o .
fhase o . ‘ - A

a) E. 0. Shlemper and W. C. Hamilton, J. Chem. Phys., 44, 4498 (1966)

Table 1.2.4 Crystal Data of KHSOA'a)

Cell dimension

o a b c v
Space Group VA 3 R s o3
A A A A

Pbea 16 8.40  9.79 18.93 = 1557

a) L. H. Loopstra and C. H. MacGillavry, Acta Cryst;,-l},,349 (1958)
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Fig. 1.2.1 2An (0 0 1) projection of the structure of NH, HSO

in phase I.
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Fig. 1.2.Y A (100) projection of the structure of NH4HSO4 in phase I.
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Fig. 1.2.1 An (010) nrojection of the structure of NH,HSO, in phase I.
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Chapter 2 Construction of the calorimeter apparatus

2.1 Introduction

Present construction of calorimeter and cryostat is intended to get
accuraté heat‘capacity of solids including ferrdeléctric substances and
to be able to measure it up to 60 K, using liquid helium as coolant when
liqﬁid hydrogen is not available.

- In order to measﬁre the heat capacity at constant préssure it 'is
necessary to ﬁeasure the heat édded on the calorimeter vessel insulated
thermally from its surroundings and the temperature change AT due to
heat input; and to maintain the calorimeter at any desired temperature
in the cryostat to observe the temperature dependence of heat Capécify.
The calorimeter vessel provides not onlyva container'for the samplg
itself, but also a well-defined part of the apparatus where heat input
and the corresponding temperature changes are acéuratély measured. The
general requirements for_the vessel are mechanical and'chemical'stability
and good thermal diffusivity, together with high electric insulation

and so on. Similarly, constructing the cryostat, similtanequsvfﬁlfilmént
of all the reqﬁirements usually required a certain amount of cémpromise
in the design and fabrication.

The newly constructed calorimeter and cryostat proved to sétisf&
these necessary_conditionS'and its detailed’desériptions are given in

following sections.
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2.2 Calorimeter apparatus

2.2.1 Cryostat

The cryostat made of essentially metallic materialsvis of adiabatic
type and is depicted in Fig. 2.1. The primary functidh_of this cfyostat
assembly is to maintain the calorimeter vessel at any desired temperature
between 2 and 320 K in a state of thermal inSulatiqn, so that no heat is
virtualiy exchanged between the calorimeter and its surroundings even
when an electrical heater is tqrned on during measurement.

The entire cryostat éssembly sﬁspénded in the'metalADewar L on thg
jack M is fixed at the top plate of the iron frame B with the iarge cover
plate (Brass) A equipped with six pipes (a, b, ¢, d, e, f) for transfering
and pumping on coolants such as liquid nitrogen, hydrogen,-ahdrhelium
and for evacuating two vacuum spaces. Two chromium-plated, brass (1 mm
in wall thickness), refrigerant tanks (D and F) for hoi&ing liquid-
nitrogen or hydrogen and helium provide 1ow-température siﬁks, (D;
internal volume of 609 cm3, F; internal volume of 1394 cm3) In order to
establish adiébatic conditions heat exchange between the calorimetér and
its enviromment due to gas convection can be eliminated by mainfaining
a high vacuum (less than 10-5 Torr at room temﬁeréture)'withih»two Vacﬁum
tanks. These tanks consist of outer brass vacuum jacket H:(chfomiuma
plated inside and outside, 1.2 mm in wall thickness), and inner vacuum
jacket G (chromium~plated inside and outside, 1.0 ﬁm in wall thiékness)
made of copper to realize thermal homogeneity around the adiabatic shield
J, and they are connected with Wbodfs metal to the top pléte C and the
tank D called nitrogen can, respecti?ely; and are joined through the
stainless steel pipes to the separate evacuation:sysfems equipped with

a liquid nitrdgen trap, an oil-diffusion pump, a rotary pump and so on.
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All the‘pipés in the cfyostat are made of SUS—Z?lstainless steel
(non—plate&,-non—ﬁolished, outer diameter of 9-15 mm, 0;2 mnm in whll
thickness).with low thermal conductivity and mechanical stability so as
to ﬁinimize the heat conduction through them between the top of cryostat
and the nitfogen can and between the nitrogen can and helium can by
means of structurally extendent thermal conduction path.

In this éalorimetric design various special pregaﬁtions are taken
to minimize the heat conduction alpng the electric‘lead wires;"They
enter the cryostat through the inlet of leéds, which is made of pyrex
glass attached on a‘branch of vacuum line and covered with picein cement.
Passing through the evacuétion'tube, these leads are thefmally anchored
to the thermal station E, which is attached at.the bottoﬁ,of the nitrogen
can and absorb most of the heat conducted dbwn the'leads, thus conserving
liquid helium. The leads ére then anchored to the smaller cylindrical
part of the liquid helium can, from which they pass to a flbating ring I
which equips a non-inductively wound, double silk-insulated mangain wire o
heater (B.S. # 36) so as torregulate heat condugtion bétWeeﬁ'the lower
tank and the adiabatic shieid. Between each of the stages‘enumerated,
the bundle of leads makes loops supported by nylon énd silk threads inv
a vacuum space to lengthen the heat conduction path. The final témpering
of the leads before tﬁey reach the calorimeter'véssel K,ié accomélished
by placing them on the cylindrical portion ;f the adiabatic shield
wound by the non-inductive heater in a'helicalAgroye; .The'total number
of the electric leads including spare wires amounts to 62, and eéch runs
about 12 m from the adiabatic shield to the terﬁinal béx outside the-cryostat.

All the leads are double silk-insulated copper wires (B.S. # 36) and
the bundle of them below the upper tank are protected electriééllyjby

the tapes of aluminium foil, which prevent spilled fluxv(H3P04) from
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damaging electric insulation between leads. And all the lead wires are
varnished tightly where théy are thermally anchored with glyptal lacquer
(G;E. adheéiVe No.7031), taking care to avoid extraneous e.m.f.‘ |

| Furthermore, the temperature of the-upper and lower tanks,ktﬁe
floating riﬁg and the temperature.différence between the ring and the -
top adiabatic shield are monitored gnd measured with four constantan
versus Qhromei«P thermocouples of which the temperature gég;e has been

calibrated in our laboratory.

2,2.2 Calorimetefvvessel and its surroundings

The calorimeter vessel constructed is shown in.Fig. 2.2. This vessel
- is made of copper (0.3 mm.in wall thicknesé) and provided with twelve
vertical vanes of thin copper C (0.2 mm in thickness) to aid in tﬁe rapid
distribution of heat from the heater and in thé subsequent réestéblishment
of thermal equilibrium within the vessel. All'the interior andjeXterior
surfaces of this vessel are electroplated with gold to reduce the extent
of chemical corrosioﬁ and tarnishing. The cap A is connécted with'Wood's
alloy to the inlet for loading a sample,rthroﬁgh which the éopper pipe

(1 mm iﬁ diaméter) is guided into the branch of vacuum line and sealed
off after the helium gas (1ess than 5 Torr) is addéd.to provi&e thermal
conductivity,between'the sample and the calorimeter vessel; The ?latinum'
resistance thermometer D (Minco Products, Inc., fype 8 1b55—1; caiiBrated‘
on the IPTS-68, laboratory designation alpha) is cohnected with solder

to the copper holder E, on which the calorimeter heater Gv(AOuBlé,nylon
insulated KARMA wire with a low temperature coefficient.éf resistance,
Driver-Harris Company, B.S. # 36) is wound tightly in a non-inductive
fashion and fixed by the G.E. 7031 adhesive. This thermometer—heater
assembly is cast in the re-entrant well at the center of the vessel with

Wood's alloy to minimize temperature gradients and covered with the
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gold-plated radiation piate I at the bottom. The germahium resistence
thermometer J (Cryo Cal, Inc., type CR 1000; laboratory designation
epsilon) is plaéed in the copper sheath wiﬁh High vacuum silicdne greaée
for good thermal contact, the sheatﬁ being soidefed on t0'the Bottoﬁ
face. All the leads (double silk insulated copper, B S. # 36) from the
platinum and germanium thermometers and the calorlmeter heater are wound
and fixed with the G.E. 7031 adhesive on the cylindrical surface to bring
them to the'températufe of the calorimeter surface prior to their departure
in the bundle F. At a fhird of Vessel height each of them is connected

to thinner copper wire (Formvar coated, B.S. # 38) to.minimize.the heat
leakage along them. Especially at this place the number of the heater
leads increases to three and tﬁe heater circqit becomes a four terminal
circuit at the side of the adiabatic shield. The.purpose of this circuit
connection is that the joule energy that occur in the cdppef'wirevfor

the heater is partitioned evenly and also experimentallY‘to the vessel

and to the shield. All the 1ead wires from the calorimeter.veséel are
buﬁdled and suspended by silk and nylon threads, and make a loop fbund

the vessel (See Fig. 2.4) and amount to 150 cm in‘length to the terminal
point near the side adiabatic shield. One end of.thermocouples (gold |
+ 2.1 mole per‘cent cobalt vérsus copper) to detect the temperature
difference between the vessel and the side adiabatic‘shield is fixed

with glyptal lacquer and covered with thin coppe?'sleeVe K, which is
soldered to secure good thermal contact with the vessel even at liquid
helium temperatufes. The other end connected by Wood's alloy to'the side
shield is also the end of thermocouples of fhe-top and bottom adiabafic
shields, which aré controlled independently to supply the thermal homoge—_
neity around the vessel. The calorimeter vessel is susbended with four

thin nylon threads from the top adiabatic shield.,
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In order to get a high accuracy in the determination of the éample
heat capacity iﬁ is necessary that the tare heat capacity is‘relatively
small compared with that of the sample over tﬁé tempefatures measqred.
This calorimeter vessel weighs 91 g, including ﬁecessary attachments aﬁd

Cits internal volume is 76 cm3. Two tare heat capécities of present

~ copper vessel and gold vessell) (110 g in Weighﬁ, intefnal volume 50 cm3)
 are compared in Fig. 2.3. The copper calorimetér vessel is'more-suitabie
for construction of the vessel with the small tare heat capaéitylthan

the gold one at the lowest temperatures becausé'the Debye charaéteristic
teﬁpérature of copper is twice as high as that of gold. .However, as the
atomic weight of copper is about a third of that of'gold; the tare gapacity
of the copper vessel becomes larger than thaf of the gold at high temper-

atures according to the Dulong and Petit's law.

2.3 Measurement system

After adiabatic conditions are realized with the eieétroniércontrol
systems suﬁplying the adiabatic shield heaters wiih'the regulated electric
currents according to the amplified signals froﬁ the three differential o
thermocouples, the equilibrium temperature of the calorimeter vessel is
measured with the platinum'or'germénium resistance thermometer in con-
junction With é éix-dial double thermofree microvolt potentiometer
KMinneapolis Honeywell Regulator Co., Rubicon Instruments Division,
model 2773). _Electrical energy is then supplied with a bank of batteriés_
to the calorimeter heater installed, in the similar adiabatic conditions
mentioned above. During heating period thevoltage and current are
measured with the double potentiometér or with the automatic'data’
acquisition éystem. The heating time is determined with an elecﬁyonic 

counter (Takeda Riken Industry.Co., Ltd., type TR-124B). Further details

) : 2
of these circuit systems were described elsewhere. »3,4)
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2.4 Temperature Scales
2.4.1 Introduction

'Thermodynamic tempefaturé scale,cén be established from experimental
‘measurements of quantities that appear in any Second Law.equation. At
present the gas thermometer, using the principle of an idéalkor perfect
gas, is regarded as the primary instrument for ?ealizing the thermodyﬁamic
scale in the range from above the gold point at 1337.6 K down to the
liquid helium région,.to about 1.3 K. At higher temperatures the Planck
radiation formulé can be used to determine the values of temperéture on
tﬁe thermodynamic scale. At lower temperatures, measurements of the
magnetic susceptibility of an ideal paramagnetic salt Which obeys the.
Curie's law or the Curie-Weiss,iaw.enable us to determine temperétures.

Accurate measurements of values of temperéture.on the thermodynamic
scale aré fraught with experimental difficultiés; yet all values of
temperature<should be traceable to the Kelvin thermodynamic scale..
Therefore, "Practical" temperature scales are intended to give values
of temperature that are comparatively easily reproduced but are based '
1on'functions that are not related to the first and second law of thermo-
dynamics. Among them the International Practical Temperature Séales of
1968 (abbreviated as IPTS-68) was adopted by'thé Comitéilnterhatipﬁal
des Poids et Measures at its meeting in October 1968,5) which is represente&
- by the Standard Platinum Resistance Thermometer ' (SPRT) exhibiting the
prerequisite stability and réproducibility from 10 to 904 K.

At low temperatures, however, the‘sénsitivity, (1/R) dRJIHT; -for the
platinum is not so high and decreases_so'rapidly Qith decrease in temper—
ature. Therefore, other thermometers such as semigoqductor devices which

show higher sensitivity than platinum thermometers are used to obtain_

more accurate temperature. : -
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Comparison of temperature scales heretofore proposed is summarized

in Table 2.1.

2.4.2 Calibration of platinum resistance thermometers

Four workingvplatinum resistance thermometers (Leeds & Northrup Co.,
laboratory designation alpha (type 8164) gamma (type 8164)‘and Minco
Products, Inc., laboratory designation alpha (type S 1055-1) and beta
(type S 1059-1)) were calibrated against the Leeds & Northrup platinum
thermometer (laboratory designatioh-delta (type 8164)) certified at the
National Bureau of Standards (U. S. A.), basinglon the IPTS-68. Four
thermometers were calibrated with a continuous éurrent of 1.0 mA above
50 K and 2.0 mA below 50 K. In order to obtain the IPTS-68 below 0°C,
it is necessary to measure the resistance valﬁes at éight defining
fixed points from 13.81 to 373.15 K. At the neighbourhood of fixed
ppints we measured the resistances‘of the four thermometers to be
calibrated, which were in good thermalICOntacf with coppér block-(Fig,2.4)
in the same location as the calorimeter vessel'in the newly-built éryostat,
using the electric circuit shown in Fig. 2.5. It took about an_hour‘to
measure the resistanceslof the four thermometers ét one temperature near
a fixed point. While measuring, the ﬁemperaturé dfift of copper blécks
was, on the average, 0.48 mK/min at TP e—HZ, 0.034 at BP e—Hé, 0.020 at
0.008 at NBP Ne, 0.001 at TP 0,, 0.001 at NBP O

NBP e-H 0.15 at TP

2’- 2’

0, respectively. The results are given in the Table 2.2.

2’

H,0, 0.17 at NBP H

2 2

The very resistance value at each fixed point was calculated by the
method of least squares, fitting five or more calibration~pdints near -
the fixed points to a linear function between resistance and temperature,

Tes?
to be calibrated are found to satisfy the conditian for the SPRT: R(100°C)/

given by the thermometer calibrated at N.B.S. All of the thermometers
R(0°C) > 1.3925. The necessary coefficients for the IPTS-68 below 0°C
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6)

were calculated, based on the references,s’ and‘given in Table 2.3,
-and used to genefate the table with which we can calculate the temperature
at any résistaﬁcé_bf the interpolation method. The erfor intrdducedvby
using linear interpolatioﬁ will be less than 0.1 mK.

In order to obtain the IPTS—68 above 0°C it is necessaxy to observe

the resistance value at the freezing point of Sn or Zn. ' These temperature’

are so high that we camnot realize them in our apparatus.' Therefore we )
: A _ , y

are obliged to a&Opt the trial formulé instead of quadfatic interpblation
formula plus correction function defined in the reference.s) As we seldom
encounter the experiment above the temperature 100°C, the resiétance o
valueé of thermometers were measured from 255 to 380 K with the tempera--
ture interval df 5 K. Observed values both témperatures'based oﬁ the

IPTS-68 and resistances are fitted to the following trial fdrmula:

_ 2 3
R(t) = R(0) [1 + Ast + Bst + Cs(t - 100)t.].

Coefficieﬁts AS’ BS’ C5 with which we make the table from 0°C.to lQ0°C
are listed in Table 2.3. |

Necessary calculations_mentioned above were carried out Witﬁ the
FORTRAN programmed by the author and with the high'Speed.électronic
compﬁter at Osaka University. | \

The Leeds & Northrup platinumrresistance thefmometer (alpha) was
calibrated in 1966, based on the IPTS-48 and the provisional NBS-55
_ temperature scale, and it was recalibrated in 1975, based on the IPTS-68.
The IPTS-48 and the NBS-55 can be converted to the IPTS-68 by the refer~-

ence.6) The temperature change (AT = T75 - T66)’ where T

75
based on the IPTS-68, is -90 mK at 14 K, -35 mK at 20 K, -3.8 mK at 50 K,

and 166 are

2.0 mK at 100 X, 7.2 mK at 200 K, 15 mK at 300 K, fespectively.' The

heat capacity values determined by the alpha thermometer calibrated in
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1966 is larger by 0.8% at 14 K than that determined with-the IPTS-68.
And the deviation thus introduced is negligible above 20 K.

7

The root mean square of fluctuation of temperature'is given by

{an?}H/? - T{k/Cv}J'/z

where k is the Boltzmann constant, C& the heat capacity at constant
temperature of the system whose temperature is measured. As-the calibra-
tion block used weighs 300 g, the r.m.s. of fluctuation of temperature

is 6.2 x 1072

K at 1K, 4.9 x 1072 K at 20 K, and 1.0 x 1070 K at 300 K,
This temperature fluctuation is inherent in the equilibrium state. However,i

this fluctuation is too small to be detected by the present instruments.

2.4.3 Calibration of germanium thermometers

Four working germaﬁium resistance-therﬁometers (Cryo Cal, iné.,
1aboratofy designation beta, delta, efsilon, zetav(CR 1000))»were cali~
bra;ed against the germanium thermometer (Cryo Cal, Inc., laboratory
designation gamma (CR 1000)) which had been calibrétedjiﬁ this laboratory.
Electric circuit for calibration meééurement'is a-circuit similar to the
one used for the calibration of platinum thermometers.* Resistance value
of these germanium thermometers is ca. 1000 Q at 4,2 K and célibration
current of ca. 5 uA was chosen to avoid excessive Joule:heating. Measured

. values of resistance at calibrated temperature are Iisted'ih Table 2.4.

In the case of germanium thermometers there does mnot exist the

established functional relationship_betweenItemperatufe and résistance.
N

log R = ) Ay (log ) R s
i=1 ;

was used to fit the calibration data. The variance of data, V,
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M
M- 1) V2 = z (R,(observed) - R.(smoothed))2 s

i=1 ¢ A + o
where M is the number of calibration points, and the temperature depend- -
ence of the first and second derivatives of log R with respect to log T
was used as a measure of fitting. Table 2.5 gives the variance of data
of beta‘and epsilon thermometers. From this table it is found that the

. -
larger the.initial inverse power becomes gnd the more the expansionr
terms are taken, the smaller the variance of data leads to.
However, the temperature dependence of the second derivative appeared

wavy when the initial inverse power was larger. Considering the number
~ of data, we mey take the initial power as ~2 an& the number of expanéioﬁ
terms as 10. Table 2.6 gives the coefficients of the trial function
thus determined. Fig. 2.6 shows that the deviation of the temperature

determined by these four thermometers from the absolute temperature is

within 5 mK from 1.8 to 15 K.

2.5 Operation and performance

To begin a series of heat capacity measurement, the calorimeter is
first cooled to the desired starting temperature; if necessary, using
the upper and/or lower tank filled with liquid end/or solidified
refrigerant such as nitrogen, hydrogen, and helium. The calorimeter
vessel is cooled rapidly by breaking the vacuum with small amount of
heiium exchahge gas, which is pumped out when the desired temperature
is reached. Especially_in case of measurement from 2.to 60 K, . exchange
gas is pumped out at‘20 K to maintain a high vacuum and_prevent the‘gas
from adsorbing'on the veesel. Below 20 K, the vessel is cooled only
with the heat conductiOn'along the leads. In present calorimeter design,

it took about 3 hr and consumed liquid helium of about 4% to cool the
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vessel from 50 K to the lowest temperature of 2 K.

In measuring heat capacity at temperature between 2 and 60 K, liquid
helium is used as coolant. Whe@ the upper-tank‘is cooled fo SO_K by
pumping on liquid nitrogén within it, the cohsuﬁption raté of liquid

helium is estimated as follows;g’lo)

heat transfer by radiation

Q = 17 mW~ 0.020 &/h

heat transfer through the 60 copper leads

Q = 25 mW~ 0.029 ¢/h

heat transfer through the three stainless steel pipes

Q = 42 mW~ 0.049 /h

Total consumption rate of liquid helium amounts to 0.10 %/hr andvthe
lower tank filled with liquid helium is expected to become empty iﬁ 14 hr.
In the measurement of heat capacity‘from 2 to 15 K, however, it toék
about 6 hr or 10 hr for-liquid helium by a single charging to become
exhausted depeﬁding on whether the upper tank contained solid.nitrogén
or solid hydrogen. Considering that héat transfer through the leads
from the calorimeterrvessel is neglected, these hblding_timeé are_in
agreement with thevcalculated values. -

. "Total consumption rate would be determined primarily byjthé ﬁeat'
exchange wiﬁh the top plate through radiation if the presént cryostét
‘Were not equipped with the upper tank, because the consumption rate due
to radiation would then increases to 0.13 Q/hr.'" Thus this veft‘ical
cascade type with two refrigerant containers proved to be.not only
useful in long-run experiment at liquid helium temperature,'but‘also

economical of liquid helium.



N

Using the automatic temperéture controllers, the adiabatic shields
(and ‘the ring if necessary) are then heated to the temperature of cal-
orimeter to establish adiabatic .conditions and prevent further cooling
by radiation and conduction along leads. After steady‘adiabatic
conditions have been established, the temperature of the calorimeter is
observed at chosen time intervals. Follpwing the determination of tﬁe
initial_temperature, electrical energy is supplied to fhe calorimeter.
After a heating period, the temperature of the calorimetérvagain is
followed as a function of time. These observations establish the final
temperature for the heat capacity measurement and the iniﬁial_temﬁerature
for the next measurement of the serieé. |

Equilibrafion rates of the vessel containing’(ND4)2SO4 varied
greatly. At femperatures below about 20 K, the sample reached equilibrium
.within a few minutes or within some seconds. At higher températures it
reached equilibrium within about 15 min;, except near the fetroeiettric
transition temperature. And)it took about half an hour for the sample |
to reach thermodynamic equilibrium at room tempefaturés.

The curvature correction for the non-linearity of Cp versus T is
given approximately by

Cp(Tav) & (AH/AT)p - (1/24) (AT)Z(dZCp/dTZ)T=TaV

where the first term is the observed heat capacity at Tav, AT the
temperature increment. Thus the energy input was selected in édvance

to produce a temperature increment small enough to minimize curvéture
corrections. The temperature rise due to the heating rate of 0.5 K/min ‘
at the 1oﬁest temperatures and 2.5 K/20 min at room temperatures needed
practically no curvature correction except near the transition region.

o o
The accuracy and precision of the heat capacity measurement are
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governed b; a number of factors such as the validity of thé temperéture
scale, the accuracy of temperature and energf measurément, the exactness
of adiabaticity, the (physical and chemicai) purity Qf'thé sample, the
smallness of the ratio of the tare heat capacity to the saﬁple heat
éapacity and so on.

The temperatﬁre scale used has been described iﬁ section 2.3.

The resistance of the platinum and germanium.thermometeré is measured
potentiometrically by comparison with the reference resistance with good
stability. In measuring, the overall constancy of the ﬁorking current
and measuring current is realized and suppliedrwith a bank of batteries
and the stable decadé resistors. The measurement procedures include
steps to éancei ﬁon—IR voltages due to stray e.m.f.. The measurement

error of the resistance of the thermometer can be estimated by

1

|AR/R| L |AEMF1/EMF1| + |AEMF2/EMF2| + |ARr/Rr|

where Rr is the resistance value of the referencé-resistancé, and EMF
the e.m.f. observed. If the réference resistance remains constant, the
0.2 mm error resulted in reading the scale amplifiéd with the galvanometer
corresponds to the uncertainty of the temperature; 0.24 mK at 300 K,
0.16 at 200 K, 0.08 at 100 K, 0.03 at 50 K, 0.05 at 30 K, and 0.38 at -
14 X for the platinum thermometer and 0.21 K at 10 X, éﬁd 0.10 ét 5K
for the germanium thermometer. Thisvresolution of temperature results
in the uncertainty ofr-the heat capacity of about 0.0SZ.

The uncertainty of thevenergy measurement is abouth.OiZ and is
not the main factor of inapcuracy and imprecision of heat capacity.

It is not possible to construct a Calorimetric system that can be
treated as truly adiabatic at all times and under all conditiéns. So

detectable heat exchange between calorimeter and shield results from
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non-uniform témperature of the shield and calorimeter surfaces, and
erroneous thermocouple signals caused byvstray e.m.f.'s from iﬁhomogea
neities or strains in the thermocouple wires. If heat exchangé is
éignificént, the thermoéouple signéls are suppréssed to minimize heat
exchénge as small as possible. The rate of éxchange can be detected by
ébserving the temperature dfift of the calorimeter and an appropriate
correction is applied, if necessary. :

Contribﬁtioh of the heat capacity of (ND4)2SO4 (48.9g) fo the‘tbtal
heat capacity was 237 at 2 K, 54%.at lb K, 64% at 30 K, 59% at 100 K,

more than 60% above 140 K.
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TABLE 2.1  Comparison of temperature scales
I17S-27 ITS-48 IPTS~48 . IPTS-68
~n O 0 :
R(igoptc_)/ RLO™C)l 23,390 >1.3910 21,3920 | 21.3925
Temperature -190 -182.970 -182.97 13.81
Range to o to toog to
- 0% 0% 0% | 273.15K
Interpolating ) . & ' a a | reference
Formula quartic quartic quartic function
‘ plus
déviation a
polynomials’
‘Calibration NBP O, NBP O, NBP O, TP eI, |
Temperatures ice pdint, ice point, TP 5.6, | BP e-i5
NBP H,0,& NBP H,0,& wBP f,0,& | (25/764tn),
NBP S NBP S* NBP STor | NBP e—H2,
' FP Zn - . | NBP Ne,
TP O,,
NEP 6,
e 1,8, |
NBP HZO or -
FP Sn," &
FP Zn
Temperature 0 0 0 0
Range to o to o to - o. to o
660 “C .630,5 ¢ 630.5 C 630.74 c
Interpolating quadratiéb quadraticb Quadraticb quadraticb
Formula . 14
plus
correctign
function
-Calibration . '
Temperatures ice point, ice point, TP H, O, TP HZO’
NBP H,0,& NBP H,0.& weP 25,0, | NBP %H,0 or
NBP S NBP S & NBP S FP Sn, &

FP Zn.

NBP ; normal boiling point

TP ; triple point

FP ; freezing point




Quartic interpolation formula : R(t) = R(0)[1 + At + Bt2 +.C(t-100)t3] 

" Qudratic integpolétion formula : R(t) = R(O) (1 + At + Btz)

20 |
Reference function : T = } A,lln W*(T)]i
: i=0 + ’

' (Values of coefficients A, are given in the reference

i

Deviation polynomials : AW(T) = W(T) - W*(T)
13.81 to 20.28 K : AW(T) = A, +B.T+C 72 + D T3
} 1 71 1 1
20.28 to 54.361 K : BW(T) = A, + B,T + ¢, 1% + D,
,

A, + BT+ C,T

54.361 to 90.188 K':  AW(T) 3 3 3

-182.962 to 0°C : AW(E) = A

3, O
4t + C4t (t -100 C}

W*

where T = t68 + 273.15, t = t68’

= Weer - 68° w(r) = R(T)Y[R(0°c);

Quadratic interpolation formula plus correction function :

R(t*') /R(O) =1 + At' + Bt'2 plus

t' t! v
teg = t' + 0.045 ( )¢ -1)
. 100°C 100°C
t! t' v
¢ wm 1) (m——m——— =-1)
419.58°C 630.74°C



TABLE 2.2

Jenuary 1975

The calibration of platinum resistance thermometers

 LEEDS & NORTHRUP COMPANY

MINCO PRODUCTS, INC.

ALPHA GAMMA ALPHA BETA
TEMPERATURE |  RESISTANCE RESISTANCE RESISTANCE | RESISTANCE
KELVIN J ABS. OHMS ABS. OHMS ABS. OHMS ABS. OHMS
13.7055 0.031550 0.029694 0.035114 0.134742
13.7443 © 0.031778 0.029918 0.035352 0.135575
13.8066 0.032166 0.030293 0.035749 0.137075
13.8394  0.032385 0.030488 0.035962 0.137908
13.9003 0.032748 " 0.030867 0.0363%4 0.139344
16.9491 0.0595192 0.0575479 '0.0635389 0.243930
17.0171 0.0603020 0.0583350 0.0643757 0.247001
17.0272 0.0604130 0.0584489 0.0644664 0.247406
17.1149 0.0614453 0.0594810 0.0655261 10.251348
17.1587 0.0618933 0.0600207 0.0660590 0.253539
20.2305 0.109309 © 0.107296 0.114500 0.439523
20.2518 0.109724 0.107712 | 0.114879 0.441119
20.2735 0.110123 0.108124 0.115295 0.442771
20,3096 0.110816 0.108808 0.115999 0.445452
20.3506 0.111627 0.109628 0.116835 0.448674
27.0267 0.304537 0.302444 0.315215 1.213047
27.0709 0.306251 10.304159 0.316893 1.219453
27.1034 0.307531 0.305434 0.318153 1.224547
27.1372 0.308850 0.305675 0.319432 | 1.229723
27,1797 0.310513 0.308426 0.321108 1.236346
54..30370 2.339746 2.335870 2.392123 9.147390
. 54.,32383 2.341710 2.337832 2.394117 | 9.155308
54.32801 2.34213%6 2.338279 2.394553 - 9.157307
54..36003 2.345332 2.341508 | 2.397818 9.170018
54.38737 - 2.348056 2.344226 2.400555 9.180576
54.42182 2.351496 2.347634 2.404019 9.193983
90.10544 6.216150 16.208028 6.332847 24.,278315
90.15079 . 6.221378 6.213251 6.338207 24.298785
90.19217 6.225961 6.217823 6.342864 24.,316574
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( Continued )

BETA

ALPHA GAMMA ALPHA
TEMPERATURE RESISTANCE ' RESISTANCE— RESISTANCE V RESISTANCE
RELVIN 'ABS. OHMS ABS. OHMS ABS. OHMS ABS. OHMS
90.23882 6.231163 6.222986 6.348163 24.337273
90.27277 6234904 6.226753 6.351978 24.351467
273.0674 25.539273 25.508113 26.002240 99.684856
273.0883 25.541419 25.510263 26.004285
273.1004 25.542666 25.511524 26.005962 © 99.698985
273.1069 25.543300 25.512129 26.006379 © 99,700536
273.1326 . 26.009104 99.711639
273.1379 25.546489 25.515363 26.009483 = |
273.1423 25.546870 25,515738 £ 99.715083
273.1438 25.547091 25.515887 26.010187 .| 99.715323
273.1647 25.549123 25.518031 26.012385 | 99.724397
273.1682 1 25.549519 25.518366 | 99.725217
273.1750 26.013466 © 99.728418
273.1784 25,550596 25.519451 26.013770 99.728867
273.1803 25.550768 25.519608 26.013798 :
273.1929 25.552054 25,520918 | 99.735234
273.2238 25.555167 25.524041 26.018175
273.2261 25.555409 25.524294 26.018754 - 99.748834
273.2289 25,555742 25.524568 26.019025 99.748770
| 273.2415 25.556965 25.525807 -
373.0548 35.570339 35.526967 136212553 - :
373.0580 | | 138.82782
373.0877 138.83928
373.1193 35.576772  35.533376 36.219111
- 373.1207 35.576767 35.533386 36.218893 = | -
373.1371 - | - 138,85828
373.1513 35.579744 35.536323 36.222006 :
373.2033 35.584789 35.541501 36.227113
373.,2102 | 138,88608
373.2458 | 138.90014
373.2632 35.590848 35.547459 36.253224 |
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Continued )

ALPHA

GAMMA  ALPHA -BETA
TEMPERATURE | RESISTANCE RESISTANCE | RESISTANCE | RESISTANCE
KELVIN ABS. OHMS ABS. OHMS ABS. OHMS ABS. OHMS
254.9979 23.693491 23.664555 24.124242 | 92.480439
260.6227 | 24.269210 | 24.239591 24.710052 | < 94.727297
265.0219 24.718767 24,688556 ° 25.167358 96.483102
262,2714 24744215 24.714004 25,193281 -96.580500
270.1475 25.241907 25,211178 25.699906 - 98.525098
274.9755 25.733893 25.702556 26.200455 100. 44490
280.0713 |  26.252086 26220069 26.727872 | 102.466884
285.1085 26,763609 26751060 27.248395 - | 104.462673
290.0499 27.264775 27.231541 27.758496 ' 106.418327
295.1150 27.777617 27.TA37T3 28,280515 108.42171
300.0217 | 28.273710 28.239294 28.785874 | 110.357965
305.0139 | | 112,320125
305.0317 28.744404 28.779425 29.300237 o
309.9823 29.278397 29.242743 29.808183
310.3454 ' ' 114.418168
| 314.9984 29.783236 29.74028 30.322515
. 315.1271 116.296516
319.9681 | 118.194365
319.9758 30.283413 30.246616 30.831094
324.9937 30, 787796 30. 750372 31.344543 120.162523
329.9870 ' 122.114481
© 330.0515 31.291600 31.253729 31.857912 :
334.9810 . ' | 124.063943
334.9869 - 31.987331 31.748847 32.362377
340.0003 32, 288009 32.248909 32.872090
. 340.0375 126.034572
345.1017 | 128.006071
' 345.0275 32.789380 32.749682 33.382357
350.0103 | , 130.111776
350.0427 33.288642 33248370 33.890686
355,0045 33.782074 3%, 741186 34..392894
355.0053 131.851830
360.0109 - 133.790794
360.0323 34.,281329 34,239593 34,900816 '
3649760 34.771308 34.729002 35.399422
365.0036 135.721714
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( Continued )

ALFHA GAMMA ALPHA BETA

TEMPERATURE | RESISTANCE RESISTANCE RESISTANCE RESISTANCE

KELVIN ABS. OHMS ABS. OHMS ABS. OHNS 4BS. OHMS
369,990 137.647321
370.0115 354269556 35.226578 35.906585

374.9734 35. 759614 35.716048 - | 36.405080 | ,
375.0036 | I 139.580998
380.0387 36.215164 36.913756 |

56.259394




TABLE 2.3

LEEDS & NORTHRUP COMPANY

ALPHA GAMMA
TEMPERATURE  RESISTANCE - RESISTANCE
KELVIN ABS. ORMS ABS, OHMS
13.81 0.032192 + 0.000008 0.030317 + 0.000006
17,042 0.060585 + 0.000019 0.058632 + 0.000011
20.28 0.110259 + 0.000010 0.108252 + 0.000010
27.102 0.307475 + 0.000005 0.305381 + 0.000007
54,361 2.345307 + 0.000014 2.341578 + 0.000023
90.188 6.225464 + 0,000061 6.217522 + 0.000062
273,15 25.547685 + 0.000028 25.516537 + 0.000025
373,15 35,579672 + 0.000084 35.553630 + 0,000070
ALPHA GAMMA
[+ . .
R(1007c) 1.392677 + 0.000004 1.393356 + 0.000003
r(0%)

Q o (] Q
I—'UH D-'wl—'h’(\) N l\)wl\):b\)«l \)lw\)?-h -bb

\'nc U'lw u‘»

8.0301167 x 10~ 7
 1.6148580 x 10714
-3.8693829 x 10~
5.6980083 x 1070
~3.0230120 x 1078
-1.4470049 x 1074
-8.0184807 z 107"
-3.7010225 x 10°°
8.1632410 x 10720
—3.9505916 x 10~°
-1.2601418 x 102
3.5933160 x 107
~2.6493368 x 10~7

3,9867861 x 10~
-6.0031146 x 10
-3.1257391 x 10°12

| =2.3151180

8.0471366 x 10~ 7

3,8502564 x 10720

-4.5984204 x 10+
6.4086597 x 10™°

-3.1805442 x 10~°

~2.1250598 x 107+

107°

1078

3.8059239 x 1C
10710

1.2723121
-1.5404991 z 10~%
-3,0987596 x 10
-3,1105636 x 10
1.2238873 x 10

M K M M

3,9871538 x 10~
-6,0370126 x 10
1.3411406 x 10°%°

05"




TABLE 2.4

The calibration of germanium resistance thermometers (Cryo Cal, Inc.)

October 1974

ZETA

DELTA EPSILON ~ BETA
' TEMPERATURE | RESISTANCE | RESISTANCE | RESISTANCE | RESISTANCE

KELVIN ABS. OHMS. | ABS. oms ABS. OHMS | ABS. OHMS
1.7754 4863.4 7976.9 8548.6 6599.3
1.9912 376345 5907.6 ©6311.0° 49412
2.3060 2756.2 4106.9 4318.7 . 3475.1
2.5118 2305.0 3326.7 3543.5 2833.0
2,648% 2078.6 2944.8 3137.5  2516.2

| 2.8469 1815.4 2505.5 2669.9 2148.6
3.0158 1626.7 2202.0 123505 1895.6
 3.2390 1428.8 1887.4 2018.6 1628.5
3.4308 1289.7 1669.7 1789.6 1443.0
3.6236 1171.6 1488.5 ' 1600.3 1287.9
4.1554 1921.15 1116.8 1211.2 965.50
4.3208 863.04 1031.8 1122.5 891.26
4,5138 799.10 940.95 1027.8 811.31
4.7156 740.52 858.05 H1.75 738,95
4.9024 692.20 791.12 872,02 682.06
5.0041 647.85 729.57 807.43  625.40
6.3554 437.31 450,84 514,73 381,70
6.8298 383,67 383,55 442,66  323.61
17,2285 345,80 357,17 392.48 283.89
7.5010 322,57 308,64 361.72 | 260.18
7.7807 301,133 283.905 3330011 | 238.851
8.1520 275.817 254.556 301.090 213.635
8.4629 257,008 232.924 277.021 |  196.205
8.7993 238.468 - 212.332, 25;.371ﬁ  178.966
9.1369 222,330 194.433 232.932 ‘

164.17
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TABLE 2.3 -

( Continued )

~ MINCO PRODUCTS, INC. '

ALFHA BETA
TEMPERATURE RESISTANCE RESISTANCE
EKELVIN ABS.OHMS ABS, OHMS
13.81 0,035770 + 0.000005 0.137185 + 0.000037
17.042 0.064656 + 0.000011 0.248127 + 0.000076
20.28 0.115440 + 0.000021 - 0.443266 + 0.000036
27.102 © 0.318103 + 0.000022 1.224382 + 0,000135 -
54,361 2.397891 + 0.000017 9.170142 + 0.000187
90.188 6.342356 + 0.000072 24.314734 + 0.000322
273.15 26.010799 + 0.000108 99.718193 + 0.000423
373.15 36.221944 £ 0.000134 138.863239 £ 0.000026
ALPHA BETA
Rr(100°C) -
= 1.392573 + 0.000008 1.392557 + 0.000004
- r(07¢) .

Q Q Q Q
= Hwt-}’mum_mwm»u VAW N &

o .

o
VUt Ul

«Q

~2.3361857 x 107!
15

~3.,6647444 x 10
1.1584275 x 10~

~2,4775105 x 1072
1.3675917 x 107/
2.2888385 x 10+

~5.9992850 z 10”2
1.6402976 x 107°

-1.6722395 x 1070

-5.8803328 x 1074
1.1236588 x 1074

~7.4263556 x 107°
1.5784284 % 10~ 7

3,9865149 x 1070
-6.0707621 x 107!

1.4363509 x 10" 12

7

-3.9967867 x 10~
~2.1771610 x 10
-2.1640101 x 10~
5,2314583 x 10~
~2.7049714 x 10~
-1.2869972 x 10
1.0762855 x 10
~2,7074933 x 10
2.1321887 x 10~
~4.3104896 x 1077
- 7.8447150 x 10”
-4,7402943 x 10
9,4203194 x 10~

3.9860347 x 1072

-6.0363763 x 107" .
13

~2.5355292 x 10°

0o~




( Contimued )

DELTA EPSILON ZETA BETA
TEMPERATURE RESISTANCE RESISTANCE RESISTANCE | RESISTANCE
KELVIN ABS. OHMS ABS. OHMS ABS. OHMS ABS. OHMS
9.5417 204.812 175.495 211,011 148.65'
9.9406 189.607 159.37 192,105 - | 135.44
10.3201 176.745 146,09 176,344 124.57
10.7085 165.04 134.19 162.08 114.84
11.0886 15479 123.97 149.74 106.49
11.515 144,57 113.96 157.56 98,329
12,0144 134.04 103.78 125,17 90,090
12,5360 124.43 94.815 113.98 82722
12,9658 117.43 88.359 105.93 77.442
13.4749 110.02 81.655 o155 | 71.968
© 13.9949 103.32 75.696 90,062 67,062
14.4898 97.6214 70,7186 83,7443 62.9574
14.9391 92,9353 66.6905 78.6319  -% 59,6270
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Variance of Beta Germanium thermometer

Table

2.5

060

KK » | | '
o~ -6 -5 -4 -3 -2 -1 0,_$ 1
5 18.38 54.94 | 30.75 | 37.99 | 31.81 | 13.75 | 304.75
6 32.99 23.72 | 20.26 | 11.45 | 33.75 | 8.21 | 106.86
7 8.76 5.52 | 1.82| 4.10 | 4.00 | 2.50 | 42.06
8 6.40 1.82 | 1.82| 2.0 | 2.34 | 2.41 | 14.60
9 1.22 247 | 2.54 2.55 | 2.61 | 2.58 6.12
10 0.59 1,04 | 1.40| 1.80 | 2.20 | 2.48 |  3.60
11 0.76 004 | 1.14| 138 | 1.67 | 2000 | - 2.63
12 0.48 075 | o0.89| 1.09 | 1.33 | 1.61 | 2.00
Variance of Epsilon Germanium thermometer
B ~6 -5 -4 -3 ~2 -1 vo 1
5 154,59 | 89.44 | 1631 | 35.55 | 37.04 | 21.95 | 367.72.
6 8.82 | 21.20 | 23.52 | 18.33 | 5.85 | 5.69 | 133.08
T 11.75 | 9.30 | 4.41 | 3.02 | 4.11 | 3.38 | 53.28
8 5.92 | 3.33 | 257 | 2.1 | 2.93 | 3.05 | 17.9%
9 2,20 | 3.0 | 3.42 | 3.41 | 3.38 | 3.28 | 7.66
10 1.00 | 1335 | 173 | 2.20 | 2.71°| 3.06 | 4.44
11 1.25 1.38 1.58 | 1.84 | 2.16 2.52 | 3.24
12 0.85 | 1.02 | 1.24 | 1.50 | 1.80 | 2.14 2.59
NN: Number of expansion term
KX: Initial power




' TABLE 2.6

BETA

DELTA

'0.3943662741 E + 00

4 0.4395758484 E + 00
A, -0.7641864511 E + O1 ~0.7003820100 E + 01
by 0.6112943066 E +. O1 0.5758853641 E + 02
A4 -0,2376963065 E + 03 =0,2279950520 E + 03
As - 0,6021605065 E + 03 _0.5918718310‘ E+ 05
A6 ~0,9921608912 E + 03 -0.9972354294 E + 03
& © 0.1061936876 E + 04 0.1087419481 E + 04
Ay -0.7154627207 E + 03 | -0.7414999821 E + 03
4 0.2755354806 E + 03 0.2868440158 E + 03
THN ~0.4611421441 E + 02 ~0.4791102747 E + 02
EPSILON ZETA
A 0.5436522647 E + 00 0.6502644490 E + 00
A, ~0.9516395621 E + O1. | =0.1136149153 B + 02 -
A 0.7581490836 E + 02 0.8979756330 B + 02
A4 -0,3020390373 E + 03 =0,3604893259 B + 03
A5 0.7787268084 E+ 03 9.9296541209 E + 03- o
Y -0.1305342291 E + 04 ~0,1554390146 E + 04
A7 0.1419303100 B + 04 0.1681325047 E + 04
Ag ~0,9670222693 E + 03 -0.1135699280 E + 04
I 0.3743490270 E + 03 0.4344979158 E + 03
TYA -0.6262106112 E + 02 ~0.7168708018 E + 02
BETA DELTA EPSILON ZETA
v/omM 1.79 1.395 2,214 | 2.392

N
F-1) 7= (

10

log R = I 4 (log p)3=3

=l

i=l

N ; Number of data
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Fig. 2.1 SECTIONAL DRAWING OF THE CALORIMETER ASSEMBLY
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Fig. 2.2  SECTIONAL DRAWING OF CALORIMETER VESSEL

C/ JK

(a) : vertical . (b) : horizontal

woi— - T ]

0 100 200 . 300
' ~ T/ K :

Fig. 2.3  COMPARISON OF TARE HEAT CAPACITY

( —0-0— ; Present vessel, ——; Gold vessel)
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(@ (b))

Fig. 2.4 COPPER BLOCK FOR CALIBRATION -

(a) platinum thermometer (b) germanium”thern‘\ometer
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Fig. 2.5 ELECTRIC CIRCUIT FOR CALIBRATION

064



S N T I O B R
\ . . ]
30 | BETA _
O\\ o . —_—
21— N i
:;O\ ' B 0\\‘~~\‘\‘ ——d
[N -1 . o] ~‘o-~ ~~~~~ |
Q ~ o ° | B
E 0 B o o°° S Ooo o o(ch?? ‘‘‘‘‘‘‘ -
1= o ° - ]
— /// » +3 ]
— ——— *3mK
2 oy i
— /
3o —
SHANEEEEEEEEEEE N

~~ — Mo —

S 1= o Se_ o —

~— S~ |

Q B o ® e 5 O o

Q O — 9T °— —000—000%00000 E—

a L 0000l o
.1 — .- 6 ——

w N

.

0 5 10 15
T/ K
Fig. 2.6 PERCENT DEVIATION OF RESISTANCE FROM THE

SMOOTHED CURVE

U695



= Y O O I
30 —
Y EPSILON _
| 2 — \\\ - _
:\? 1 B B\\‘s ° |
,V 3 — O \\\\b‘\\~‘ ]
e T e
Q. 0 :—o R %P ~ oo °°o_?_o___.o-——:
[ e —
S /””’ o p—
2 — o/ N t3mK ]
3=/ ~
— doa o b LA
0 5 10 15
T/ K
T I T T [T T T T T T T T T 772
3
gl ZETA ]
.2 - \\ ]
2 — o —
2. 1 — \‘s\\ ° R
o Sunt,
Q O :—0 %09— o Oooowoooo ——o--
N e —
2 — o/ \—‘t 3mK
“'3 I '/ R
v b b A
0 5 10 15
T/ K

Fig. 2.6 PERCENT DEVIATION OF RESISTANCE FROM
THE SMOOTHED CURVE '

066




Chapter 3  Experimental and Results

3.1 Preparations of calorimetric specimens

3.1.1 Preparation of NH,HSO,

To prepare NH4HSO4 as the calorimetric_sample'twokdifférent_procedurés

1)

were taken. The first ome was the method’ pfo?osed by'Pepihsky, et al.,
who used the following chemical reaction; 4 '

V+H20

CH201CONH + H,S0 NH4H30 +_CHZClCOOH

2 2774 4

Hydrolysis
RecrystéliZed CHéClCONH2 (52 g) was dissolved in distilled water (150 ml)
and hydrolyzed slowly in an ice bath with dilute H2504'(350 ml), the

equivalent amount of CHZClCONH.2 used. Extra water and by-product,

CHZClCOOH, were removed from solution by vacuﬁm distillation; and then

the sample thus dbtained was washed_overva glass filter ﬁith a large
amount of EtOH to remove the by-product completely, and then dried over
silica gel in fhe evacuated desiccator for two days. The DTA thermqgfam
of this sample is shown in Fig. 3.1.2, where a small endothermic peak
due to (NHA)ZSOA_appeared and the léwer melting point (Tm = 407 X) than

)

the reported value (417 K)2 was found. This low melting poiht'may'be

ascribed to presence of small amount of CHZCICOOH (Tm = 335 K). Subsequent

washing with EtOH led to an increase of (NH4)2804'content in‘NH'HSO4,

4
shown in Fig. 3.1.2. Instead of EtOH,3) (Me)zCO and MeCOOEt were then

used to separate-CH201COOH impuriﬁy from solid samplé but high hydro--
scopicity of NH4HSO4 did nét allow repeated washings with such7501vents.
It seemed difficult to prepare the sample of high purity from the
above chemical reaction. So another.procedurebwas taken. The sample
used for calorimetry was prepared accbrding to the ternary system of

4)

(NH HZSOA’ and H,0.

) Thus, 119 g of (NHl:)z,SO , (recrystalized

4250
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once, Naka?ai7Chemicals, Ltd.), 151 ml of éoncentrafed HéSO4; and 74'm1
of distilled water were mixed in a flask and warmed‘in an oil baih,
equipped with a conventional temperaturé controller, to 70°C, Wheré this
mixture became transparent, and then cooled dowﬁ to 30°C along fhe
solubility curve of NH4H804 in the phase diagraﬁ of theée three éomponents.v
Precipitated cryétals ﬁere washed with freshly‘dried'EtZO.tO'remévef
extra free acid and water attached on their surfaces. (See Fig. 3.1.1).
' Samﬁle thus handled was dried in vacuo*and:then ité purity was checked
by tﬁe DTA and elemental analysis. When any’extraneOus heat anomaly '
" due to impurity such as H2804-2H20 CTm = 234 K) appeared oh>thé'DTA
thermogram fromvlbo K to above meltihg point, further purification
procedures mentioned above'were.repeated. The final results of elemental
anaiysis for the calorimetric. sample Weré S =27.8 + 0.2 % (27.85);
N=12.1+0.2% (12.17), H = 4.6 + 0.3 % (4.4), respectively, where
caiculated values are given in parentheses.: Taking,int6>account of
hydroscopic nature, the powder sémples-weré put. in the~calorimeter:vésse1
in a dry box filled with dried nitrpgen gas. Weight Qf specimen used

was 47.2837 g (in vacuo), amounting to 0.41079 mol.

3.1.2 Preparation of R.bHSO4

Calorimetric sample of RbHSO4 was first prepared by slow evaporation

5)

of equimolar aqueous solution Rb280 and H,SO Crystals so obtained,

4 2774°
however; showed a small heat anomaly just below its melting point (Tm =
482.5 K), approximately 2.0 Z in area of the melting peak on the DTA
thermogram (Fig. 3.1.3). This small peak was not.reducéd'By washing

crystals with Et,0. Elemental analysis gave S = 17.21 7, somewhat lower

2
than the calculated value S = 17.56 %. This sample was not used for

calorimetry because presence of such a peak was open to questioning.
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Though no phase diagram has been reported of the ternary syst@n{ Rb

' i+ Rb,yS0, =
HZSO4 - Hzo; we prepared RbHSO4 from the above system, assuming that it
: . ' 4
would be similar to the ternary system: K,80, - H,80, - H,0. ) The

transparent aqueous solution with R.bZSO4 (83 g, Nakarai, Chemicals, Ltd.)k
and concentrated H,S0, (46 ml) and distilled water (66 ml) is cooled’
down to room temperature in a pyrex flask. Precipifated crystals were

purified by the apparatus shown in Fig. 3.1.1, uSing following reactions:

2H20 + CaH2

Ca(oH), + Hi

HZSO4

+ 2H

CaSO4 2

.+ CaH2

R.bHSO4 used for.thg'calorimetry showed no anomalous behavior near the
mélting point (Tm = 486.8 K) on the DTA thermogfam:and was chéracterized
by elemental analysis as § = 17.50 = 0.04 Z. Weight of specimén‘used.
for'héat capacity-meésuremepts was 72.2473 ¢ (in»vaqué); éﬁouhtiﬁg to

0.39580 mol.

3.1.3 Preparation of RbDSO4

R.bDSO4 was prepared by using the KHSO4'solubility curve in.the

v 4)
ternary system: KZSO4 - stoév— HZO,)in a way analogous to the prepara-

tion of RbHSO,. Recrystallized Rb,SO, (67 g, Nakarai Chémicais, Ltd.)
was dissolved in DZSO4 (Merk, 99.7 % D(claimed)) in a'pyréx'flask,'

into which degassed D20 (74 ml, Merk, 99.75.% D (claimed)) was introduced
"by vacuunm distillation. Preéipitated crystals weré washed quickly with
freshly dried Et20 on a glass filter and washed in the.teflux'assembly

- (Fig. 3.1.1) for 8 h. The DTA thermogram of the sample dried under
vacuum is given in Fig. 3.1.3, which shows fhat two small peaks appear

at 258.7 K and at 249.7 K both on‘cooling and on heating and coalesce

at 252.9'K éfter passing its melting point (Tm = 482.3 K). Elemental
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analysis of this sample gave S = 17.40.% (Calculated value 17.47 %) and
the integral intensity of high resolution NMR (AD-60, Varian Associats)
showed 99.4 % D. The peak at 258.7 K may be correlated‘to the anomalous

6)

diffuse scattering of neutrons at 258 K. Being subject to several
drying procedures under vacuum, the upper peak shifted upwards but the
lower remained practically constant; In this comnection the peak,area
of_a broad endothermic anomaly from 373 to 3§7VK, whicﬁ,appeared only

on a high sensitive DTA thermogram, diminished but‘did.not disappear
completely. To examine whether the two peaké-wére doﬁbtful 6r'npt,
sample ﬁhus obtained was dissolved in previous mother liquér once more, -
in which small amounts of D2304 and D,0 were addedrtdvcompenSgte,

RbDSO4 so recrystallized was used as célorimetric spgcimen, which was
characterized as 17.48 7 sulfur and 99.1 Z deuterium isotope,:and'showed
Tm = 484 K, higher than previous.one.' The powder samples were transfered
into.the~calorimeter vessel in a:dfybox to excludevameSPheric moistUte.

Weight of specimen used was 54.6592 g-(in vacuo), corresponding to

10.29781 mol.

3.1.4 Preparation of (ND4)2804

(NH4)ZSQ4 (Nakarai Chemicals, Ltd.).was'first recrysta11ized in,
distilled water andrdried under vacuum.’ The'hy&rogens of recrystallized
(NH4)ZSO4 (75 2 were replaced by deuteriums of heavy water. The degassed
heavy water with various deuterium concentrations (48.1 % :99.8312) was
transfered in vacuum line to prevent pickfup of atmospherié water and
then aqueous solution was evaporated to dryness inithe Dewar filled with
hot water. The deuterium concentration of water distilled was monitored

with the high resolution NMR at each substitution step. Water distilled



at the final step was estimated to be 99.6 % %, deuterium. substitution.

(ND ) SO,  thus obtained showed small ‘heat anomaly above the large'

4
'ferroelectrlc transition at -50°C on the DTA thermogram, whlch is llkely
to be due to DZO occluded in (ND )ZSO4 These crystals were pulverized
and warmed to 80°C under vacuum but this small peak did not disappear
completely. So (ND4)2804 crystals were dissolved‘in DéO again and
recrystallized‘on:slow1c0011ng and Separated‘fron the aolntion by

filtration, and dried under vacuum. (¥ . thus purified also gave

4)2
a smaller heat anomaly at the same temperature as before, -which dis-
appeared on the several thermal cycles between room temperature and
liquid nitrogen temperature. Deuterlum content of this sample was
determined to be 99.3 Z from the D'content in the'dietilled water of
mother 1iquor.-.E1emental analysis gave N = 19.90 Z (19.98), S = 22.957%
(22.87). The powder samples were put into the’gold—plated cupper vesse1v>
in a conventional dry box. Weight of specimen used for calorinetry was

' 48.6682 g (in vacuo), amounting to 0.34717 mol.

3.1.5 Preparation of ND,DSO,

.The deuterium analog of NHAHSO4»was prepared from the transparent

solutlon with three components, (99.1 % deuterlum substltutlon

4)2
of (NH4)2 4 118 g), D, SO (Merk, 99.1 Z D (clalmed), 120 ml) and D O
(CEA, 99.83 Z D {(claimed), 83 ml). The vaeuumrdistllled,Dzo from mother -
liquor was 99.4 % D, the value of which was determined from the integralv'_
dintensity of high resolution NMR. The precipitated crystals were at
first separated by filtration in an evacuated desiccator in three‘days,

and washed quickly in glass filter with distilled EtzO (200 ml) freshly

dried with CaHz. Crystals dried under vacﬁnm gave the results of
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elemental analysis of N = 14.4 %, and S = 22.6 Z‘and the DTA thérmogram |
shown in Fig. 3.1.2, where a small peak at 232 K was likély to Be due

‘to the melting of D2564'2D20.  Subsequent purification procedﬁré similar »
to the case of‘NH4HSO4 was taken. Final analysis, f0und: N =11.6 Z,

and S = 26.8 %, calculated: N = 11.7 % and S = 26.7 %. The DTA thermo-
gram of the calorimetric sample was shown«in Fig. 3.1.2, Where'noi
extraneous peak appeared from 110 X to ‘the temperatures:above'Tm = 416.4K.
' The powder samples thus obtained were put in the céloriméter vesSel in

a conventional dry box. The sample used for heat capacity measurements

weighed 48.7977 g (in vacuo), corresponding to 0.40619 mol;

3.2 Heat capacity measurements and results

3.2.1 Heat capacity measurements of NH4HSO4

Calorimeter and Cryostat The ‘calorimeter and cryostat used for:
the heat capacity measurement of NH4HSO4 was of adiabatic type, which

has been reported elsewhere.7'8)

Helium exchange gas.was put into the
calorimeter vessel to aid in thermal‘equilibration Withiﬁ it. 1In the
series from I to XVII the vessel contained 3.5 x 10—4_mol of helium géé
and 1.1 x 10-5 mol in the series from XIX ﬁo XXI. Correction forlthe

difference in the amount of the exchange gas was made_in'calcuiating

heat capacity values.

 Temperature Scales ' The working thermometer above 14 K was
the Leeds & Northrup platinum resistance thermometer (model 8164,
laboratry designation o), the temperature scale of which was based on

the IPTS-68. Below 15 K the working thermometer.was the germanium
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resistance thermometer (CR-1000, nyoCal, Inc., 1aboratry_designation*B).
~ The detailed procedures of calibration of both platinum and germanium
resistance thermometers were described in Chapter 2.
HSO

- Calorimetric Results Molar heat‘capacity values of NH had

L
"been first determined on the I?TS—48 and the provisional NBS-55 sqales
and were later converted to the IPTS-68 and afe listed in Table 3.2.1
in chronological sequence so that temperature increments usually can
be approximately deduced from the adjacent mean temperétures. Tﬁe
temperaturé depéndenqe of the heat capacity is showh in Figf 3.2.1. The
' témperature rise in each measufemeﬁt was small and therefofé no curvature
correction was necessary except in the transitionkrégion. For example,
curvature correction amounted to -0.2 Z at 10 K, corresponding to about‘
a tenth of the experimental error (precision) and'decreasiﬁg,to less

/
than 0.08 Z above 100 K. The heat capacity of the sample itself was.
;50 % of the total at 4 K and exceéded 6Q % above ZO-K; Scattervof.the
measurements was within 5 %.below 15 K, decreasing to 0.6 % aboﬁe’ZO K“;.
except in the transition region (Fig. 3.2.2). -ThermbdynémiC'functions
of NH4HSO4 based on the smoothed heat capaqity-curve aie given'af_
selected temperatures in Table 3.2.2. The entropies,-enthalpies, and
Gibbs functions have not been adjustgd for nuclear SPin.and_isotéﬁe
mixing contributibns; and hence are practical values for use iﬁichémical '
thermodynamic calcﬁlations. Our results are compared with fhe résultSv
feported by two different groups of authors in Fig. 3;2;3. The results
of Pepinsky, et al. are higher than our smoothed values by about l5'%
at almost all temperatures measured and, furthefmore,atheif results .
suggest that the lower transition appeared as if there were two
consecutive heat anomalies. StrukSV and Danilysheva-measured fhe heat

capacity at only limited temperatures betWeenYZOS.and 240 X and betweeﬁ
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260 and 285 K, which deviated from ours by -10 % at room temperature.
These disagreements may be attribute& the difference'of‘not oniy purity

of the sample but also accuracy of measurements.

3.2.2 - Heat capacity measurement of R.bI-ISO4

Calorimeter and Cryostat The calorimeter was of adiébatic type,

the description of which has been reported élesewhere.7’8)

Helium
exchange gas less than 9.4 x 10_6 mol was used to enhance thermal contact
between the sample and calorimeter. No correction was made for the

presence of the exchange gas in calculating the heat capacity values.

Temﬁerature Scales | The working thermometer above 14‘KVWas the
platinum resistance thermometer (Model 8164, Léédé & Northrup Co.,
iaborafory designation &), the temperature scale of which was fixed by
comparison with another thermometer (Mbdel 8164,.1aboratpry designation §)
calibrated at the U. S; National Bureau of Standardé,'based on the IPTS-
68. Below 15 K the_ihermometer was.the germanium reéistaﬁce thermometer
CCR-1000, CryoCal, Inc., laboratory designation B), which had béen

calibrated in our laboratory. (See chépter'Z)'

Calorimetric results The experiméntal heat éapacities for
RbHSO4 are presented in chronological sequence.at the ﬁean tempérétures
of determination in Table 3.2.3 and are illustrated in Fig. 3.2;4.
Temperature.increments employed in the measureﬁents-we:é small and
therefore curvature corrections were not applied, but may be computed
from Table 3.2.3 since each series is a resuit of confinuous measurements.
The heat capacity of the sémple itself was more than 63 %vof_tﬁe total
in the whole region of temperaturelmeasufed‘ Scatter of the measurements,
-és shown in Fig. 3.2.5, was within 8 % below 15 K, decreasing to 0.6 %

between 15 and 30 K, almost within 0.2 % above 30 K. - The smoothed heat



capacities and associated thermodynamic functions presented in Table
-3.2.4 were obtained by the method of least squarés, fitting measured
- heat capacity values to an appropriate polynomial of T-ét'selectedf

temperature region.

3.2.3 Heat capacity measurement of R.bDSO4
Calorimeter and Cryostat Measurements were made in the'édiabatié
7.8) . v

cryostat previously described elsewhere. Helium exchange gas

i -6 . | -
amounting to 8.9 x 10 = mol was used to facilitate achievement of rapid
»equilibfium in the calorimeter vessel. No correction was applied for

the presence of the exchange gas in computing the heat capacity values.

Temperature Scales The working thermometer ébo&e 14 K was a
Leeds & Northrup platinum thermometer Gﬁodel 8164, laboratofy designation'a).
'~ This was based on 1968 International Practical Temperaturé'Scales. .Thé.
gerﬁénium resistance thermometer (CerOOO; CryoCal, Iﬁc.,jlaboratory
designétion.s)was used for the region below'iS K. The_éaliﬁratioh

procedures of above two thermometers was described in detail in Chapter 2.

Calorimetric Results | The_measuréd heat cépaciéy values are
listed in chronological éequence in Table 3.2.3. ‘Cﬁrvaturé corréctions
were not appiied since the teméerature increments employed were small
as inferred from each series of continuous measurements‘in Table 3.2.3.,
The results*arebplotted in Fig. 3.2.6, which shows a gradual transition
at about 250 K which resembles the heat capaci?ybanbmaly:of RbH504 éxcept
for the transition péint; The heat capacity of the saﬁple'itself exceeded o
55‘% of the total for the temperature region measured. Scatter of the |
measurements was within 7 % below 15 K and almost.within 0;3 % above

‘15 K except the two'temperature regions. (Fig. 3.2.7) The positive



systematic deviation between 56 and 70 X was estimated to bé due to

4.4 x 10—4 moles of air which happened to enter the‘calorimeter'vessel

in pinching off the copper tube, through which the exchaﬁge gas was |
introduced; At 100 K this gaseous contaminant is estimated to contribute
0.03 % of the héat capacity of the sample.. iargé scatterings at about
250 K were'due to small temperature increménts émployed near thé.
transition. The thermodynamic functions weré calculated from the
émoothed heat capacity values which were determined by plotting the
gxperimental values on the large graph for the transition region‘and
fitting them to an appropriate polynomial df T for.éuitable temperéture

region. The results thus obtained are presented in Table 3.2.4.

3.2.4 Heat capacity measurement of (ND4)ZSO4

5 Calorimeter and Cryostat The ﬁewly—built'calorimeter and

cryostat of adiabatic¢ type was used to measure;the héét capacity of

(ND4)2804, the detailed description of which was givén inAChaptef 2.

The heat capacity of the empty calorimeter was'determined.in a separate

set of measurements over the entire-temperature range, 2.5 to 320 K. |

Helium gas less than 3.6 x 10-5 mol to accelerate therﬁal equilibfation
o . . s

within the sample space was used for series from I to XII, and 1.5x10"

mol for series from XII to XV, respectively.

- Temperature Scales » The wérkiﬁg ﬁhermometer above 14 K was a
platinum thermometer (S 1055-1, Minco Products, Inc., laboratory

. designation @), the température scale of which was. based on the IPTS-68.
Below 15 K a workingvthermometer was a germanium £he£mometer (CR-1000,
CryoCal, Inc., laboratory designation €), which was calibrated”in our

laboratory (See Chapter 2).

076



Calorimetric Résults  The expérimental molar heat capacity.
obtained fof the (ND4)2804 sample is tabulated in chronological seéqence;
at the mean temperatures of determination in'Tablé 3.2.7 énd'illustrated_"
in Fig. 3.2.8. The temperature rise in each measurement was sﬁall as
inferred from the differences in the adjacent mean'temperaturé and ﬁence
no curvature corrections w;re not applied. The heat capacity of the
sample was 23 7 of the total at 3 K, increasing to 54 7% at 10 K and
exceeding 60 % above 100 K. Scatter of the meésurements was within
15 % below 8 K, decreasing to 2 % from 8 to 15 K, within 1 % ffom 15K
to 50 K, and 0.5 % above 50 K, as shdwn in Fig. 3.2.9. The’thermodyﬁamic_ :
fqnctiéns of (ND4)2504 are evaluated from the smoothed heat'capgcity. |
The contributions from the heat capacities below 3 K.a:é estimated by
a smooth extrapolation. The resulté are presentedfat roﬁﬁded fempg?aiures‘

in Table 3.2.8.

| 3.2.5 Heat capacity measurement of ND4DSQ4

4

Calorimeter and Cryostat : Heat capacity measuremehts on‘ND4DSO -
were made in the newly-machined cryostat described in Chépter 2. The
calorimeter used was a gold-plated thin-walled copper.véSSel with eight
vertical vanes to enhance tﬁermal equilibration.of thé sampleAand vessel.
To facilitate repid thermal_equilibration within the Vessel, small
amounts of helium gas (8.1 x 10'-6 mbl) were intfoduced. ‘No correction
wés applied for the presence of the exchange gas in calculating theb

heat capacity values.

Temperature Scaie T The working thermometer above 14 K was a
platinum thermometer (S1055-1, Minco Products, Inc., laboratory
designation a), the temperature scale of which was based on the IPTS-68.

Below 15 K a working thermometer was a germaniumethermometer (CR-1000,
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CryoCal, Inc., laboratory designation ¢), which was calibrated in our

laboratory (See Chapter 2).

Caloriﬁetric Results . The molar heat capacity’values'measured
from 2.5 to 305 K are presented in Table 3.2;9 and illustrafed in Fig.
352.10. The results are presented in chronologiéai séqueﬁceréo that -
the magnitude of the temperature increménts eméiéyed may be inférfed
from the differences between adjacent mean.temperatures of the deter-.

-minations. No éurvature corrections were applied because éf small
temperature rise. The heat capacity of the sample was 40 % of the
total at 3 K, 70 % at 10 K and about 60 % above 50 K.‘ Scatter of the

measurements, as shown in Fig. 3.2.11, was almost within 15 % below 5 K
and 1 Z below 40 K and decreasing to Q.3 A excepﬁ in the tramsition -
region..'Poor precision below 5 K was primarily'&ue to poor adiabatic
éonditions. Large scatterings ét about 35 K was attributed_to'sudden

break of insulating vacuum when liquid helium was exhausted. Based on
the smoothed heat capacity, the thermodynamic functions are calculated
and givén in Table 3.2.10, where the contributions below 3 thavg been

estimated by extrapolating the measured heat capacities below 15 K.

3.3 Spectroscopic measurements and results

The Stokes Raman spectra of five ferroelectric crystals of NH4H804 S
. . . ’

ND,DSO,, RbHSO

L 4° 4

of which have been described in preceding sections, were obtained with

RbDSO, and (ND4)2804, the heat capacity measurements
a laser Raman spectrophotometer (Model R750, Japan spectroscopic, Co.,
Ltd), where the exciting laser was 5145 A and supplied with the NEC Ar

gas laser. The temperature of specimen was measured with a cromel-p
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| versus cohstantan thermocouple, and controlled within 1 K.

The infrared absorption spectra:of these ferroele;trics were
récorded at various temperatures by the KBr pellat technique.with a‘f;._
infrared spectrophotometer (Model DS-402G, Japan spectfoscopie'Co., Ltd)
and the far infréred spectra with a far infrared specirgmetet (Mbdel :
FIS—S; Hitachi). The temperature of samples in a conventional cfyostaf
was measured with a copper versus constantan thermocouple, and controlled
to within 1 K by dropping liquid nitrogen. |

The results of Raman and IR-megsurgments are sﬁmmerized:in Figs.

from 3.3.1 to 3.3.16.
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TPable 3.2.1 Molar heat capacities of

NH HSO

081

125.02

4 _ |
Weight of specimen 47.2837g. Molecular ‘weight 115.103.' IPTS-68 =
T Cp : T - Cp ] ‘ Cp e
X J K tport X 7 K two1” K JKlma”l
Series I 278.229 139,04 45,383 27.84
(Upper transition Series III 46,789 28,92
' region, run 1) 13.177 2.302 48,217 30.06
260.155 142.67 13.806 2.665 49.664 31.18
261.576 143.09 14,510 3.033 51.140 32.32
262.672 143.82 15.336 3.532 152,655 33.47
263.605 143.96 16.341 4.160 54,245 34.66
264,525 144.24 17.977 4,901 55.886 35.88
© 265.426 145,30 18,508 5,675 Series VI
266.312  145.85 19.569 6,466 171.201  110.00
$267.196 146.28 20,713 7.355 172,784  110.49
268.076 146.98 21.903 8.298 174,413 - 111.09
268.952 147.35 Series IV : 176.095  111.89
269.826 147.66 21.352 7.861 177.826  112.53 .
270,705 145.07 22.472 8.767 179.612 ~ 113.16
271.606 138.09 23.563 9.670 ©181.434 - 113.92
272.523 137.52 24.639 10.57 1835.276 - 114,73
Series II 25,715 11.46 185.121 115.33
(Upper transition’ 26.799 12,38 . 186,962 116.02
region, run 2) 27.901 13.29 . 188.791 116,72
261.419  143.953 29,059 14.28 190.610  117.45
262.612 144.07 30.318. 15.35 192.423 ©  118.07
263.796 144.63 31.773 16.59 194,239 118.68
264,984 145.29 33,404 17.98 196.057  119.37
266.168 145,94 35,172 19.49 197.866 120,02
- 267.337 146.56 36,975 20,99 199.666 120,80
. 268,578 147.38 38.661 22,39 201,357 - 121,30
269.814 148.23 Series V 203,039 121.91
270,983 143.40 37.476 21.45 204.813 . 122.54
272,182 138.34 39.169 22.85 206.300  123.20
273.550 138.18 40,772 24.16 1208.052 . 123.72
275,076 138.45 42.394 25.45 ~ 209.807 124,50
276.628 138.51 43.955 26469 211.569



~( Continued )

T Cp T Cp T C

K 3 K tmort 'S § S 'S "
213.328 125.64 278.189 139.19 78.382  51.70
215.094 126.12 279.956  139.69 79.950 - 52.69
216.861 126.84 281,763 140.03 81.506  53.67
218,648 126.60 283.613 140.98 83.043 5476
220.451 128,08 285,509 140,92 84.515 55.67
222,253  128.7L 287,442 141.38 Series IX
224,045  129.32 289.396 141.77 81.343  53.59
225,834 129.62 291.373 142,17 82.878 = 54.58
227.628 130.25 293.371 142.69 84.395 -~ 55.56
229.436 131.24 295.406 143.10 185,903 = 56.50
231.246 131.13 297.494 143.87 87.403  57.48
233.050 132.20 299.799 144.19 -+ 88.914 - 58.53
234,860 132.66 302,324 144.72  90.455°  59.42
2364702 133.40 3044632 145,37 92,012 60.43
238,515  133.68 Series VIII | 93.594  61.37
240.344 134.58 51,358 32.48 95.209 62.43
242,173 135.08 52.918 33.65 96,843  63.49
244,007 135.73 54,439 34.79 98,487 64.47
245,860 136.63 | 55,936 35,91 100,142  65.51
247,730 137.35 57.413 37,00 101.809 66.51
249,622 137.43 58.873 38,08 103.472 67.56 -
251.522 139.13 60.318 39.15 105,123 = 68.58
253.426 139.58 61.750 40.17 106,775 6955
255.349 140.51 63.171 41,17 108,408 70.51
257.252 141.08 64.595 41.74 Series X
259.144 141.98 66.019 43.62 109.112  T1.02
261.038 142.89 © 67.451 44.18 110.824 72.06
262,922 143.61 68.908 45,20 112,612  T3.16

Series VII | 70.388 46.24 114.382 | T4.29

2T1.689 139.64 T1.955 47.29 116.134 = 75.35
273.226 138.68 73.588 48.42 117.875 . 76.41
274,787 138.73 750202 . 49450 119.604 77.51
276.466  139.16. 76.800 50456 121,322 78.60
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( Contiﬁued. ) -

T  cp T Cp o

K JK mor™ X FEhma™ - x 7 K twar™t
123.033 79.68 163.481 107.59 $152.179 98,56
124,737 80,50 165.195 107.55 = Series XIV
126.432 81.86 Series XII -~ ~  (Lower transition
128,116 82,92 (Upper transition - region, run 2)
129.792 84.00 region, run 3) 142,265 = 91.88
131.461 8510 253,379 139.50 144,081 . 93.01
133,122 86,17  254.764 139.85  145.865  94.24
134778 87.20 2554999 140.03 ©147.629 95.32

Series XI - 257.087 - 141.00  149.375 = 96.70
(Lower transition 258.143 141.79 151113 97.69
region, run 1) 259.108 141.50 152,843 - 99.18

133,127 86.54 '260.001  142.85 154,553 100.40
134,797 87.51 260,878 142.89 156,241  102.47
136,630 88,76 261,746  142.60 - 157.862 - 112.09
138.462 89.94 262.607 = = 144.24 158,873  615.30
140.043 90.96 263.484 143,12 159,144 - 3357.1
141.626 92.12 264.363 - 143.93 159.232  3606.8
143,283 93.12 265,268 144.65 159.382 . 1432.3
144.938 94.21 266,169 . 145.25  160.339  143.20
146.591 95.24 267,017 145.19 161.882 - 106.35
148.246 '96.45 267.863 145.95 - - 163.339 - 107.43
149,904 97.50 268,707 146.51 164.869 107.88
151.565 98.73 269.551 © 146,19 = 166.476 108,31
153.228 100,01 270,396 144.57 © Series XV
154,893  101.28 271.250 141.00 - (Lower transition
156,551 = 103.97 272.120 137.36  region, continuous
158,095 127.95 273,000 136,88  heating, run 1 and 2)
158,982 698.51 Series XIII |  Series XVI
159,191  3595.2 143.862 92.74 - (Upper tremsition
159,268  4205.7 145,512 93.70 region, run 4)
159,394  1662.8 147.186  94.80 264.762 - 144,95
160,211 167.08 148.865 96.06 265.255 145.16
161.784 107.49 150,541 97.33 | 265.743  145.12
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( Continued )

.T‘.

T

084

4,645

Cp T - Cp Cp
X P X T K JK 1™t
- 266.225 145.34 region, continuous 9.474 0.8554
266,707 145.15 heating, run 3) 10,009 '~ 0.9521
267.184 146.31 Series XVIII 10.596 1.220
267.648 146.41 162.263 106.55  11.271 - 1.476
268,081 146.19 163.659 107.14  11.908 = 1.736
268.484 146.82 165.047 107.67 12.465.  1.979
268,887 146.50 166.505 108.34 © 13.064 2.192
269.289 146.77 168.039 109.14  13.839 2.673
269.690 146.68 169.584 109. 64 ‘Series XX
270.087 147.22 171.130 110.25 7.485 0.4022
270,475 146.41 172.676 111.06 8.636 - 0.5059
270.858 144.02 Series XIX ©8.559  0.6190
271,247  138.94 _ 5.252 0.1230 9.028  0.7360
2T1.637 137.38 5.822 0.1848 9.447  0.8520
272,027 136.48 6.415 0.2471 9,957 1.010
272.442 136.18 6.940 0.3212 10.584 ~  1.216
2172.906 136.79 7.412 0.3901  11.177 1.441
- 273,395 136.75 7.884 0.4770 ~  Series XXI }
Series XVII 8.377 0.5759 4134 - 0.0522
(Lower transition 8.914 0.7022 . 0.0812



TABLE 3.2.2 Thermodynamic functions of NH HSO, to 300 K

474
T cp® 8%y (8°(r) - 8°(0))r~t -(¢°(n) - E(0))r™t
K 5 € tmo1™t 3 X oo™t 7 ka1t g™

5 0.105 0.0312 ©0.0214 . 0.0098
10 101 0.3157 0.2408 © 0.0749
15 3,352 1.113 0.8414 - 0.2711
20 6.813 2.528 1.882 ~ 0.6460
25 10.87 4.478 ~ 3.268 | 1.210
30  15.10 © 6.832 | 4.886 O 1.946
35 19.35 9.478 6.649 2.830
40  23.50 . 12.33 8.497 - 3.838
45 27.51 15.34  10.389 4.948
50 31.44 18.44 12.30 64141
60 - 38.91 24.85 16.11 '8.721
70 45.94 31.37 19.88 . . 11.49
80 52.70 37.94 23.56  14.38
90 59.28 44.54 - 27.17 S 11.37

100 65.35 51.10 | 30.68 - 20.41
110 71,51 57.62 34,12 23,50
120 77.76 64.10 37.49 26.61
130 84.22 70.58 Co40.84 0 29.75
140 90.70 77.06 4417 32,89
150 97.26 83.54 - 47.49 36.05
155 101.31 86.79 49.15 37.64
165 107.92 100.71 59.64  41.06
170 109.74 103.96 61.09 © 42.86
180 113.45 110.33 ©63.90 . 46.43
190 117.22 116.57 66.60 . 49.97
200 120.88 122,67 69.23 - 53.44
210 . 124.49 © 128,66 COTTT 56489
220 127.85 134.53 74.25  60.28
230 131.07 140.28 76.65 . ~ 63.63
240 134.31 | 145.93 78.98 66,95
250 138 08 151.49 S 8L27 70,22
260 142.28 156.98 83.53 . T3.45
2170 147.14 162.45 85.80 . 6465
280 139.57 - 167.52 87.72 = 78.80
290 141.89 172.46 89.55 82,91
300 144.25 177,31 91.53 . 85.98
273.15 138,15 164.04 86.40 - 77.33
298.15 143.79 £ 0.17 176,41 + 0.26 91,00 £ 0.10 *  85.41 +'0.36
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Table 3.2.3  Molar heat capacities of RbHSO4

Weight of specimen 72.2473g. Molecular weight 182.533. IPTS-68

T Cp g - Cp ‘ T Cp
X e K J K lmor™t K 3K lpr™t
Series I . 263.771 115.49 178.692 . 88.53
(Transition region 265,358 109.58 180.269 . 89.00
run 1) 266,976 109.53  181.840 - 89.43
217.816 99.45 268.586 109.76 © 183.407  89.94
219.589 ~ 99.54 270.357 110.07  184.968 90.45
221,353 100.75 272.126 110,67  188.114  91.07
223,107 101.14 273.904 110.76 - 189.717 . 91.61
224.847 101.72 275.847 1111.19 191.328  92.01
226,574 102.35  277.78L 11171 192.951  92.51
228.293 102.85 279.709  111.95 = 194.586 - 92.99
230.005  103.35 281.635 112,24 196,222 - 93.40
251.709  103.96 283.564 112,39  197.860 - 93.96
2%2.982 104.60 285,485 112.99 199,498 = 94.47
234.249 104.79 287.402 113.54  201.137 = 94.84
235,934 105.63 289.314 114.19 202.787 . 95.43
237.611 106.15 291,225  114.64 = 204.448  95.78
239,281 106.55 293.127 115.44  206.205 96.40
240,947 107.14 295,032 - 116.06 = . 207.972  96.72
242.609 107.62 296.940 116.76 209.668  97.33
244,266 108.01 298.855 116.79 . 211.375 97.83
245.913 108.83 300,768 117.55  213.094  98.27
247.554 109.39 302.673 117.69 °~  214.826 98,71
249.192 109.99 304.414 118.28  217.006  99.33
" 250.825 110.34 Series II . Series III
252,283 111.16 164.246 84,23 = 4.660 = 0.13%60
253.570 111.45 165.837 84,61 - 5,149 0.1863
254.851 112.27 167.415 85.13  5.791  0.2751
256.122 112.70 169.056 85.66 . 6,601  0.4195
257.385 113.27 170.686 - 86.19 O T.432 © 0.6078
258.641 = 113.68 172.305 86.63 8.198  0.82T1
259.893 114.24 173.915 87.11 8.936  1.084
261.140 114.76 175.515 87.53 9.644 1.370
262,380 115.83 177.107 88,04 © 10.342  1.723

086



( Continued )

T : Cp T Cp _ | T Cp
X FEwa™r T £k JK e
Series IV ' 17.588 7.065 50,568  41.59
54320 0.2081 18,296 7.768 Series IX |
5.849  0.2869 19.043 8.478 * (Transition region
6.504  0.3978 19.934 9.498 run 2)
7.230 0.5574 20.980 10.64  258.530 - 113.37
7.904 0.7398 22,138 11.95 259.267  113.56
8.555 0.9482 23.347 13.35 259.869  113.96
Series V Series VIII ‘ . 260.333 = 1ll4.21
6.845 - 0.4654 21.145 10.84  260.771 114.63
7.632 0.6649 22,126 12.64 261.206 - 114.92
8.373 0.8814 23.107 13.08 261.635  114.93
9.187 1.182 24,086 14,24 - 262,112 115.80
10.062  1.565 25.062  15.39 262.587 116.35
10.998 2,032 26,035 16.54 263.008 = 116.35
12.014 2.646 27.007 17.69  263.428 . 117.26
Series VI 27971 18.82 263.847  116.60
12.978 3,156 28.929 - 19.96 264.270 114.37
13.836 3,809 29.892 21.09 264,701 110.82
14.573 4.401 30,976 22,36 265.138 109.71
15.240 4.961 32.157 23.75  265.576 109.69
15.964 5,561 33.305 . 25,08 . 266,068 . 109.68
16.748 6.271 34,441 26,37  266.561  109.55
17.477  6.971 35.579 27.63  267.003 109.51
18,186 7.670 36.730  28.87 . 267.499  109.74
18.937 8.422 37.909 30.12 268,113  109.73
19.772 9.321 39.119 - 31.38 . Series X .
20,736 10,37 40.368 32.61 48,793 40.21
. Series VII 41.811 34,02 49.900  41.10
13.321 3.409 43.404 35.51 50,981 42.03
14,170 4,062 44,941 36.91 . 52.038 42,74
15.012 4.759 46.418. 38,18 . . 53,202  43.65
15.867 5.499 47,845 39.39 54.466  44.58

16.768 6.290 49,226 40.53 55.770 . 45.47

087



( Continued )

U8E

7 Cp T Cp T Cp
X T Claor™t X R X 7 oo™t

57.054 46,31 90,782 62.38 129.884 - T4.42
58,266 47.12 92.402 62.94 131.412 T4.82
59473 47.85 93.814 63.43 132.938  75.20
60,677 48.66 95.232 63.93 134.472 = 75.65
61.881 - 49,33 96.664 64.43 1%6.006 76.27
63.107 50.04 98.111 64.90 137.539 76.46
64,377 5077 99.579 65.36 139.073 76.93

- 65,685 51.54 101.063 65.79 1140.605 - TT.47
67.004 52.12 102.558 66.30 142,135 T7.94
68.330 52.85 104,069 66.76 143,671 78.53
69.673 53,59 105.599 67.32 145,203  T8.84
71.0%6 54,21 107.146 67.73 146.597 79.28
72,417 54.92 108.697  68.22 147.998  T9.72
73,8217 55456 110.237 68.70 149.459° 80.19
75.249 56022 111.783 69.21 150.923 80.60
76.667 5687 113,325 69.66 152.464 81.24
78.085 57.48 114.846 70.16 154,008  81.45
79.505 58.13 © 116.360 70.59 155.558 82,00
80,922 58.68 117.865 71.05 157.109 82.43
82.976 59.50 119.364 71.48 158.663 82.96
85.022 60.%3 120.858 T1.97 160.218 83.37
86.427 60.87 122.338 72.18 161.776 83.90

Series XI 123,820 72.29 163.336 84.26

86,310 60.76 125.309 73.05 164,904 = 84.65
87.750 61.29 126,817 73.49 '

89,160 61.81 128,348 73.91



TABLE 3.2.4 Thermodynamic functions of RbHSO , o 300K
iy ¢p° s°() (Ep - )T ~(cq - BO)r ™
X 7 K tno1™t Tk w1t 7K tmer™? 3 K lwor™?
5  0.168 0.0555  0.0418  0.0137
10 1.535 0.5401 0.3749  0.1652
15 4.741 1.705 1.243 ~ 0.4617 .
20 9.589 3.705 . 2.699 ‘ 1.006
25 15.33 | 6.449 4.641 " 1.808
0 21.25 9.767 6,915 . 2.851
35 27.02 13.48 9,379 © 4.101
40 32.24 17.44 11.92 ~ 5.518
45 36,9 21.51 14,44 | 7.067
50 41.18 25.62 16,91 . 8718
60 48.20 33.78 | 21.56 l12.22
70 53.69 41.64 = 25,78 15.86
80 58.32 49.11 29.56 19.56
90 62.24 56,22 32.98 23.24
100 65.43 62.95 36.07 26.88
110 68.59 69433 . 38.88 30445
120 T1.58 75.43 41.49 . 33.95
130 74.42 8L.27 43,01 . 37.36
140 77.35 86.89 - 46,19  40.70
150 80.39 92,33 L4837 43.96
160 83.38 92,33 - 4837 . 43.9
170 86.10 102.75 52.48 50,27
180 88.90 107.75 5443 53.32
190 91.74 . 112.63 56,32 . 56.32
200 94.62 117.41 58,16 59.25
210 97.41 122.10 59.96 o 62.13
220 100.27 126.70 61.73 C o 64,97 .
230 103.37 131.22 . 63.47 . 61.T5
240 106.58 135.68 - 65.20  0.49
250 110.14 140.11 - 66.93 73.18
260 114.15 144,51 68.67 T5.84
270 109.86 148.75 70.28 - 8.46
280  111.86 152.78 T3  81.05
290 114.46 156.75 73.16 . 83.59
300 117.22 160.67 74.58 86,09
273.15  110.46 150.01 70,74 79.28
298.15  116.70 159.95 7432 - 85.63

089



Table 30205

Molar heat capacities of RbDSO4-

Weight of specimen 54.6592g. Molecular weight 183.540. IPTS-68

34,554 26.93

0380

T Cp T Cp . T Cp :
X J K tmort X e ' 7 & tmor™t
Series I Series IV 35,735 28.26
3.423 0.0502 13.002 3,265 37.034  29.T4
4.034 0.0812 13.934 3.971 . 38,368 - 31.09
4.553 0.1265 14.923 4,786 39.621 3234
5.129 0.1929 16.125 . 5.844 40.869 ' 33.55
5.839 0.2930 17.529 - 7.168 42.127 34.76
6.609 0.4383 18.941 8.595 43.3719  35.94
7.365 0.6116 20.237 10.03 | 44.617  37.05
8.184 0.8505 21.471 11.41 45.854 38.20
- 9.072 1.171 22.673 12.81 47.092 39.28
9.948 1.721 Series V 48,337 40,35
10.727 1.941 13.917 4.010 | 49.689 41.49
11.686 2.473 15.024 - 4.910 51.130 42,72
12.637 3,053 16.120 5,839 52,548 43.83
Series II 17.297 6,949 53.938 44.96
3,773 0.0722 18.699 8.372 55.313 - 46.15
4.221 0.1033 20,130 9.898 Series VII
4.721 0.1482 21.409 11.34 49.999 4177
5.355 10,2269 22.586 12.70 51.416 . 42.89
6.136 0.3471 23.698 14.02 52,816 44.18
6.934 0.5108 Series VI 54222 45.24
7.713 " 0.7106 20.934 10.81 . 55,615 46.39
8.575 0.9852 22.225 12.30 56,972  47.43
Series III 23.428 13.69 58.318 48.76
7.563 0.6664 24.579  15.12 . 59.764 49.29
8.317 0.8945 25.711 16.44 61.303 ~ 50.28
9.098 1.181 26,983 17.95 62,740 51,21
9.849 1.510 28,378  19.57 64.136  51.96
10.579 1.868 29.718 21.23 65.57L 52.58
13.355 2,288 30,988 22.80 66.994 53.05
12.215 2.794 32.204 24.32 68.411 53.67
13.148 3.405 33.385 25,67 69.820  54.22
14.263 4.291 T1.157 54,82



( Continued )

247.875 115.55

091

i\ Cp T ~ Cp T Cp
X J K ipe1t K JK marl S ™ N
193.666 95.06 244.753 112.90 248,302 115.86
195.429 95.66 245,568 113.90 | 248,728 116.04
197.191 96,16 246.361 114.62 249.152  116.17
198.955 96.87 247.137 115.89 249,576 . 116.75
200,719 97.31 247.891 115.34 250,426 - 115,91
202.484 . 97.93 248.611 115.40 250,985 = 113.40
204.246 98.59 249,303 116.08 251.678 _  112.28
206.007 99.15 249.970 115.91 252,374 . 111.64
Series XII 250. 628 114.42 253,102 - 111.03
(Transition region 251.296 109.35 253.954 110.82
run 1) 251.973 111.76 | 254.943 110.80
206.078 - 98.91 252,756 110.73  256.002 110.73
207.694 99.46 253.653 110.45 © 257.115 . 110.98
209,503 100,26 254.550 110.05 | Series XIV
211.302  100.75. 255,462 110.27 (Transition region
213.071 101.43 256.391 110.55  ru3)
214.836 101.73 Series XIII 243.386 . 112.68
216,591 103.06 (Transition region 244356 112.87
218.347 . 102.78 run 2) 245,110  113.29
220,098 103.83 | 233.093  108.36 245.691 - 113.79
221.836 104,49 234,736 109.07 246,212 113.55
223,572 105.14 236,351 109.90 246,714  114.24
225,303 ~ 105.70 238.002 110.58 247.198 114.45
227.024 106.26 239.614 111.34 247.675 115.37
228,730 106.80 241,108 111.91 248,124 116.19
230.422  107.51 242,486 112,54 = 248,547 - 116,22
232.092 108.21 243,654 113.30 248,973 116.07
233,732 109.16 244.486 113,91 249,392 115,04
235.345 109.44 245,071 114.68 249,764 115.22
236,941 110.04 245,607 114.23 250.198 115.43
238,503 110.35 246.105 115.17 250.601 115.01
240.038 111.12 246,570 114.96 251,008 112.68
241.400 111,90 247.013 115.32 251.416 111.90
242.592 112,30 247.447  115.64 251.826 111.56
243,759 112.66 252,238 . 111,33



( Continued )

T . . Cp T cp T B

X 7 K mo1™? X st k. I hma™t
72,474 55.38 302,732 121.85  137.858 78,20
" 73.870 56,01 305.346  122.45 . - 139.803  T8.77
75.270 56465 Series IX . 141.574  T19.39
76.688 5739 84.241 60.55 143,333 79.57
78,091 57.95 . 85717  61.07 - 145.251 80.39
79.464 58.88 §7.188  6L.TT 147.158  80.97
80.840  58.79 88.653 62.21 149.055  81.56
82.197  59.77 90.118 62.77 - 150.905 82.16
 83.553 60425 91.592  63.32 152,742 = . 82.82
84.933 60,77 93.080 63.84 154,608 -  83.43
86.324 61.42  94.586 64.37 . = 156,474 84,01
Series VIII 96.115 64.92  158.336 84.52
255,982 110.48 97.659 65.47 ©160.187  85.22
257.675 110,93 99.216 - 65.97 162,051 ~ 85.80
. 259.418 111,17 100.791 66,47 163.875  86.36
261.184 111.77 102.380 66.94 - 165.713  86.95
262,966 112,20 103.988 67.50  167.542  8T.5T
264.,760 112.71 105.617 68.10 ~ Series X
266,566 113,04 107,261 68.60  168.132 . 87.47
268,390 113.57 108.916 69.12 ©170.019  87.92
270,235 113,99 110,581 69.72 171.900 88,57
272,090 114.57 112,261 70.25 173.744 © 89,12
273.955 114.96 113.956 70.66  175.576 ~ 89,70
275.837 . 115.21 115.659 7.25  1T7.398 90.21
277. 734 115,92 117.359 71,73 179.209 . 90.86
279.653 116.29 119.916 72.27 ©  181.011  91.45
281.611 116.74 120,775 72.80  182.811 91.96
283.614 117.13 122.494  T3.40 . 184.608 92.51
285.662  117.59 124.418 T3.72 186.315  93.08
287.752 118.25 1264525 74.64 188,017  93.56
290,068 118,75 128,594 75.31 ©189.799  94.05
292.601 119.43 130,625 75.92 © 191.572 94.52
295.15% 119.99 132.621 76.61 Series XI
297,719 120.79 134.594 77.16 . 190.132 94.09

300.213 = 121.13 136.231  T7.73  191.897  94.58

092



( Continued )

T Cp

T cp T Cp |
K 3K tmor? K 3 K tnor"t K~ JKtmor™t
252.640 110.95 253.960 110.28 256,039 110.67
253,061 111.00 - 254.491 110.57 o
253,477 110.15 255,177 110.64

093



TABLE 3.2.6 Thermodynamic functions of RbDSO, to 300 K

4
T cp° - s%() (83 - 5™ -(op - EQ)T
K 7 o™t It st sk lwar™
5 10,1794 0.0566 0.0427 0.0138
10 1.579 0.5092 © 0.3869 - 0.1223
15 4.871 1.7085 . L.2811 0.4274
20 9.799 3,753 2.769 0.9843
25 . 15.58 64551 4.745 1.806
30 21.63 - 9.925 7.053 . 2.870
35 27.52 13.705 9.561 . . 4.144
40 32,73 17.73 ‘1214 5.588
45 37.38 21.86 14.69 7.166
50 41.66 26.02 17.18 8,843
60 48,71 34,27 21.87 - 12.40
70 54.22 42.21 2612 16,09
80 58.76 49.76 29.92 19.84
9 62.72 56.91 33.35 . 23.56
100 - 66.19 - 63.70 36,46 - 2T.24
110 69.41 70.16 39.31 - 30.85
120 72.50 76.34 41.95 34.39
130 75.59 82.26 4442 37.84
140 78.79 87.98 46.76 41.22
150 82.03 93.53 = 49.00 . 44.53
160 85.20 98.92 517 - ATTS
170 88.22 104.18 . 53.26 50,92
180 91.14 109.31 55.28  54.03
190 94,07 114.%1 57.25 . 57.06
200 97.14 119.21 59.16 - 60.05
210 1100.38 124,03 . 61.05 62,98
220 103.79 128.78 62,91 - 65.87
230 107.34 133,47 64T 68.70
240 111.28 138,12 66.62 T1.50
250 116.81 142.76 68.50 426
260 . 111.30 147.13 70.15 . 76.98
270 113,81 151.37 TL.72 . T9.65
280 = 116.21 155.56 73.27  82.29
290 118.68 159.68 7478 84.89
300 121.21 163.74 16,29 . 87.45
273.15  114.58 152,69 72,21  80.48
298.15  120.73 . 162.99 76,02  86.98

094



Table 3.2.7 Nolar heat capacities of (ND,),S0,- |
Weight of specimen 48.668g. Molecular weight 140.18. IPTS-68

T Cp

146.68

095

P Cp L Cp
K 3 K lpor™? K J K tnor™t Kk I ta
Series I 107.848 99.63 165,597 148,74
58.928 47.25 111.738 101.34 167.634 150.88
60.517 49.09 113.643 103.20 169.640  152.89
62.272 51.04 115.560 104.54 171.618 155.24
64.032 53.09 117.493 106.33 173.571 157.23
65.698 54,97 119.437 108.07 175.496 159.48
67.403 56.85 121.401 109.77 177.392 161.81
69.071 58,82 123.386 111.16 1179.268. 163.90
70.609 60.50 125.397 113.70 181.110 -~ . 165.88
72,192 62.19 127.429 114.96 182.939  168.13
73.746 63.87 129.478 116.96 184.748 - 170.72
75.274 65.57 131.546 118.66 . 186.530 = 173.30
77.041 67.49 133.610 120.52 188.293 175.73
78.705 69.34 136.073 122.61 190,117 178.43
80.170 70.88 138.614 124.75 191.999 181.54
81.710 72.74 140.823 126.89 193.861 184.63
83.310 74.17 142.997 128.65 195.692 188.33
85.039 76.03 145.136 130.53 - 197.494  191.16
86.765 77.82 147.530 132.60 199.285 194.80
88.435 - 79.45 149.855 134.50 201.062 1198.68
90.147 - 81.13 151.916 136.22 202.812 202.79
| 91,910 82.97 154,054 138,12 204,535 207.06
93.689 84,96 156.257 140.10 1 206.229 211.27
95.464 86.43 158.533 142.34 207.882 214.99
97.234 88.09 160.864 144.48 209.515 219.23
99.020 89.76 163.162 146.75 211.123 224.11
©100.823 ' 91,51 1165.438 149.03 212.699 229.43
102.703 93.18 167.696 151.32 214.247 = 234.81
104.572 95.04 169.437 153.72 215,832 239.68
106. 456 96.64 172.152 155.84 217.381 249.53
Series II Series III Series IV |
106.111 96,31 161.730 144.67 (Transition region, run 1)
107.979 97.98 163.626 204.289 205.81 :



( Continued )

T cp T o v Cp
K JK'ma™t K 5 K lwor™? g JKlma™
205.812 209.74 249,345 180.83 ©223.921 12020
207.387 214.12 251.436  18L.59 223.956 14578
208.939 218.56 Series VII 223,998  879.6
210.466 222,70 251,347 181,54 224,539 356.40
211.959 227.18 253.364 182.32 . 225,922 - 175.58
213.422 233.37 255.769 . = 182.99 = 227.655 = 175.T4
214,928 . 238.64 258,315 183.76 229.387 175.90
216.397 247.09 260.849 184,54 | Series IX
217.766  254.84 263.129fﬁ 185.00 (Transition region, run 3
219.097 262.68 265.391 186.08  and 4. continuous heating)
220,391 273.24 267.893 = 187.13 - Series X o
221.642 = 286.11 270.474  187.74 14,104 1.839
222.842 304.90 . 273.136 188.73 ©15.134 2.313
223.675 939.0 275.800 189.40 16,220 - 2.885
223,934 17323 - 278.443 190.13 17.664  3.784
223.973 11975 281.145  19L.TL 20,500 5.903
224.291 704.52 283.912  192.02 - 23.827  8.765
225,365 177,25 286.676 193.05 Series XI
227.013 175.99 289.426 193.96 © 14.033 . 1.806
Series V | 292,244 194,77 - 14.927 2,201
(Transition region, run 2.  295.120 195.62 16.724 3.184
continuous heating) 298,051 196.67 17.722 - . 3.818
Series VI 301.049 197.74 © - 18,911 . 4.646
226.035 175.34  Series VIII - 20,191  5.619 -
227.674 175.31 (Transition region,. run 3) . 21.398 . 6,593
229.314 175.89 $210.335 223,05  22.526 - 7T.559
230.872 175.90 211,674 227,11 23.604 8.522
232.503 176.53 213.135 232.13 Series XII
234,210 176.71 214,564 238,37 24,117  9.017
235,985 = 176.78 - 215.965 242,98 : 25.106 9.949
237.827 177.47 217.347 250.33 26,086  10.90
239.670 177.90 218,696 259.07  27.166 11.94
241.517 178.71 220.010 269,11  28.325 13.05
243,450 179.44 221,282 261.20  29.299  14.02
245.456 179.51 222,502 297.61 30.243 15.02

247.394 180.36 223.499 482.00 . 31.299 - 16,11

090



( Continued )

097

T _Cp T Cp T Cr
K B K J K tmo1 ™t ' T
32,453 17.25 3.546 0.0193 10.203 - 0.5751
33.698 18.47  3.988 0.0270 11.374 0.8543
34,990 20,20 4.411 0.0401 = 12.523 1191
36,283 21.78 4.807 0.0504 13.637 1.605
37.493 23.21 . 5.183 0.0625 Series XV -
38.694 24,48 5,571 0.0798 3,948 © 0.0253
40.063 25.89 Series XIV 4,237 10,0346
41.536 27.45 2.814 -~ 0,0083  4.521 0.0422
42.917 28.45 3,117 0.0113 4.812 © 0,0535
44.259 30444 3.439 0.0167 5.192 - 0.0699
45.608 31.95 3. 756 0.0221 5.675 - 0.0850
47.005 33.49 4.066 0.0294 6,194 0.1081
48,487 35,20 4,368~ 0.0348 6.765 £ 0.1405
49.969 36,92 4.692 0.0450 . 7.392 - © 0.1855
51.380 38.52 5.005 0.0547 8.165 10,2592
52,738 40.08 5.334 0,0725 . - 9.015 0.3683
54,058 41.54 5.669 0.0847 9.910 0.5179
55.344 43,07 6.064 0.1014 - | 10.841 0.7174
56.600 44.50 6.502 © 0.1260 11.747 - 0.9549
57.940 46.06 7.003 0.1567 12.605 1.217
59.351 47.68 7.579 0.2014 13.461 1.526
Series XIII 8.307 0.2747 - 14.362 - 1.938
3,121 0.0121 9.179 0.3905



Table 3.2.8 Thermodynamic'_functions of (N’D4)QSO4 t'o>300 K

T cp° s® | (3§ - ES)T‘I -6y - HB)T-;»
K 7 ¥ lgo1?t T ot sk twer™t 7 K lmor™?
5 0.0546 0.0180 0.0135 . 0.0045
10 -~ 0.5353 - 0,1584 - 0.1208 - 0.0376
15 2.233 0.6456 1 0.4999 . 0.1457
20 5.467 1.695 1.308 0.3871
25 : 9.833 3.367 2.561 - - 0.8061
30 14.75 5.589 4178 L4110
35 20.14 8.261 .08 2.193
40 . 25.69 11.31 | 8.174 3,139
45 31.22 14.66 10443 4.230
50 36.79 - 18.23 1278 . 5.450
60 48.26 25.95 o 8.213
70 59.76 34.27 22.94 11.34
80 70.77 42.98 ' 28,23 - 14.74
90 81.08 51.91 33.54 . 18.38
100 90.75 60.96 38.78 2218
110 99.86 | 70.04 C43.92 . 26.12
120 108.61 79.11 48.95 - - 30.16
130 117.30 88.14 53.87 3427
140 126.01 97.16 58.72 . . 38.44
150 134.52 106,14 63.49 | 42.65
160 143.59 " 115.11 68,20 . 46.90
170 153.60 124,11 72,95 . 51.18
180 164.76 : 133.20 , T7.72 - 55.48
190 178.29 142,45 82,64 ' 59.81
200 196.49 152.03 87.85  64.18
210 221.0 162.18 '93.58 . 68.61
220 269.1 173.38 100,27 73.11
230 175.8 190.67 112.76 77.91
240 178.0 198.19 115.43 82.76
250 181.1 205.52 117.99 87.53
260 184.4 212.69 - 120.49 . 92.20
270 167.6 219.71 122.91 - - 96.80
280 190.8 226.59 125.28" 101.31
290 194.0 233.34 127.59°  ° 105.75
300 197.3 239.97 129.86 o 10.11
273.15 188.5  221.88 123,66 .22
298.15 196.6 238.74 129.44 . 109.30
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~ Table 3.2.9  Molar heat capacities of ND4DSO4

Weight of specimen 48.7977g. Molecular weight 120,135, IPIS-68

7 Cp o ~ Cp T . op

K 7K™ K 7K tmor™t K I tmaat
Series I " 245.429 143,32 288.325  148.06
181.597 120.09 247.507  144.09 290,766 ~  148.40
182,887 . 120.66 249.567 144.90 293.204 148,71
184.736 121.47 251.6101 145.76  295.654 149.47
186.903 122.25 Series III 1 298.129 150.28
189,133 122.99 (Upper transition 300.598  151.05
191.432 123.79 region, run 1) 303,030 151.78
193,792 124.71 253,683 146,70  305.465  152.72
196,259 125.56 255,708 148.40  Series IV
198,641 126,37 257,330 149.27 (Upper transition
200.890 127.22 258,558 149.91 region, run 2)
203.128 127.91 259,610 149.96 241,716 141.39
| 205.356 128.82 260,233 150.11 243,782  142.61 .
207.625 129,38 260,728 151.28 245.884 = 143.31
209,897 130.19 261.220 151.92  246.973 144.23 |
~ Series II 261.773 152,25 249,996 . 145.14
208,768 130,00 262,329 149.98 251,759 146.12
210,997  130.51 262,831 144.05 253.010 146,90
213,213 131.45 263,340 143.52 254.002  147.33
| 215.423 131.23 263.850 141.33 254,989 147.15
217.716  133.14 264.423 141,31 255.871  148.35
219.800 133.65 265.116 141.52 256,555  148.87
222.858 134.76 265,919 141.78  257.042 149,54
223,899 135.27 267.821 142.45 257,431 149.75
226.052 136,09 270.163 . 143.62 257.821 148,52
228.272 136.80  2T1.950 143.80 - 258,208 149.66
230,545 137.75 273,665 144.35 258,595 150.88
232,743 138,78 - 275.513 144.46 258,980 150,00
234,880 139,38 277.620 145.15 259,365 150,52
237.009 140.26 279,706 145.49 259,742 151.05
| 239,131 140.61 281.765 145,97 260,176 151.03
241.239 141,99 = 283.816  146.45 . 260.609  151.16

243,338 142,59 285.975 146.75 260,995 - 152.00
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( Continued )

T Cp T Cp T Cp
X 7 K twor™t K JE w1t K 7 ¥ tnor™t
261.429 152.06 168,784 115.94 2.494 - 0.0061 -
261.859 152,08 170.868 116.59 2.792 ~ 0.0101 -
262.241 152.41 173.19 117.38 3.106  0.0155
262,629 145.29 175.508 117.74 3.426 0.0244
263.024 144.42 177,513 119.12 1 3.759 0.0306
263.420 143.18 179.627 119.77 4,100 0.0449
263.818 142,14 181.770 120.44 4.448 0.0599
. Series V 183,915 121.08 Series IX
(Lower transition Series VI 2,192 . 0.0054
region, run 1) . (Lower transition 2.571. ‘ 0.0024
128,269 89.04 region, run 1) . 2.855 0.0178
129.018 89.97 149.614 102.81 3,132 0.0191
131.316 90,97 151.763 104.19 3,477 0.0245
132.900 91.95 153.886 105.58 3,854 " 0.0349
134.611 93.02 155,994 107.00 4.238 - 0.0502
136.378 94.16 158.079  108.60 4,618 0.0704
138.356 95.42 159.664 . 109.81 5,038 0.1043
140.493 - 96.84 © 160.755 111.10 5.446 0.1277
142.558 98.09 161,702 112.37 5.953 - 0.1869
144.604 99.44 162.504 114.31 6.567  0.2580
146.589 100.94 163,403 299.36 - 7.280  0.3641
148.671 102.19 163.926  7644.3 8.106  0.5241
150.837 103,70 163.983 5446.4 Series X
152.977 105.13 164,111 1875.8 . 7.435 © 0.3901
155.099 106.49 164,917 186.58 8.201 0.5407
157.199 107.97 166.023 115.12 8.866 © 0.6973
159.272 109.59 167.075 115.03 9.526 '0.8828
161.318 . 111.55 168.842 115.75 - 10,221 1,103
163,145 156.43 Series VII 10,973 1377
164.025 - 2703.7 (Lower transition 11.866 - 1,737
164.166 4876.4 region, run 3 13.044 - 2.275
164.977 260,95 continuous heating) 14.305 2,972
115.19 Series VIII

166.694

100

" Series XI



( Continued )

Cp

68,578

101

T Cp T T Cp
X T X P X It
5.556 0.1485 27.638 13.41 70,349 50,32
6.276 0.2263 28,726 14.31 72.160 51.71
7.097 0.3296 29.840 15,39 73.894 ~ 53.01
7.876 0.4834 30,980 16.%8 75,646 . 54432
8.568 0.6232 32,240 17.46 77.486 55,78
9,242 0.7963 33.604 18.24 79.385 . . 57.16
9.902 0.9998 34,968 20.20 81.%333 58.58
10.582 1,233 36,271 21.60 83.238 - 59.9%
11.866 1.746 37.595 22.77 85.159 61435
13.218 2,356 39,006 23.95 87.056 62.55
13.997 2,774 40,313 24,99 88,944 63.59
" Series XII 41.534 26,02 . 91,307 65.56
13.841 2,731 42,909 27.17 93,641 67.18
14.733 3,239 44.463 28.53 95,487 68.33
15.549 3. 71T 46.129 29.98 97.372 69.56
16.384 4.254 47,906 31.55 99,300 70.89
117364 4.928 49,687 33012 101.252 72,05
18.286 5.599 51.379 34.58 103.173 7329
19.091 . 6.199 52.990 35,95 105,083 - T45T
Series XIII 54,572 37.30 106,964  T5.70
13.537 2,585 56,176 38,70 108.800 6.8
14.545 3.144 Series XIV - 110.704 78.08
15.863 3,927 50,116 33.54 112.666 79.27
17.218 4.842 51,954 35.09 114.636 80,50
18,346 5.668 53.697 36,58 116,512 81.58
19.351 6.417 55,421 38.06 118.435 82.86
20,308 7.234 57.129 39,58 120,398 84.09
21,298 7.936 59,352 41.39 122,399 85.10
22.373 8.8T1 61,537 43,23 124,393 = 86.66
23,446 9.791 63,204 44.59 126,359 87.95
24.4T1 10,69 64.968 46.04 128,292 - 89.24
25.492 11.58 66.785 47.49 130,251 ¢ 90.49
26.558 12,52 49.00



- Table 3.2,10 Thermodynamic functions of ND,DSO, to 300 K

4%
" Cpo g° (H; - .S)T-l . -(G; - Hg)Tfl
X 7 K et 7 K lgor™? LR S Wl S
5 | 0.768 0.026 0,020 0.006
10 1.030 0.668 - 0.480° - 0.188
15 3.390 1.484 - 1.018 0.466
20 6,932 2.920 | 2.033 . 0.887
25 11.15 4,960 3.262 1.698
30 15.69 7.392 - 4.954 - 2.438
35 20.20 10.15 6.810 - 3.340
40 24.69 13.14 B.T65 . 4,376
45 29.12 16.31 10.78  5.523
50 | 3345 19.60 12.85 6.765
60 4195 26445 16,98  9.471
70 50.10 33.56 . 21.15 1240
80 57.62 40.74 - 25.25 15.50
90 64.65 47.94 29.24 . 18.70
1100 T1.27 5510 33,1 21.98
110 77,69 62.19 36.87 . 25.32
120 83.63 69.21 40.53 . 28.68
130 89.14 76,17 44,11 32,07
140 - 94.30 - 83.09 47.62 - 35.47.
150 99.17 89,96 51,10 38.87
160 103.77 96.83  54.56 42,28
170 108.14 191 65.93  45.98
180 112,30 118.65 . 68.82 49.83
190 116,30 125,22 70,59 | 53.63
200 120.12 131.63 7426 . 57,37
210 123,76 137.90 76.85 - 61.05
220 127.27 144.05 79.37 = 64.69
230 130.65 150.09 81.82 - 68.2T
240 133.89 156.02 84.22  71.80
250 136.97 161.87 86.58  T5.29
- 260 - 139,90 167.68 88.94 78.73
270  142.74 173012 91,00 . 8213
280 145.53 178.36 92.90  85.47
290 ~ 148.28 183.52 94.76 88.76
300 150,77 188.59 96.59 92,01
273.15  143.64 174,77 91.60 ~ 83.18

298,15 150.53 187.65 96.25 91.41
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Fig. 3.3.1 Infrared spectra of NH4HSO4 (A at 298 K, B at 270 X, C at 203 K, D at 98 K)
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Fig. 3.3.2 Infrared and far-infrared spectra of NH4HSO4 (A at 298 K, B at 270 K
C at 203 K, D at 98 K, a at 298 K, b at 270 K, ¢ at 203 X, 4 at 98 K; a at 273 K,

' b at 263 K, ¢ at 173 X, and d at 123 R)
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Fig. 3.3.10 Infrared spectra of RbDSO4 (A at 300 K, B at 273 K, C at 223 K, D at 93 K)
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Chapter 4 Analysis and Discussion

4.1 Crystal structure

. Symmetry aspects in ferroelectric are very important n6t only in
revealing much of thé behaviors ofvferroelectric phase,fransitions but
also in predicting many peculiarities.in their behévioré. Shﬁvalovl)b
‘was the first to develop the symmetry approach. in thg macroséopic'theory

of ferroelectricity.

Prior to the comparison of the results of the_presént therquYnamic
study with thqse of the group-theoretical study by‘Takagi an& his cowdrkérsz’3)
as Well‘as that of Aizg54) We‘tried to understand.in detail the crystal-
lographic characteristics of NH4HSO4, R.bHSO4 and (Nﬁ4)2804;‘cohcentrating
on the origin of ferroelectric polarization. ' |

A ferroelectric state is aﬂ electrically-pdlafized state which is
reversible or reorientable.. The polarization isvdefined as the number
of dipolé moment per unit volume. The electric diﬁole moment in crystal
may bé realized not only by the permanent dipole inhereﬁt in-moleéules‘
and ionic groups but also by the vibratioﬁ of ibnic latti;e itself.

A regular tetrahedral ion such as a free NH4+ or 804_- never has
an electric dipole but has an octopole moment. If these tetrahedral

~ions can be distorted in the radial interatomic‘distance and in the
bond angle by the effects of.electrostafic crystal field and the hydrogen
bonds, then the origin of ferroelectric polarization may be ascribed to

+
the distortions of these ions. In fact the angular distortion of ND4

in (ND4)2504, for example, is reported by Chibas)

6)

in the DMR experiment
and confirmed later by O'Reilly and Tang, ’° who regarded the highly
distorted ND4+ as the origin of spontaneous polarization. So far the

distortion in 804_- has been scarcely discussed in connection with the



ferroelectric transition in crystals having SOA_—' The distortions of

SO4 in some crystals, revealéd by X-ray and neutron diffractidn
experiment, are compared in Table 4.1.1, where the rédial and‘angﬁlar
distdrtions are distinguished each other. The radial distortionKindex
Ar is given in parentheses, which is calculated by the equation 4-(Ar)2
= zi (r:.L - 2)2, where T, and r mean the observed and aﬁeraged'bond
length.: While the angular distortion index A6 is given by 6-(Ae)2 =
Zi (Gi - e(tetra))z, where 6(tetra) denotes the tetrahedral angle of
109°28'. The structures of NH +(I) and NH +(BJ‘ in ('NH-)ZSO4 at 298 X
is characterized by the average N-H distances of 1.08 A (0.02 A) and
1.06 A (0.01 A) and the average H-N-H angles of 109. 3° (4 3°) and 109.3°
(4.8°), while the structures at 180 X is characterlzed by the average
distanqes of 1.05 2 (0.02 2) and 1.05 2 (0.01 2) and the average angles
of 109.5° (2.0°) and 109.5° (3.2°), respectively. The radial and angular .
distortion indexes are given in parentheses after the.corresponding
average values. These values and Table 4.1.1 sﬁow the the S~0 and N-H
bonds in (NH4)ZSO tend to contract in length within e#perimental error
on passing into the ferroelectric phase and two ammonium ions become
less distorted‘in'angle. It seems impossible to regard the angular
deformation of NH4'+ as the origin of polarizatidn,,taking into account
of the original Td symmetry of NH4

Table 4.1.3 is 1ntended to ask whether the ionic dlsplacements of
NH4+ and SO4 "~ produce the polarization or ntt; The ShlftS of constituent
atoms in the crystallégraphic X and Y directions are larger than that
~ in the Z direction but do not contribute to the P_ because of presence
of symmetry operations such as glide planes (c?(xz), Gv(yg)) in the

ferroelectric phase. When each oxygen in 504—— has a charge of'—0.5 e

and each hydrogen in NH4+ has +0.25 e, then the dipole mpment’per-one
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o * E ) :
formula unit, p,. amounts to 0.074 eA,- the direction of which is along

the 7 axis. On the other hand, the spontaneous polarization Ps-in'
(NH4)2804 paréLlel to the,Z axis may be related fé the equation Ps>=
Uz /VE, whgre g denotes the number of formula per unitlcell volume Vc.'
Using'z = 4,‘V; = 496 23 ;3)and Ps = 0.45 uC /cm?,14)\lw¢ obtéin p =
0.035 ez which is comparable with the predicted'vélue. Thus, we may
propose that the occurreﬁce of polarization éhould be due tobthe ionic
displacements in (NHA)ZSOA' In conjunction witﬁ theée calculations?.
an-interesting-thing.is that the contribution of 804—f, NH4%(I) and
NH4+(D3 to the resultant dipole moment is found tq B§:45 %, 120 Z and
~65 % respectively. |

NH4HSO4 and RbHSO4 crystals in their paraelectric phase have'two]

inequivalent HSO - ions, which are highly distorted in_bond lengths -

A
- and angles, as shown in Table 4.1.1. It follows that the $-O(H) bond *
is longer than the remaining three S-0O bonds byrabout O.lO’Z_and the
(H)0-S—~0 angles are all smaller than the tétrahedral'éngle and the other
0-5-0 angles ére all greater than the tetrahedral angle. iHefé,we1may
remark that these radial and angular distortions occur also in the non-
ferroelectric crystals such as KHSO4 and.H2804“H201and so on.,’Therefore,
it seems that these distortions are not sufficient condi;ion for the
occurrence of ferroelectric polarization invthese'crystals containing

-—

HSO, . .

4
7,8)

Nelmes reported that only one distorted 804——(1) in NH HSO4 is

4
. ' . + - .
disordered between two sites denoted as SlD and SlD in the paraelectric
phase at room temperature. From his results the magnitude of atomic
shifts in 804——(1) ion between these two sites is calculated and presented

in Table 4.1.2, which shows that the largest displacemeht occurs in the

Z direction, almost parallel to the direction of spontaneous polarization
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in NH4HSOA.

Though the ionic radius of K+ is well known to be nearly comparable

to that of Rb+ and NH4+, Kf itself seems to play a different role in

appearance and disappearance pf ferroelectricity. For example, after

the discovery of ferroelectricity in Rochelle salt (NaKC4H4O6‘4H20),

the sodium rubidium tartrate tetrahydrate (NaRbCAH406-4H20), which is

isomorphous with the Rochelle salt, has been examined by several authorsls)

whether it becomes ferroelectric or not and found thét it'shéws no

ferroelectric behavior between 4.2 K and its deﬁydration point (333 Kj.
Table 4.1.4 compares the environment around certain cation in

several ferroelectrics and non-~ferroelectrics cbntaininé-tetrahedral

anions such as 804-_ and PO,  in terms of the cooidination-number (CN).

4
Shannon and Prewittl6) reported that K+, RB+, Cs+ and ‘I’l+ have the CNs

ranging 6 to 12 and their effective ionic radii increase with the CN.

17)

On the other hand, Khan and Bauer emphasized the dual properties of

' NH4+ that when fhe CN is small (4-5) the hydrogen-bonding téndency of .
the NH4+ is prevalent, and when the CN.is largef (7 io 9) its pseudo
alkali character dominates. Consideriﬁg the large number'of cbordination
around the ammonium ion in ferroelectric NHAHSOA, fhen‘WQ nay expect'.‘
ferroelectric behavior in RbHSO4, which had been actually confirmed

afte: the discovery of ferroelectricity in NH4HSO4. If we confine our

attention to the magnitude of the CN given in Table 4.1.4, then we may

~ expect that KHSO, becomes ferroelectric sinée both NHAHSO4 and R.bHSO4

A

exhibited ferroelectricity. In practice, however, the high sensitive

DTA thermographls) on KHSO, from 100 to 300 K revealed no such a heat

4

Vanomaly as is accompanied by the ferroelectric transition in NH4HSO4

4
isomorphous with those of RbHSO4 and NH HSO4 (B2,/a) and has not:a

and RbHSO,. Moreover, the crystal structure of KHSQ4‘(Pbca) is not

4

136



‘ pseudo-orthorhombic symmetry found in R.bHSO4 and_NH4HSO4 but complete
orthorhombic symmetry. |

In the case of TlHSO4; we may expect.fhat it should become:ferrof
electric, judging from the Fig. 2 in the feference.lé)

The change with temperature thch is worthy of note is the decrease
in the CN around ammoniuﬁ ion in (NH4)2804,'which showS-that the
hydrogen-bonding tendency“ié more pronounced in the ferfoelectric phase,
while fhe pseudo alkali ion character is doﬁiﬁant in the paraelecﬁric
phase.

Next we examine two main aspécts of the 0~ﬁ--~0 hydroéen bonds in
crystals containingvHSOA-. The first Qﬁe is the statiéAproperties
connected ﬁith the position of hydrégen atom and the O+++0 bond length,
which is revealed by diffraction experiments, and the seéondris,the
vdynamical propertieé associated with the motion of hydrégen atom in these
bonds, which is thained by IR aﬁd Raman, énd NMR.and DMR expefiments.

In 1955 Ubbelohde and Gallagher published a summary paper24) in

- which various hydrogen bonded crystals were classified:accgrdingvto 

their geometrical arrangements as follows;

(a) 1Isolated simple acid salt (KH bisphenylacetate)

(b) Closed-circuit type (Cyclic dimer structure of mono- and

~ dicarboxylic acids)

10) -

o
R(0-0) = 2.62 A for KHSO4

(c) Bond chains (often arranged spirally, hydrate)

R{0-0) = 2.51 A
' ° for NH4HSOA7’8)
= 2.60 A
o
R(0-0) = 2.62 A : 9)
» ° for R.bHSO4
= 2.59 A
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o0

R(0-0)

= 2,66
o for RbHSO425)
=2.50 A
R(0-0) = 2.72 A -
° for RbDSO425)
= 2.61 A
Q
R(0-0) = 2.62 A  for KHSO410)

(d) Two-dimensional hydrogen bonded syste@ (HNO3fH20) _.

Ce) Three—-dimensional network (KHZPOA)

where the 0-0 distances for several hydrogen sulfate comﬁounds are
given for the sake of comparison. Figure 1.2:1 and 4.1.1 show that the:
directions of two infiniteAzigzag chains.of hydrogen 5Qnds in NH4HSO4
and RbHSO4 are parallel to each other and also perpendicular to:the ?s’

as in the case of KHZPO‘. KHSO, is constructed of two types pf'hydrogen

4
bohding (chain and dimer structures). It is surprising to find the
same role of HSO4—(I) in KHSO, as that of Hco3‘_ in KHc03.26) A

7)

Rogers and Ubbelohde2 attributed the low melting points of hydrogen -

sulfates to the two effects;

(a) the large entropy of fusion (appron 96 JK_lmol-_'1 for KHSO4,

compared with value of KN03 (18 JK—lmol-l))

(b) the comparatively low activation of a substitutional defects

associated with the proton migration in the solid.

ﬁbbelohde and Gallagher futher suggested that all the classes except
“the (a) class should exhibit the cooperative protoh fransfer defect in
the crystals if the energy of defect formation is not'large cdméared
with kT. 1In connection with this, the défect formation near‘thé'ferro—-
electric transition temperatures observed in NH4HS'O4',>REHSO4 and so on

- will be discussed in section 4.3. : .



_ The most striking effects on the 0-0 distances in the hydfogen
bonds arises when hydrogen is replaced by.deuterium. Ubbelohde and
Gallaghertrepbrted that when a short hydrogen bénd is present in the
crystal (less than 2;75 Z for the 0-0 distance), in all the examples
yet investigated there is a marked expansion of the 0-0 bond length on
replacing H by D; This effect'in the case of RbHSOA was observed.by
Yamada (Sée class (¢)), shoWing agreement with the above statement.

Another effect to be expected on deuterium subétitution may appear
on the static aspect such as the heat capacity value and on theidynamical
one given by IR and Raﬁan-spectra since the deuterium substitufion
invariably cause the decrease of all the‘enérgy levels aséociated With

motion of the deuterium atom.

4,2 Analysis and Discussion of vibration spectra

In the studies of lattice dynamical theories,27’28’29) ferroelectric

transitions are considered as the results pf instability of the crystal
for certain types of transverse optical lattice vibrations, thé charac-
teristic frequency of which. tends to zero as the temperature approaches
the Curie temperature T from the non-ferroelectric phase. Such.a mode
is known as a ferroelectric soft mode. For éxample, Ramép scattering

30)

measurements on KH2P04, for the first time, revealed a broad, low-

frequency ferroelectric mode, which could be described by a simple

over-damped harmonic oscillator. Another example may be the neutron

inelastic scattering experiments on SrTiO3.3l)

32,33)

In recent years soft

modes in ferroelectrics have been reviewed as one of various soft
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modes occuring in the structural phase transitions.

Study of vibration spectra of NHAHSOA, ND4DSO RbBHSO RbDSO4, and

4 %
(ND4)ZSO4 will help not only in ascertaining the nature of ferroelectricity

but also in estimating the normal behavior of heat capacities in these
ferroelectrics.

The -assignments of vibrations in.(ND4)ZSO4 is first made because.

34,35)

they have been established well by various authors. Next, vibration

spectra of RbHSOA and RbDSO4 is assigned, taking into consideration

~ that they have a smaller number of freedom of vibrations than that: of

)

NH,HSO

4 and ND,DSO,.

4 47774

4.2.1 Analysis of the spectroscopic results
[A] Correlation diagrams

+
4

symmetry. Therefore, each ion has nine internal vibrations, of which

Free NH d

and 504_— ions are both five atdmic moleculés with T

. R ' e .o -1
symmetry species of normal modes, associated frequencies in cm = and

activities are summerized in Table 4.2.7 from the standard reference

b60k36) as well as the previously reported results of NH4X and ND4X
| 34,35)

X = Cl, Br, I),37) and (NH and (ND When the molecule

40259, 42250

N . . - . : R
such as a NH, dion is located in a crystal then the static and correlation

4

field produce changes in the free ion selection rules, and result in

38)

splitting of the certain bands. These effects may be conveniently
sumarized in the correlation diagrams in Fig. 4.2.1 for NH4HSO4’and
ND4DSO4

and Fig. 4.2.2 for (NH4)ZSO4, respectively. In making these
diagrams, factor group énaleis and éite group analysis are made, based
on the crystal symmetries of NH4H804_and.(NH4)2804 described in the
preceding section. Being isomorphous»with the crystal structure of

NHAHSO4 in the phase I and T[, the correlation diagrams for RbﬂSO4 and
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R.bDSO4 resemble Fig., 4.2.1
If only the site groﬁp symmet?y_for Sbé_i in (ND4)2504 is taken
into account, then thé'intrinsic degeneracies of the internai modes
should be completely removed in both phases and the kaman‘and_the infrared
frequeﬁcies should be coincident. If‘only the\factéf:group symmetry of

the unit cell is taken, on the other hand,‘thén the foilowing péaks of

the SOA-—.ion should be observed as follows:

In paraelectric phase In ferroelectric phasé
vy@ap - 34g + BBlg +3B, +3By 34, +34, +_3Bl +3B,
\’2 (E) N 3Ag + 3B1g + 3B~2g + 3333 + 3Au ‘ B 6Al + 6A2 + 6B1 + _632 N

3B1u + 332u1+ 3B3u
\)3 (FZ) } 5 4Ag + 431g + 2B2g + 2B3g + 9Al + 9A2 + 9Bl + 932 |
vé(FZ) zBlu-+432u-+4BBu '

where Al’.Bl’ and B

is only Raman active.

, species are both Raman and infrared active, and A,

For the NH4+ ion the number of peaks is twice that for the SO4 N

since there are two inequivalent ammonium ions for each sulfate.
From the correlation diagrams the 69 lattice modes consist of 33
translational optical modes and 36 librational modes are predicted to

be non-degenerate and Raman and infrared active:

In the paraelectric phase: In tﬁe ferroelectric phase
T(AT) — By +B, + By | o T
ror) — 6Ag + 6By, + 3B, + 383, + R sél + 9A, + 831 + 8B,
. 3A.u + ZBlu + SBZu + 533u o .
rior) — Mg ¥ IByg ¥ OB ¥ 6B3g * Py My F B T 7
64, + 6By + 3By + 3By .
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The above analysis applies to modes which haﬁe zero wave vector.
However, this condition would not hold in the péraelectric phasé,band
vibration spectra would be moré complicated fhan that expeéted gased on
the factorrgroup-analysis alone, bécause of disorder ﬁature:asvsupported
by the calorimetric results in the subéequent section.

As RbHSO4 has a monoclinic unit cell of space groﬁp PZl/c_Wi;h,gighF.

formula units, the SO4 ion occupies a general position and hence its

1° The static field under the Cl.site

group should cause a splitting of the "free ion" degeneréte bendiﬁg and

site symmetry is represented as C

stretching vibrations of'SO4_- in the paraeléctric phase and also in
the ferroelectric phase. The irreducible representations, predicted by

the correlation field under the C., and CS factof groups,'for the

2h

~ internal, optical translatory (OT), optical libratory.(OL), and acoustical

translatory (AT) vibrational modes can be summerized as:

in the paraelectric phase  in thé ferroelectric phase
I'(external)
T (0T) ~— 12A  + 24B_ + 23A_ + 10B ‘ 46A' + 23A" -
g g u u
(r@®s’ or )+ (4h BB+ BA 4B (16A' + 8A")
r(oL)y  —> B8A + 4B_+ 4A_ + 8B 8A' + 16A" .
8 g u u o ‘ .
T (AT) —_ A+ 2B | O 2AT + A"
u u .
P(intefnal)
. ' X ’ ?
v — | 4A + 4B S | 8A
v, (E) ~ —— 4A + 4B_+ 4A_ + 4B - 8A" + 8A"
2 . g g u u
. ' . ’ . ] "
v3,v4(F2) —_— 4Ag + 8Bg + 8Au + 4Bu o 16A' + 8A
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_ All vibrations of gerade symmetry may appear in the Raman effeét,,while'
in the infrared Qibrations of ungerade symmetry are active. Both A'
and A" symmetry ques~are Raman and infrared active. . |

The correlation diagrams for the three phases of NH4H804 show that
if only the site group is taken into account, then the intrihsic_
degeneracies of the internal'modes of NH4+ and SO, shbuld be completely

4

lifted, so that in all three phases we obtain

' v, T 1 (R, IR) peak.
vy ' — - 3 (R, IR) peaks
VsV, —_ 3 (R, IR) peaks for each mode.

If the full symmetry of the unit cell is considered, on the other hand,
the following peaks for the 804—- ion and the NH4+ ion should be observed

in the three phases:

in Phase I - in Phase II - din Phase'DI

v, — 8A, + 8B, ' 16A" 16
v, —> 8A + 8B + 8A + 8B - © 16A'" + 16A" 32A
2 g g “u u v _ . .
v,,v, —* 16A + 8B_+ 8A + 16B 16A' + 8A" 48A
3’74 g g u u

The external modes in the three phases can be classified, as in the

case of RbHSO4, as follows:

in Phase I in Phase I in‘Phase m -
r(OT) —> 24A +12B +11A +22B 46A" + 23" 69
r(OL) —> 8A +16B +16A + 8B~  16A" + 32A". 48A
' g g u u _ .
P(AT) —> A+ 2B 2A' + A" A
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[B] Assignment of the peaks

It is always necessary to use a single crystal.in order to assigﬁ
the observed bands in Raman and infrared spectra as precisely as bossible;
Present experiments are done for the powder samples aﬁd Eence the assign-
meﬁts_of the peaks are 'somewhat inconclusive. The assigned values of
.the fundamental frequencies of (ND4)2504 are presented in Table 4.2.1,
and RbHSO4 and RbDSOA in Table 4.2.2 for their paraelectric phase and
in Table 4.2.3 for their ferroelectric phase, and NH4H804 and ND4DSO4
in Table 4.2.4 for Phase I and in Table 4.2.5 for Phase I and in Table

4.2.6 for Phase I, respectively.

B-1 Lattice modes

A detailed assignment of the 1ower,fre§uen¢y peaks than 400 cm.-'-1

is not possible but some general assigmments can be made by using isotope'
effect as well as cation effect and comparing the previous tesulfs‘
: supported.by‘other experiments sucﬁ as neutron inelastic.scattering.39)
On deuterium substitution librational modes of ammonium ion is exﬁected
to show a marked reduction in frequency by a factor of 1/v2, Whilst,
for the translational modes, the factof is V18/22. Caﬁion:effect

predicts v(TO in RbHSO,) / v(TO in NH,HSO,) = /IB/85, where TO means

the translational optical mode in which cations participate.

B-2 Internal modes

The internal mode frequencies of NH4+, ND4+‘and 804—_ can be readily
assigned by comparison with the frequencies presented in Table 4.2.7.
Furthermore, the Teller-Redlich frequency product ratio for the;two F2

species gives in the harmonic approximation, (v3 v4)D /(v3 vA)H-="

My /My")Y(Mx + 4My')/ (Mx + 4My) for a tetrahedral.XY4 molecule where



. the dash notation refers to the deuterated molecuie_and the M's stand

for the masses of the atoms.

4.2.2 Discussion

The obsgrved spectra of five ferroelectrics (Fig.‘3.2.l#-16) aﬁd
Fig., 4.2.1 reveal tﬁat a smaller number of peaks in both Raman énd iR
spectra than that predicted by the factor gfoup’analysié is observed.
This means that any intermolecular éoupling is not stroﬁg enough ﬁo
cause splitting especially as far‘as internal modes are concernéd.

Among the higher frequency bands than about lSOOrcmfl the most
interesting band is the O-H stretching bands. Spécial attention have

40)

been devoted by several authors to examine the shape of the potential
- curve governing the motion of a hydrogen atom in the O-H+++0 bond and
to suggest the possibility of the tunnelling motion since the mechanism

of ferroelectricity is in many cases closely associated with the dis-

placement of hydrogen atoms. At present there are, however, contradicting

suggestions4l) on this problem.
A hydrogen in the O-H+++0 bonds in NH4HSO4 and a deuterium in the
0-D+++0 bond in RbDSO4 are. found to occupy an acentric site in these

bonds, so ﬁe expect no tunnel effect in these crystals.

Two br§ad bands at about 3100 and 2450 cm_1 appeared in common with
all the ferroelectrics investigatea. Especially .the band shépe_at’about
2450 cm_1 in NHAHSO4 resembles the correspoﬁding bands oﬁ RbHSOA-and
RbDSO4, which may be assigned as the bands.associatedAwith the H bond
and the D bond but showed no marked reduction in frequeﬁcy on déﬁteration,
notwithstanding that the O0-D+++0 bond length is genérally longer than
the O-H+++0 bond and the mass of deuterium is twice that of hydrogen.

The corresponding band in ND4DSO4 is superimposed by the Vg and 21 bands



of ND4+ and appeared in a complicated fashion. Broadness of the bands
at about 3100 cmfl.responsible for the N-H and N-D stretching may be
attributed to the existence of moderately strong hydrogen bonds in
NH,HSO, , ND,DSO, 4

The changerwith-temperature which is worthy of note is the splitting

and (NDA)ZSO

of the band at 2900 cm_l in the infrared spectra of RbHSO4 (Fig. 3.3.7)..
The magnitude of this splitting amounting to 320 cmfluat 98 K is also
observed in the KH2P04 familyéz) but it is not cértain whether this
splitting is introduced by the ferroelegtricAtranéition'or'whether it
was present also in the paraelectric phase and becaﬁe more pronounced

on cooling.

34) = 3150 and v, = 1405 cn in

Using the reported valués of v

3
(NH4)2804 and the present values of vy = 2390 and v, = 1032 cm-l in
,(ND4)2304, the Teller Redlich product ratio is calculated to be 0.557,
which show a good agreement with the theoretical value of 0.553, consider-

37)

ing that the_ratio for ammonium chloride and bromide in their lowest
phése is observed as 0.561 and.0.56b réépectively. In the case of ammonium
hydrogen sulfate the product is found to be 0.543. This low value may
be attributed to the énharmonic vibrations due to the hydrogén bonding.

~ Myasnikova and YatsenkoéB) reported the bands at 977 cmfl.in NH&HSO4
and at7969 cm_'l in RbHSO4 and assigned them as.the fundamental vl(Al) of
864;_'on1y from their IR spectra. However, we éould'not observe those
bands. Instead, the strong Raman band at abouﬁ 880 émfl in.NHAHSO4.and
RbHSO4 was assigned as such. The most distinctive féature»iﬁ'the internal
vibration region of 804__ ion appears in the frequéncy shift due tp the
hydrogen bond formation. The fundamental frequeﬁcy'of vl(Al) mode.of
SOA~- in (ND,),S0, was higher by about 80 en ! than those so assigned in

four other ferroeleétrics having HSO4_ or DSO4-, sppporting the conclusion
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that the 0-H-++0 and 0-D-++0 bands are stronger than the N-D+<++0 bonds.
A number of bands below 400 cm._1 may be related to the external

modes such as the translational and librational modes of NH4+, ND4+ and

SO4 . The assigmment of the peak at 300 cm—l-in NH, HSO, as a librational

4774
modes confirms the results of neutron inelastic scatteringBQ)

~where in
the paraelectric phasé below the ferroelectric transition a strong peak
at 290 + 25 cm.—l was observed at 125 K and sobaséigned. Another peak
‘at 190 + 16 cmfl was revealed by the neutron work and assigned probably
as a librational mode. However,bthe Raman and IR results suggest that
this ﬁeak is actually of translationai origin.v It is found that on |
deuteration the correqunding librational frequency decreases to 227 cmfl.
by a factor of 0.76 instead of theoretical value of 1 /Y2 (= 0.71).

On the other hand the present spectroscopic results suggest that another
'peak at about 370 cm—1 in NH4HSO4 is also assigned as the librational _
ﬁode since the frequency oflthis mode shifts to lower frequency side

to 270 cmfl with a reduction factor of 0.73 and since the-fundamental
freqﬁencies37) Ve of ammonium‘chloridé and bromide and their deuterium
analog was observed in the.range from 225 to_389'cﬁ-; and fevéaled the
.reduction factor of(0.72'on deuteration. In the case of (ND_4)2804 we
Vassigned the IR band at 260 cm_1 as the 1ibratidnal mode, which is in
good agreement with the value (255 cmnl) reported by Torrie, et a1.35)
It is worthy to note here that the isotopé effect on the-fuﬁdamental
Ve mode gives‘rise to the reduction factor of 0.75 in ammonium sulfate,
the value of which is also obéerved in the éase of ammonium hydrogen
sulfate. Difference in the frequency value itsélf of librational mode
and in the coordination number around ammonium ion ddes_suggest’;hat
the rétational freedom of the NH4+ and ND4+ ions is.greater in NH4HSO4

14~



5%

Though the assignments of librational modes'of S0

and ND,DSO, than in (NH4)ZSQ4 and (ND4)2804.

4

ferroelectrics contain some ambiguity, we may be able to estimate them

" in the five

from the temperature dependence of the corresponding bands below about

200 cm_l since they depend on the intermolécular forces. For example,

L in RbHSO 4 and RbDSO, may be

assigned as such. Appearance:of the two bands may be explaiﬁed by

the strong IR bandvat 120 and 175 cm

taking the symmetry of'SO4—- in RbHSO4 as the 03v symmetry. In this
case we maykpredict that the triply degeneréte.librational modes (Fl)-in

the Td symmetry should split into the Az.ﬁode and the doubly degenerate

E mode. The evidence of C3v symmetry is described in the preceding
section 4.1 in commection with the distortion in a tetrahedral ion.

The phase transition in (NH4)ZSO4 from D2h.to'CZV 1sv1nduced by
3) This Biu soft mode is infrared

active but Raman inactive. Detailed temperaturé dependence of the.

the irreducible representation Blu'

infrared spectra ofb(NDl})zSO‘4 was not measured‘butvtﬁere is an interesting -
point to be nofed here about the Raman spectra. Fig. 3.3.16 show that

the shoulder on the Rayleigh band tail exhibit a fendenc& to go intd the
Rayleigh band as the temperature approaches the quie_temperature Tc

from robm temperature and disappear completely below the Tc. In the

case of NH4H804 and R.bHSO4 the soft mode to be associated with the.

phase transition from C2h to CS may be giVeﬁ.by‘therAu'irredugible:.
representation, which is also only iﬁfrared active. 'LOW—fréquency
vibrations having decreasing frequency at the Cufierpoint were not found

in our infrared spectra.



4.3 Analysis and Discussion on Calorimetric Results
4.3.1 General remarks

Section 4.3 is devoted to the analysis and discussion on the
calorimetric results of NH4HSOA, ND,DSO, , RbHSO,,. Rbnso4 and ¥D,) S0
in order to shed light on their ferroelectric transition mechanism from .
the viewpoint of thermodynamics. |

To begin with, we intend to analyze the tﬁermal behavior at lowest
. temperéture region measured to characterize the lattice vibrations of
these solids with the help of lattice dynamical Fheory.éé) Next we try
to explain the normal behavior of heat capacity curvés, Whicﬁ are
estimated from the.temperature dependence of the apparent Debye charac-
teristic temperature, in termé of lattice vibrations;vlibrations of
NH4+, ND4+ and 804_+ and internal vibrations of thése tetrahedral ions.
Thermal motion of NH4+‘is examined by compéring the eStiméted normal
heat capacity values of NHAHSO4 and R.bHSO4 In section 4.3.4 anomalous
behav1ors associated with ferroelectrlc tran31t10ns W111 be characterlzed
by the thermodynémic quantities such as;transitionvtemperatﬁre, tiansi;
tion enthalpy and transition entropy. Our caldrimetric results will
be compared with those derived“from group théoreticai’methodé proposed

by several authors.2f3’4)

We pay our attention to the detailed behavior
‘of estimated anomalous heat capacity curves to uncover the elementary:
process of phase transitions that appears associated with those ferro-

electrics as well as some ammonium halides.

4.3.2 Heat capacity at low temperatures

It is necessary to convert CP to CV when we intend to compare the

experimental results with the theoretical. To do this, the following
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two relations are usually used;
The exact thermodynamic relation:

C -C_=C_ {1+ (xC VBT)t. N
R AN

where the coefficient of cubical expansion B = V—l(QV'/BT)p, the
 adiabatic compressibility Xs = —V—l(SV'/aP)S and the volume V and the
thermodynamic temperature T and the approximate Nefnst—Lindeman relation

based on the Grﬁneisen's équation of state:
C -C =AcC° T, , 4= 2

where A = VBZ /XTCP2 is known to be nearly constant over a wide range

of temperature.

It is well known that the difference between'cp apd Cv is.abqﬁt 5 7% in
most éolids at room temperatures'and decreases rapidly'as the temperature
is lowered.és) In the case of RbCl,Aé)-for example, the value of Cp - CV
is éstimaﬁed to be negligibly small be;ow 50 X, 0.1 % of CP at 1QO K,

0.2 Z at 200 K, and 0.4 % at 300 K, based on the exact thermodynamic
relation. As to.our_five calorimetric samples investigatéd.théré was

no complete set of data of B, XS, aﬁd_v and theiefore eXact_cbnversion

of Cp to Cv was‘not possible. Thus in the absence of better alternatives,
we proceed to analyze the observed heat capacity at constant préssure
taking into considerations that Cp = CD f C# + Cé + CA +I(CP —va),
where CD is the Debye heat capacity, CL.the cqntribution'of librational
modes, CE the contribution of internal modes, CA the anomalous heat
capacity associated with the ferroelectric phaée transition.

~ The normal modes of lattice vibrations in many dielectric solids
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are excited over the entire temperature range ag& so contribute observable
heat capacity at all tempefatures. At very low temperatures, the atoms
in a crystél lattice execute harmonic vibrations with small amplitudes
andvlow frequency modes with long wave 1eﬁgths afe excited at lower
temperatures. Thus, the béhavior of glw) in the Debye approximation
and the behavior for discreté lattice modelé 3eVeloped by Born'aﬁd
von—Kérmén is the same for small w. If the Debye modei is valid for
the five ferroelectrics investigafed, the corresppnding'Debye charac-
teristic temperature would Be expected to be constant against the
Eemperature. However, Fig. 4.3.1 shows that ‘the value of'GD derived
from experiment for 6N degrees of freédom per formulae unit.appropriate
;o the four ferroelectrics containing HSOa_vor DSO4— depends on the
temperature. NH4HSO4 (ND4DSOA)‘and RbHSO4_(RbDSO4) have a shgllow
minimum value of 155 K and 135 K at 11 K and 10 K, respectively. 1In

the case of (ND4)2804.a minimﬁm (203 K for 9N) occﬁrs_at 20>K. :ﬁecrease

in GD(T) of RbHSO, and RbDSO4 above 30 K must be due to the contribution

4
of librational modes of 804-—f If the @D‘curvéAis cofrected for this
effect, it is found that @D(T) of R.bHSO4 is.praétically constant (140 +
,5 K) between 4 and 80 K. Anyway the OD(T) ;ufve-bf the four ferrqelec;rics '
drops gradually. This temperature—dépehdenCe of the-Debyé © is a conse-
quence of the inadequacy of the Debye spectrum aé,an approximation to
the true spectrum of these crystals.

Attemps have ﬁeen made from time to time ﬁo improve the Debye :

spectrum.. One of thé earliest of these consisted of defining cuioffv
frequencies for the longitudinal and transverse vibration modes by

normalizing them separately to N and 2rN, fespectively. Another

suggestion was to describe only the acoustic mode sﬁectrum by the Debye

-
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appro#imation while the optical mode contribution was described by 3r-3
suitably normalize&_delta—functions located at frequenqieé appfpximating
the o?tical mode frequencies by a certain average. |
Among the methods exéreséiné frequency spectra Houstbn's method47)
seems more suitable for computational purposes. ﬁhenlwe COnéidgr'only

the three acoustic branches of the frequency spectrum, then we have the

expansion (for a three dimensions)
g(w) = azmz + a4w4 + f-F . _' o 4 - 3
This spectrum gives the asymptotic heat capacity at low temperatures;
. 4 3 2 5 .
CV(T) = 3rNk [(47 /15) (kT/n) a, + (167°/21) (kT/h) a4_+ see 14 -4

where the coefficient a, is evaluated from the angular average of
velocities of the three elastic waves but a, has not been so extensively

studied as a, since its evaluation requires the assumption of a special

2
model for the interatomic forces. The . temperature dependence of GD is

6btained from eqs.(l{— 10) and (4 - 4), and can be expressed as
o, (1) = 0 (0) [1 - (0n°/21)(a,/a) (RT/W)> + == ] 45

where kBQD(O)sa2 = 3h3. This equation is depicted sghematically in
bFig. 4.3.1 by a solid line (extrapolation) below about 5 K.

The Debye‘characteristic temperature at 0 K, @D(O), was calculated
from the interaction at T2 = 0 of theVCPT-‘3 versus T2 plot (Figs.>4.3.2-4)
‘and summarized in Table 4.3.1. Figs. 4.3.2 - 4 revéal that the heat

capacities (in units of JK—lmol_l) below 5 K are written as;



4 3 2

(6.75 + 0.15) + 0.08 T~ for NH,6HSO

10°c 17 = 4B80,
4, =3 a2
10°C,T7 = (4.23 % 0.60) + 0.13 T° for ND,DSO,
ok =3 2
10°C, T = (12.25 + 0.20) + 0.06 T° for RBHSO,
b -3 2
10°C T = (11.85 + 0.20) + 0.01 T° for RbDSO,
4, -3 2
107C T = (4.28 % 0.04) + 0.003 T" for (ND,),S0,

where the coefficient of second terms have uncertainty of about 15 %.

Table 4.3.1 Comparison of the Debye characteristic temperature at 0 K.

0, (0) - Freedom

NH,HSO,, 179+1 6N |
142 + 1 3N .
ND,DSO, 209 +10 . 6N
166 + 8 3N
RBHSO, 147.0 + 0.8 6N
116.6 + 0.6 - 3N
RbDSO, 148.6 + 0.8 6N
117.9 + 0.7 3N
(ND,) S0, 238.8 + 0.7 v9N
165.6 + 0.5. 3N

The OD(O) values of the rubidium salts are smaller than those of the

48)

ammonium salts, supporting the Blackman's conclusion that the OD(O)2

is inversely proportional to the molecular weight. Hdwever,_beyond the

estimated error the 6,(0) value of ND,DSO, is higher than that of NH,HSO,,



corresponding to the fact that the heat capacity of ND4DSO4 is sﬁaller
than that of NHAHSO4 at very low temperature and tha? aZ(D) <:a2(H) and
) a4(D) > aA(H). From the analogy.of vibrations of a diatomic chain,44)
we may conclude that the largér effective force constants in ND4DSO4
rthan those in NH4HSO4 lead to the higher velbcities of anisotropic
elastic waves in ND4DSO4. In connection wifh this deuteration effect

 Qn the frequency spectrum~it is worthy to note»thatvthiSjkind of Behavior
in the heat capacity"wés also observed in the feffoelegtric phase of

ammonium hydrogen bis(chloroacetate).49)

4.3.3 Normal behavior of heat capacity

Even if the details of erystal structure and the intra- and inter-
molecular forces in our -five ferroelectrics are given, at the:present
time it is impossible to divide theoretically‘the observéd heat capaciﬁy
CP into two parts composed of the nofmal aﬁd anomaloﬁs heat éépacities.
However, by the use of the apparent Debye charaéteristic température
‘ which can be converted from the observed Cp with appropriate degreeé
vof freedom we tried to separate the anomalpus heat capagity from thev>
observgd Cp value in Qrder to determine the thermodynamic_quéntities‘
concerned with the ferroelectric transition.

In the case of NHZ*HSO4 we took 6N and 33N.degrees 6£‘freédom per
formula unit and plotted the corresponding Debye temperatures (6OD?'

o F means that each NH +‘and HSO, is

6D 4 4

assumed as a rigid ion and each has 3N translational degrees of freedom

and 336 P) in Fig. 4.3.5, where

D

while corresponds to the case of the largest degrees of freedom

33%
that NH4HSO4 can have as a whole. When 6N degrées of freeddm is

considered, the GGDP values goes to zero-at about 75 K due to the thermal

excitation of librational modes. Though this tendence may be ascribed

part
o
o



to the occurrence of the anharmonicity'of latticé vibrations themselves
or the lack of the correction of CP - Cv, we beliéve these contribution
to the % value to be small in the temperature fégién iﬁ question;'
Therefore, we took the maximum degrees of freedom to avoid this tendency_
of the eD to zero and to estimate the most probable normal CP ﬁalues.‘
 This does not mean that all the degrees of freedom have been fully
exéited to give corresponding Debye spéctrum, buf the method is merely
a convéntion to estimate the nofmal Cp curves on thévﬁotion that the
@D curve should be of a cohtinuous, smooth shape if therevwerevno phase
transitions. The solid line shown in Fig. 4.3.5’was adopﬁed as the
base line II corresponding to the normal Cp curve.. The otﬁer extreme
of base iine is possible and shown as the dotted line. However, the.
6GDL curve, which is obtained from the dbserved Cé values subtracted by
the librationai and internal contributions due to NH4% and 804—_,
revealed that the base line II is more appropriate than the base line I.
asvthe base,line on which to describe thg uppér transition behavior in
the ferroelectric phase II. The validity of this base line I is also
supported by the evidence that the spontaneous polarization of NH#HSO4
leveis off_from 200 K down to the lower transition point. The base
line I is used as the normal Cp curve for the loweét fhase i, The
estimated normal CP values of NH4H804 is presented ianable 4.3.2.

In a similar method we estimatevthe normal Cp values of RbHSOA;
Rstoé, 4050,

curve with the maximum degrees of freedom for each ferroelectric and

ND,DSO, and (ND4)ZSO4 from the temperature dependence of the OD

without the CP -_CV corrections. The smooth GD curve equivalent to the
normal heat capacity are shown in Figs. 4.3.6 — 8 and the results thus

obtained are présented in Table 4.3.3 - 6.

pasb
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In this section we also summarize the estimated normal C_ of NHABr79),

and ND4Br,80) (NH4)ZSO4,78) and VCl3 inA Tablev4.3.7-—10,'whichvwill be
used in next sectiomn. | | |

Here we examine to what extentbthe valueé of the estimated normal
heat capacityvof RbHsoé'and RbDSO4 can be interpreted'iﬁ termé of the
external and internal modes. We'firét_intend‘to determine the-COntribu—
tibns of the tfanslational lattice vibrétions,'which are_usually approx-
imated by the Debye model. At high temperaturés the heat capacity of
. an insulator can be expressed as the power series of uzan2n where Bon
is the 2n~th moment of spectrum. Therefore,'many moments are required
to get the heat capacity in the Thirring's approach.so) On the other
hand Domb and SalterSl) derived the.conclusion that thevheat capacity
at high temperatﬁresv(T > OD) could be expressea with a single parameter
0, which corresponds to the Debye characteristic temperature at infinitely
high temperature. In this quasihafmbnic épproximation the Debye temper-
ature ;s,expressed as a function of teﬁperature, |

o, (M = o {1 - ae_/m% + 300/ D" - Y. 4-6

The ©_ values of RbHSO, and RbDSO, are determined to be 141.9 + 0.3 and
140.5 + 0.3 K for 6N degrees of freedom, reépectively? assuming that the
c = Cv correction is negligibly small below ZOVK. .(Séé Fig. 4;3;9).

P

The decrease of OD2 at temperatures higher than about 20 K may be at=

tributed to the thermal axcitation of SO4 - librational modes. Generally,

these librational modes are not very dependent on the wave vectors as

the acoustic modes. (See references for NH40152) and for hexamine53)).

In other words, their behaviors are well described by the Einstein modes.

Now their librational frequencies are estimated in'Fig. 4.3.10 to be

-
g



145 cm.—-l for both crystals, assuming tﬁat these modes.afe triply degen—?
erate. It is worthy to be noted that this value is very close to the
meaﬁ valﬁe of the two spéctroscopic'bands (119 and 177 cm.-1 for both
crystals) assigned gs the librational modes of 304___(Fig. 3}3.8 and 11).
'Using.the fundamental frequgncies of the internal modes in 504—- given
in Table 4.2.3, we summarize the above'anaiyéis in Fig. 4.3.11 where

the internal contributions are of course evaluated by the Einstein
functions. The value of (CD + CL + CE) amounted to 95 ZofrCp (normal)

of RbHSO, at 100 K, 92 % at 200 K and 88 Z at 300 K. Tﬁe remaining

4

part of the normal heat capacity will be interpreted with good ce:tainty'

by the (CP - CV) correction and the anharmonicity of the external modes.
Next we analyze the estimated normal heat capacity of (ND4)2504;

We may divide 27N degrees of freedom as a whole into the‘9N lattice

vibrational modes, 3N librational‘modes of 504_-, 6N.1ibrational modes

of ND4+, 9N internal modes ofASO4-— énd 18N internal modes of ND4*,

The lattice contfibutions to the normal,heaf capacity are derived from

: theFDebye function with the OD(O) = 238 X and»other\contributions are

estimated from the assigned values listed in Table 4.2.1. 1In Fig. 4.3.12

the sum total of these modes are shown by the dotted line which_accounts

for mosﬁ of the normal heat capacity above 120 K but exceéds by about

10 JK-lmol_l at 80 K. Generally in the intermediate temperature region

the experimental value of heat capacity has good accuracy and precision

énd the anharmonic effect is too small to be detected even.if it is.

present. Moreover the Valué of heat capacity itself is very sensitive

to the actuai shape of the frequency.spectrum. Thus, the overestimation

neat 80 K is possibly due to the inadequate estimation of 1éttice con-

tributions. The 9N degrees of freedom can furthermore be separated into

the 3N degrees of freedom for the acoustic modes and 6N optical modes.



- Since the translational optical modes are nearly independent of their
wave vectors, we tried to evaluate the averaged frequency of theée modes
by means of Einstein functione. Thie is shown in Fig.'4.3.13 where AC

is obtained as the difference between the normal heat eapacity’and ali
the contributions except 6N optical franelatinnel modes.‘ As'to'the
‘acoustic modes the @D(O) ; 165.6 K given in Teble 4.3.1 is used. Best
fitting was obtained when the average frequency = 185.cmfl. This value
is confirmed by fhe our broad IR band at about 180 cmfl'which is assigned
to the translational mode of ND4+ in Table 4.2.1 (éee‘also Fig; 3.3.15).
This value also shows a good agreement Wifh the broad peakk(200.1116 cm%l)

39)

in the inelastic neutron scattering experiment, the assignment.of which

is the same es ours. Figure 4.3.14rshows the finai enalysis on the

normal heat capacity of (ND4)2304.’ About 10 Z of the norma;'cp at 200 K |

and 14 % at 300 K remain to be analyzed; Half of the remaining part

may be interpreted as due to the correction df CP-—'Cv and thelother

half as due to anharmonicity of the librational and translational modes.
‘V The motional state of ammonium ion im NH4H304 solid ievexamined

by comparison of the.normalvheat eapacities of'phe NH4HSO4 and RBHSO4

which are isomorphous and have almost the same lattice dinension (Table
1.2.1 and 2). 1In Fig. 4.3.15 (upper) the difference in the observed
heat capacities of the ammonium and rubidium_salts in units of R (gas
constant) is plotted against temperature. At high.temperatures the
difference appears quite complicate due to the phase transitions but at
" low temperatures it is noteworthy that ACp = CP(NH4HSO4)_— Cp(RbHSOA)
has a broad minimum at about 50 K. This behavior can be derived from
the facts that the GD(O) value of NH4HSO4 is larger than that of RbHSO4.

The difference in the corresponding lattice heat capacities is shown

by the dotted line, which explains roughly the oBserved behavior.



Figure 4.3.15 (lower) shows the difference in normal heat capacities 3
which is-depicted as the dotted line, and;the solid line was derived by
- subtracting the ipternal vibrational contributions of NH4+ from_the
-above difference. Tbe'contribution to the heat capacity due to thermal
motions of NH4+'shows an abrupt jump at the transition temperature,
54)

which is consistent with the Tl behavior revealed in the NMR.

practically>constant value of 3R in the ferroelectric phase and.the

The .

upper paraelectric phase below 305 K strongly suggests that the NH + in

A
NH4HSO4 undergoes the highly excited torsional oscillations in the‘twov

phases. Taking into account the fact that the ammonium ions in

56) 57)

55) - 55) s -
(NH4)28n01 s (NH4)ZSnBr s (NH4)231F6. and NH40104 at gbout

6 6

200 K are known to be restricted rotators with COmparativély low energy
barriers by the similar. analysis of their heat capacitiés, this behavior
of NH4+ in NH4HSO4 seems quite strange and probably it is attributable

.to the existence of ferroelectric phase. The above statement indirectly

- ' + e s . ; . .
suggests that the NH4 " takes part in the succesive ferroelectric transi-

tions in NH4HSOA. More direct evidence will be given in the next section.

4.3.4 Anomalous behavior of heat capacity

As are seen in Fig. 3.2.1 for NH4HSO4 and Fig. 3.2.10 for ND4D804,

these specimen show two successive heat capacity anomalies composed of
an abrupt peak at the lower transition (II- II) and a gradual rise in
the heat capacity followed by a sharp fall at the upper phase transition

(I-I). On the other hand Fig. 3.2.4 for RbHSO, and Fig. 3.2.6 for

4

R.bDSO4 exhibit no trace of anomaly amalogous to the lower transition
observed in NH4HSO4 and ND4DSO4 down to the liquid helium temperature

and show only a small anomlous peak with a long tail on the low temperature

[
.



side, which resembles well the upper anomaly in NHAHSO4 and NDADSO4.

fhus these facts give us a strong suggestion that the lower ferroelectric
phase transition is directly related to the sudden change in motional
- state of the NH4+ and ND4+ and that the upper one ié_assqciated with
the gradual change of state'in HSO4— and Dsoé‘., |

'ConSidering that ﬁheré was no isothermal absorption of heat within
‘the limits of accuracy and no anomalous équilibration time, the'upper
transition in NH4HSO4 and ND4DSO4 and the correspondiﬁg transition in
RbH_SO4 and R.bDSO4 are expected to be'éf second or higher order. The
apparent shape of anomalous heat‘capacity fFigs. 4.3.16 and 17) bears
resemblance to that due to the omset of supercdnductivify-(for example,
vanadiumss)) which is well known as a typical seéond order phase traﬁsi—
tion. Another direct evidence df second order. transition is revealed

59) 2
e,

by the temperature dependence of PS for NH4H304 ac.(Tc'~ T);

-20°C < T - Tc < 0). Thus we may conclude the cbrréspohding ferroelectric
phase transitions observed in these crystals to be of second order. The -

ferroelectric phase transition model proposed by Aizu predicts the first

order transition for the upper transition in NH4HSO4.4) This model may

be ruled out from the view point of thermodynamic results mentioned

4 4

and the single transition in (ND4)2SO4 may be characterized as the first

above. On the other hand, the 1bwer_transition in NH HSO4 and ND4DSO

order transition since the quasiisothermal absorption of heat in the
heat capacity measurements was observed as inferred from the series XI,

XII and XIV in Table 3.2.1 for NH HS0,, the series IV, V and VIO in

4

Table 3.2.6 for (ND and the series V and VI in Table 3.2.9 for

D4)550,

ND4DSO4, respectively. Another support comes from the very slow equili-

280

 bration rate observed only in the vicinity of corresponding transition

temperatures, for exémple, as shown in Fig. 4.3.18 for NH4H804. In this



connection it is noteworthy that the DTA thermograms of NH4HSO4 and

ND4DSO4 (Fig. 3.1.2) exhibited a supercooling and superheating phenomenoﬁ .

which is characteristic of a first order transition.
The transition temperatures of the second order transitions appeared

in these ferrqelectrics having HSO4 and DSO4 were estimated from the

intersection of heat capacity obtained by smooth extrapolation from the

bhigh and low temperature sides. Using the estimated normal heat capacify

" we determined the iransition enthalpy and entropy as follows. By'sub—‘
tracting the estimated base line (II) for NH4H804 from thevpbserved
heat capacity, the anomalous heét capacity (ACp) are drawp on a largef
scale plot (Fig. 4.3.18) and the associated'enthalpy of ;ransition was
estimaﬁed to be 357 JK-'lmol_l by graphical integration. Thev¢6rres-
ponding entropy of transition is then determined graphically from the
large plot of T-]'ACP versus T to be 1.56 JKflmol;l. Another two inde-
pendent determination§ of the entropy of transition were taken iq order
to assess the influence of the different probable baée lines. If a .
different, possible baée line on the plot of>T—ic‘(observed)_versus T
is drawn, we obtain AStr= 1.33 JK—lmoI_l while the still other poésible

-base line on the graph of-CP(observed) Qersus T géve,AStr = 1.78 JK.ulm.cl--1

Thus we assigned the ﬁalue of 0.23 JK—lmol—l-as the uncerfainty of'fhe

4774

ehtropy of transition for NH, HSO,.
As to the first order phase transition as observed in (ND

425%
it seems difficult to estimate the normal heat capgcity sincé to some
extent there exists a jump in the heat capacity at the transition
temperature. Though this jump may be expected lattice-dynamically .
from the changes in frequency spectfum due to structural changes, its
estimatiop is not possible at the present time. In anyway we'beiieve_

it best to use_the’OD(T) curve as the standardvmethodbto determine the

. )_5_
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normal heat capacity, at.least in the case of the diffuse first order

transition which happened to be observed in (ND4)2804;'

Table 4.3.12  Thermodynamic quantities associated with the

ferroelectric phase transitionms.

" AS

Ttr AHtr tr
Crystal Transition —— ] 1T -1
: K J mol J K "mol
I-1I  269.9 357 +55 - 1.56 + 0.23
NH4HSO4 : - - -
| I - I  159.2 1202 +10  7.96 + 0.05
' I-T  26l.7 424 1.85
ND4DSO4
T - I  163.9 11470 9.04
RBHSO,, I-T  263.8 204+ 29  0.81 + 0.12
RbHSO, I - I  249.8 203+29 0.87 % 0.13
(,),80, I -1 . 223.9 4270 20.35
L Rin2=2.88J K ml ™)

_The first order transition temperéture was estimated as the temperature

which gives the maximum point of the heat capacity observed. In facts

there occurred the rounding near the maximum due to the insufficient

temperature resolution of the thermometers used. From this rounding

the error of transition temperature was estimated. Thus we determined

the transition temperature to be 223.94 + 0.03 K for (ND4)2504, 159.2

* 0.1 K for NH,HSO,
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and 163.9 + 0.1 K for ND,DSO,, respectively. The



deﬁailed procedures of determining the enthalpy and entfopy of trénéition ’
associated with the lower ferroelectric transitibn in ND4DSOAAis :
summarized in Table 4.3.11.

The thermodynamic results thus obtained are’presented in 4.3.12.

A great number of ferroelectric transition have béen‘intérpreted
with success by one of the two representative mechanisms, oné being
continuous displacive mechanism and the other order—disbrder mechanism.
In the case of the ferroelectric transitions observed in.NH4HSO4,‘RbHSO4 
and (NH4)2804*some possible models have been proposed and they are -
summarized in chapters 1 - 2. Now, these models wiil be compared with

the present thermodynamic results, first concentrating on the:order—

disorder model.

Nelmes conjectured from his first strﬁctural analysis7).tha£ the
upper transition in NH4HSO4 would be associated With the"freezing-in'
of a well-defined transverse optical mode rather than with a vefy over-
damped oscillator model as in KHZPOA’,and he modified such. conjecture
‘from his later experiments) and proposed the érder4disorder model for

. the corresponding transition, with respect to the orientations (Sl+ and
Slf) of only S1 sulfate group. ‘According to hisAconclusions, one may
expect the tranéition entropy to be '%f,R In 2, or 2.88 JK_lmol_l,
whereas the observed entropy change auwunfs to only half of the expected
value, as seen from Table 4.3.12. 1In order to reduce the discrepancy
between the X-ray diffraction and calorimetric results it is necessary
to impose some kind of condition'on the disordered pardelectric state.
One possible way to allow us to have the same diffraction pattern of
X-rays as Nelmes obtained is to take a virtual disordered‘state'where

two S1 groups are so correlated to undergo a kind of gear motion, keeping

their center of inversion preserved. Here, gear motion of two S1. groups
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means that when one Sl occupies the Sl+ site the other S1 the S1 site
énd vice versa. However, this conditional order—disorder model will be . B
ruled out when we encounter the case of RbH$04; which is known to be
isomorphous with the para- and ferroelectric phases of NHAHSO4. The
structure of the péraelectriC'RbHSO4 has parameters clbsely-siﬁilar to
NH4HSO4, including the appearance of large temperatﬁre factors in the
Si group. Thus we may expect the value of %%-R In 2 as the.entropy of
' transition, similarly to the-case obeH4HSO4. Actﬁally, the observed
transition entropy was found to be a quarter of the expected and amounted
to half the value observed in NH4HSO4.

The other approach to reduce the>discrefancy is to infroduce séme
' kind of'disorder in the ferroelectric bhase. According to the Boltzman's
principle the entropy of fransition is expressed as AS/R = In2 = 0.5
[ + k)lhx(l +x)+ (1 -x)In@1 - x)j, where the reduced moment x =
Ps(max)/Nu and N denotes the numbeg of,tbe effective dipole moment ()
per uni; volume. In ordinary casesAdne can put Ps<max) = Np at least
at 0 K, leading to the entropy of transition of R1n2. 1In our ferro-

electrics such as NH4HSO4 and ND4D804 the lowest phase is paraelectric

and hence we expect that Ps(max) % Nu. The observed entropy of transi-~

tion gives x = 0.59 for NH HSO4, x = 0.64 for ND,DSO,, x = 0.43 for

_ v 4 477780
RbHSO4 and x = 0.45 for RbDSOA, respectively. There may be three

]

possible interpretations of these values.

1) The ferrbelectric‘configuration of effeétive dipole moments is’
‘less disordered in tﬁe ammonium salts than in the rubidium salts. Thus
in the case of the rubidium salts one may expect the zero point‘entropy
amounting to 60 Z of R1ln 2.

2) . Taking into account the isomorphism between the ammonium salt
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and the rubidium an& their similar dimensions of unit cell (Tables 1.2.1
and 2), fhe dipole moment in the ammonium salts is larger in magnitude]
than that in the rubidium salts: This may be supported by the faect
that in the ferroelectiic phase the ammonium ions can contribute’mofe
to the dipole moment than the rubidium ions since thg rubidium ions have '
spherical symmetry.

3) VWhen we take y As an averaged value over the whole unit céil,
the fact that Pmax < Ny may lead to the onset of ferrieiecﬁricity'due

to two nonequivalent molecules.

These interpretations, however, may result in.sbméthing un;eaSonable
and contradicting consequences. In the first plaée,_the estimated
values of x are cidse to 0.5, which characterizes the ferroelectric
state as the half ordered and half disordered 6ne. Such a state shbuld
.have been observed in the X-ray diffraction pattern but Nelmes did not
report that the ferroelectric phasé was disordered. Thére‘is'nothing

peculiar in the observed temperature dependence of spontaneous polariza-

" tions of RbH5046O)'and NH4H80414).» The ferrielectric behavior was not

recorded in the D-E hysteresis loop, as was the case in RbLiSOA.6l)

Next we pay our attention to the ferroelectrics which exhibited
" the so-called order-disorder transition. In terms of critical X-ray

scattering in the vicinity of the ferroelectric transition Shibuya and

62)

Mitsui revealed that the phase transition in triglycine sulfate was

of the order-disorder type and proposed the entropy of transition of

R 1In 2. On the other hand three different authors have so far reported

the entropy of transition of triglycine sulfate to be 2.0,63) 4.6064>

65)

and 4.48 JKflmdl_l, respectively, showing that all the values reported

are less than R 1In 2(5.76 JK—lmol-l). In the case of triglycine sulfate



-

"~ the departure from the predicted'valﬁe may .be partly dué té bhysical
and: chemical impurity of the calorimetric specimen used and the accuracy
of the experimental method employed’and partly to fhe inevitable uncer-
tainty in determining the base line of the gradual trénsition.' In the
case of KH2P0466) (including the same type of ferroeléctrics) the
experimental entropy value of 3.1 + 0.3 JK—lmol—l.is in_satisfacfofy
agreement with the theoretical entropy change, R 1n 3/2 = 3.4 JK—lﬁol—l,
calculated.ffom the number of completely disordered configurations of
the hydrogen bonds as is the case in iceActyétél.67) |

It is well known that the agfeement of entropy of transition
‘between the experimental value and the fheoretical one baséd on the
order-disorder model is mot sufficient but nééééééfy condition for the
order-disorder transition. Here we summarize that the ferroelectric
transitions in question do not belomng to.the so-called order—disorder,type.

Until now we have concentrated ourselves on the order—disorder‘
model in which the transition was described by the discrete variables
such és the number of equilibrium éites of the reofientablebdipolés,
with equal probabilities (or energy minima). Next we examine the
observed entropies of transition in terms of a displacive model in Which
the transition is described by the continuoﬁs variables such asvthé
normal coordinates of soft ferroelectric modes. Direct.eﬁidence of a
displacive transition may be given by the spectroscopic expetiments,
However, a displacive ferrbelectric transition shows characteristic -
thermodynamic behaviors. The oxide ferroelectrics known as the dis;
placive type generally show the successive transitions énd their gnthalpy._x
and entropy'of-transition are also generally smaller than the order-

’COOH)éH

disorder ferroelectrics such as NaNOZ, KH2P04 and (NHZCH2
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For example BaTi0 68) shows AHtr =200 J mol—l and Astf = 0.51 JK_lmol-l

3
for the I - II. transition at 120°C, AHtr-= 78 J mol-;~and AStr = 0,27
.'IK—lm.ol-l for the II- I transition at 5°C, AHérv=v47 J mol*l'ahd AS . =
0.24 JK—:AI‘mol-l for the II - IV transition at -90°C. Comparing these data

with ours (Table 4.3.12), we do not think that the upper transition of
NH4HSO4 and the transition éf RbHSO4 are of displacive type.. The
magnitude of the Curie-Weiss cOnstant.also supports this view as we
shall see later.

It is noteworthy that the value of AHtr(I - 1) /JiTtrris found to
be 0.16 for NH,HSO,, 0.19 for ND,DSO,, 0.09 for RbHSO,
RbDSO4, respectively, Wherg AHtr(I -~ ) is the enthalpy ttansitipn

and 0,10 for .

associated with the I — I transition at the corresponding»tfansition
temperature Ttr; | |

Such analyses and comparison lead to the'coﬁqlusion that neither
the simple order-disordered model nor the typical diéplacive model caﬁ
be substantiated from thermodynamic point of>view;:‘It.iS Possiblé that
the entropy gained by an order-disorder mechanism becomes bartially .
compensated by a loss in entropy due to displacivé'or other mechanism
to give an over-all intermediate magnitude pf the entropy'éf transition
as‘observed. | | |

Now we examine the first order traﬁsitions observed in NH4H804,'
ND4DSO4 and (ND4)ZSO4. Tbe most outstanding difference among them.is
that below the first order transition temperatufe NH,HSO, and ND

4774 4
S0, and (ND4)ZSO4 show it.

D0,

exhibit no ferroelectricity While'(Nﬁa)2
This difference will be expected to be seen in the thermodynamic
behaviors. Accumulated transition enthalpy and entropy are shown as

a function of temperature in Fig. 4.3.19 for (ND4)ZSO4 and in Fig. 4.3.20

for ND4DSO4. These figures reveal that the’transi;ion'enthalpy and



entropy of (ND4)2 " is about twice as large as those of ND4DSO4 and

that the transition entropy due to the latent heat is 8.3 JK'-lmol-'l for

ND,DSO,, the value being close to the corresponding one (8.1 JKflmol_l)

C40
for (ND ) SO4 As to the ferroelectric transition of (ND4)2504,'there
are two features to be mentioned. As shown in Fig.'é 3.25, anomalous
heat eapacity of (ND4)ZSO4 as well as (NHA) SO appears more dlffuse
with the long tail extending down to much lewer temperature than NH4H804
and ND4DSOA. Another interesfing feature is that, as depicted in the
iﬁsert of Fig. 3.2.8 and in Fig. 4.3.34, this anomaly apparenfly consists-
of two regions; one is the broad region from about 120 to 223 X corres-
pondlng to the gradual increase of the anomalous heat capac1ty and the
other is the narrow component between 223 and 226 K correspondlng to
thermal'singularity. In this connection it is worthwhile to note that
. the short tail of the anomalous heat capacity of ND4DSO4 contributes
only 10 % of the total tramsition epthalpy and entropy, whereas the
4)2504 contributes about 60 7 ef the total enthalpy

and eﬁtropy changes.

long tail of (ND

The relatively large values of the transition enthalpy and entropy
suggest that the main process of these first ordef.tfansitions is not
due to the continuous displacement of ion groubs but possibly due to the
'rearrangement of the reorientable ion groups. The observed transition
entropies of first order can be re-expressed aS'R In 2.60 for NH4HSO4,
R 1In 2.97 for ND4D804

Considering that the transition entropy increases beyond the combined

‘and R 1n 11.6 for (NDA)ZSOA’ respectively.

error on deuteration, the II- II transition proved to be associated with
a change in the motional state of the ammonium ion with respect to its
angular freedom, consistent with the previous interpretation made in

section 4.3.3. Of course,. this transition cannot simply be described
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as an orde:—disorder transition because of the deuteration effect of the
transition entropy, though _ND4DSO4 exhibits the close value of R 1n 3.

As to the transition of (ND4)2504, O'Reilly and Tsang6)

proposed
that the order-disorder model, assuﬁiﬁg-that two ammonium cations and

one -sulfate anion take two possible sites with equal prbbability i
independentli above ‘the transition temperature. Their iﬁterpretétion
should lead to the tramsition entropy of R In 8 (= 17.3AJKflﬁol—1);

Whgn we employ the same uncertainty of the transition entropy.as in

the case of NH4HSC4vfor-the gradual tail of thé an?maloﬁs héatréapacity
of (ND4)2804, we obtain 1.8 .'JK-lmol--1 as the.uncertainﬁy in entropy due 7
to the uncertainty of the base line. The observed entropyréhange is

1m.c>l_l but the.mechanism

somewhat larger than the value of 17.3 + 1.8 JK

of the transition seems to be of order—disérder type beéausé the small
disagreement (1.3 JK_lmol—l) may bé attributed to the'entropy change

due to other degrees of freedom than the‘re;rientational degreeé of

- freedom.

Applying the group-theoretical'phOnomenology, Sawada, et 31.21)
explained successfully the improper_ferroelectric behaviors Of (NH4)2804,
such as the low Curie-Weiss constant and the large electrostrictive |
constant. However, they calculated the fransition entropy as 5;0 
JK_lmol-l, the value of which is smalier than the observed_valuebqf »
20.4 JK_lmol--l and also smaller than the entrop§ value (8.1 JK_lmol_lj

. associated with the latent heat poftion. Thus their model did not'prove
to be good as far as the thermodynamic aspects are éoncerned. In
connection with the largeness of transition entropy it is notéworthy
that the transition entropy of (ND4)ZSO4 as well as of (NHA)QSO4 belongs

to one of the largest values among the ferroelectrics which have ever

been observed. . : e



13)

- Schlemper and Hamilton stressed the change of the hydrogen

bond in passing the transition and so the transition enthalpy may be

69)

estimated-from the N-H-++0 hydrogen bonding energy. However the
presence of multifurcated hydrogen bdnds around a ammonium ion mékes

its evaluation complicated.

4.3.5 . Possible transition mechanism

In‘the preceding section the mechanism governing the feffoelettric
.transitions in NHAHSO4 and RbHSO4 and their deuterium gnaloés proved
to be neither of order-disorder type nor of displacive one. Coﬁsequently,
possible mechanisms will be sought in this section, taking'into_éccount
the iséfope and pressure effects on the transition temperature and‘thé
shape of anomalous heat capacity.

A distinct deuteration effect on the ferroelectric transition
temperature was observed, as seen from Fig. 4.3.21. The ratio ofvthe
transition temperatures of normal and deuterated éryétals is listed in
_Table‘4.3.13 and compared with other ferroelectrics-having the O-H---b

79?80) and (NH4)2BeF4;14) Except

hydrogen bonds, together with NH4Br
the transition of RbHsoé, the upper transition of.NHl’HSO4 and the lowerv
transition of Rochelle salt, all the ferroelectrics listed show'that
their transition temperatures shift to the high temperatﬁre side on
deuteration. Thus, this peculiar deuteration effect‘in RbHSO4 and
NH4HSO4 may be‘aSchiated with two kinds of one dimensional chain of
the short O-He+++0 hydrogen bond since other ferroelectrics tabulated
here have two or three dimensional networks of the O-H-<+0 hydrogen

28) '

bonds. In the case of KHZPO4

transition temperature is explained on the basis of the coupling between

family its large isotope effect of the
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the proton tunneling mode and the’optiéal mode‘vibratioanf the [K—P04]
complexes, However, the proton tuﬁneling mcdés in NHZ}HSO#a‘ndeHSO4
is not expetted to be present; in éccordance to X-ray results.by Nelmes.7)
With regard to the very small upward shift of the transition_temﬁerature
on deuteration the behavior of (NH4)ZSO4 is‘very similar to tha; 6f
401’82) '

transition. Fromthis kind of analogous behavior, we cannot always

NH which is well known to exhibit the typical order-disorder

conclude that the transition in"(NHA).st4 is of order-disorder type

because the order-disorder transition of NH,Br at 235 K appears at the

4

lower temperature of 215 K on deuterétion. Thus there seems to be no
distinct relation between the ofder—disof&er tranéition énd its transi-
‘tion temperature shift on deuteration. It is intereéting to find out
‘;he same isotope effect in NH4Br as in §H4HSO4, inciuding the first
and second order tramsitions. Thus in later section we will examine

the transition behavior of NH4HSO4 by referring to that of NHABr{

Table 4.3.13 suggests that the first order transition temperature do
not élways increase on deuteration as inferred from the melting transi-
tions of hydrogen halides and the first order transitions of (NH4)2804>

and NH4HSO4.

It is worthwhile to remark the facts

>8) that, at least for'Sn, T1,

Hg, Pb the superconducting transition temperature was a function of the

isotopic mass; Tc «1//M. The I - II transitions in NH4HSO4 and

ND4DSO4 and the corresponding transitions in RbHSO4»and RbDSO4 did not

show the constant value of Tc VM even if M is taken as the molecular

weight or the reduced mass of NH4+ or ND4+ or Rb* aﬁd HSO4_ or DSO4_.

However, if we take M as the formula weight of HSO4_ or.DSO4_ then we

obtain the value (in units of K g %'mol_ %) of 2659 for NH,HSO

4774
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2592 for ND,DSO,, 2599 for RbHSD

570> 4

yielding the averagéd value of 2581 + 107 where the ertror means the

and 2474 for RbDSOA, respectivgly,

maximum deviation which aﬁounts.té only 4 % of the‘avqrage. This
cbnstancy_of the product Tc /M seems to suggest that the ferroelectric
transitions in question posséss the similar nature in méchanism to thé
suberconduétivity phase transition and also aré”primarily concerhed
with the two hydrogen bonded chains in tﬁese crystals., |

Next we pay our attention to the pressure effect on the ferroelectric.
transition temperature. One may obtain the transition entropy change
at the transition temperature of (NH4)ZSO4 from the Ciausius ~ Clapeyron
relation.ch /dp = AV / AS where the left hand side is the slope of the

transition line in the (T, p) plane and AV the volume change. By using

the value of ch /dp83) (4.0 x 10_3 K/Kg/cmz) and the volume changel4)
AV = =2 A3 at the transition temperature, we obtain AS 5 JK mol 1

which is close to the observed entropy change of (ND4)2804 (8 JK_lmolf )

due to the latent heat. The negative sign of dT / dp is observed in
384) and also in KHZPO4 85) In the case of KHZPO4 Novakov1c86)

have explained well the negative value, on the ba51s of the tunnellng

BaTiO

mode of the proton in the 0-H+*°°*0 bond.
87)

Geshi and Ozawa observed the pressure coefficient of the Curie

temperature of 12.0 K kbar_l for R.bHSO4 and 12.7 K kbar—l for RbDSOA,

' respectively. According to the Ehrenfest relation together with the
above values and the discontinuous changes of heat capacity of RbHSO4
(8.6 JKflmol-l) and R.bDSO4 (8.0 JKflmol—l) at the Curie temperature

one obtains the difference in the cubic thermal expansion coefficient

at T_as B = 6.2 x 107> K for RbHSO, and Ao = 6.7 K" for RBDSO,,
respectively, assuming the same density of 2.9 g cm_3 for the normal
88)

and deuterated crystals. Thus the changes ~in the linear expansion

-t
~d
02



"1 and 2.5 x 107 €71 yield

elong the b- and ¢~ axis of -1.25 x 10-4 K
the change in the a sin 8 of 3.8 x 107 K-l, suggesting that at the
Curie temperature there occurs the uniaxial change along the monoclinic

87) The

axis of b parallel te the infinite hydrogen bonded chains.
positive sign of‘ch / dp indicated that the positiqnal order—dieorder
of H or D in the their.hydrogen bonds do not play so important role
for the onset of ferroelectricity in RbHSO4 and RbDSO4 as in the case
of KH2P04,-being consistent with the resultscﬁ?deuterium duadrupole
‘resonancerby Kasahara and Tetsuzaki.sg) |
Up to this point we have confined ourselvee to discuss the

thermodynamic_quantities associated with the‘difference between-the
pre—-transition state and the postQtraﬁsition one. .In what follows
we will be concentrating on the -anomalous part of the observe& heat
capacity and discuss the ferroelectric transition process .in which some
different properties from the‘displacive or order—disordered-ferro- |
electrics will be expected to be seen. Figure 4;3.22 compares tﬁe

anomalous heat capacities of NH4H304 and ND4DSO4'corresponding to the
I - I transition on the teﬁperature scale reduced with their Curie
temperatures. As seen from Fig. 4.3.22 the anomalous part of the‘heat

capacity of NHA-HSO4 exhibits no trace of constant value below Tc’ »
| ' 90)

contrary to the predictions from the ordinary phenomebological theory

3)

and also from the more'sophisticatedvtheory combined with group
theory. From this figure the pre—traﬁsition effect proved tO»appeer _
just above the lower first order transition and amount to the maximum
value of 1.3R for NH,HSO, and 1.5R for ND4DSOA_et their Curie tempe#a;
tures where R is the gas constant. In the case of RbH804 and RbDSO4
(Fig.. 4.3.23) the pre-transition effeet starts at about O.7Tc aqd

ends just above Tc’ which is practically the same &s in the case of
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NH4H804 and NDQDSO4. The maximum value of ;he anomalous heat:capacigyb
at Tc found to be roughly R for.both the rubidium hydrogen and deuterium
sﬁlfates.

These anomalous behaviors may be compared with those predicted by
the molecular field theory applied for thé Ising spiﬁ'system. vAssuming
the simple cubic iattice for this system, the thermodynamic functions
are shown in Fig. 1.3.1.where <SZ> is the long range order parameter
corresponding to the spontaneous polarization, the temperature dependencé»
of which can be obtained from the self-consistency eqﬁation équivalent
to the cdndition that the polarization to be realized at equilibrium
is the one with é minimum ofvfree energy. At Tc = 2zJ /K the polarization
gées to zero as /E:::ngl) This decrease in polarization from the
saturated value at 0 K gives rise to the anomalous heat capacity, the
temperaturé dependence of which is analogous to the observed anomalous
heat capacities in NH4HSO4 and RbHSO4 and their deutérium'analogs
»(Fig. 4.3.22 and 23). According‘to this molecular field theory the
predicted anomaly will be observed experimentally at T - 0.4 Té and
thé heat capacity anomaly will amount to 1.5R at Tc’ as seen from
Fig. 1.3.1, and will be associated with the transitionAentrbpy of R1ln 2,
However, the experimental results do not support any quantifatiﬁe aspects
predicted by such a simplé molecular field theory.

When NH4+ in NHAHSO4.is replaced by-Rb+, the aﬁomalous heat éapacity-
of_R.bHSO4 proved to be smaller as a whole than that of NHAﬁSOA, suggesting
indirect evidénce that NH4+ is also responsible for the uPpér transitioﬁ
6f NH4HSO4 though no noticeable change in NMR spectra was observed in
the vicinity of transition temperature (See Fig. 4.3.24).

The anomalous parts in (NH4)ZSO4 and (ND4)2804 (Fig..4;3.25)

-
1
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resemble those observed in the order-disorder transitioms in NH 92)

4
79) 80) . s ' .
NH4Br, and ND4Br. It is worth noting that anomalous behaviors

Cl,

in (ND4)ZSO4 are different from the behaviors of magnetié,heat'capacities

such as CuKZCl4-2H20 and Cu(NH4)2C14-2H2093) showing the long tail above

94)

Tc._ The Onsager's solution”™ ’ to the préblem>of a two-dimensional

cooperative transition explains such a long tail above 'I‘c approximately

although there is a difference in dimension. ‘From.these facts we can

guess that the dipole-dipole interaction iﬁ our ferroelectrics cannot

be approximated by the localized magnetic dipole such aé the Ising spin.
Now we examine anomalous part of heat capacityAEelow the transition

temperature in terms of the process of defecﬁ_formation. The pfocess

may be characterized by enthalpy of defect fo;mation;'the value of”' A

which is evaluated from the slope of linear éart in the plot of In (TZACP)

versus T_l (called defect plot hereafter). Figures 4.3.26-32 show these

defect plots for our ferroelectrics in question, together with other

crystals such as NH 01,92) (wH, , Rb)Cl,gS) NH Br;79) ND Br,so)»(NH ),S0 ,78)
4 4 : 47 4 47274
V01396) and C10H16 (adamantane)97), for the sake of comparison. The

enthalpies thus obtained are presented in Table 4.3.14.

Figure 4.3.26 for RbHso4 and RbDSO,, Fig. 4.3.27 for NH,HSO, and
ND4D304,FFig. 4.3.28 for VCl3 and Fig. 4.3.32 for.ClOH16 reveal the
ocutstanding feature that up to the'immediate_neighborhood of their
transition temperatures their anomalous heat capa¢i£ies give stfaight
lings of the defect plot. Especially, as to NH4HSO4 and ND4D504 thei
enthalpies of defect formation responéible for appearance (IE-II.transi-
tions) and disappearance (II—-I transitions) of ferroeiectricity'proved
to be the same value within experimenﬁai error. - |

VOn the other hand, other grystals show large deviation ffoﬁ a

straight line predicted by the defect formation even at a temperature

175



about 15 X lower than their transitién temperatures. These,déviations
seem to be strqngiy assocaited with the cooperative efféct to be_observed
in the vicinity of phase transition. |

The values for enthalpy of defect formation may be interpreted on

various statistical models.

Model A Thermally activated defects

The Schéttky and Frenkel defects described in Chapter 1 are re-
- presentative. Even if both defects are present at the same‘timelin a
~ crystal, Eq. 1-32 holds as far as H(Frenkel) and h(Schottky) >> ki.98)

We examine the weakly coupled system Which’consisﬁé of N localized

particles with two energy levels (el and‘sz).' Assumiﬁg that these two
states are associated with two possible orientatiéns of an electric.
dipole moment, we call the state with enefgy €y "defect" which is higher
by €=g, =~ & than the ground state. Using the energj U = slN1.+‘ezN27
and the mixing entropy S =%k 1n (N!,/Ni! Nz!), the free energy can be
written as A = U - TS. The self consistency equatidn with respect to
. the defect density gives Né /N = (i + eX)"1 where x = ¢ / kT and th
+ sign means that‘the defect under consideration is not of.Frenkel type
but of Schottky type. In connection with ferroelectric transitions we
may suppose that, the Schottky defects in question carry some kindbbf
charge on the crystal surfaces_and reduce the surface charge dqe to
the ferroeléctric sﬁontaneous polarization. |

Using the defect density N2 /N, the thermodynamic function§ of

this system are summarized as follows;

F/RT = (e, /XT) - 1n (1 + &), e
VSR = (e /B) +x@ DT, o 4-s
S / kN -=X(_l+e_x)'l+1n‘_(1+e"5), o 4 -9



| CV”/kN = xzex(l + ex)-z} ' K 4 - 10

These results are the same as the exact solutions in one dimensional .

Ising spin system which, of course, exhibit no phase transition. As

far as x >>1 the heat capacity can be re-expressed as‘CVF/kN = xze_x.

Using the observed entropy changes we estimated the values of x
which satisfy Eq.4 -9 and using the observed I -1II transition temperatures

we cbtained the energy gap of 6.79 kJ mo]._1 for NH,HSO,, 6.05 for

4774
ND4DSO4, 8.55 for RbHSO4 and 7.91 for RbDSO4, respectively. Agreement

between the values thus obtained and the corresponding values in Table

4.3.14 is found to be good in the cases of NH,HSO, and ND

4 4 and to

4050,

4 and RbDSO4.

The ratio of energy gap h(Table 4.3.14) and'thr(I-JI)(Table 4.3.11)

be poor in the cases of RbBHSO

is found to be 4.7 for NH4HSO4,- 5.7 for ND,DSO,, 8.9 for RbHSO, and 8.8

477782 4v
for RbDSO4, respectively, which are comparable with experimental values

~and the predicted value (3.52) by the BCS theory.loo)

Model B . Einstein mode
An Einstein heat capacity may be expanded as
>> T, : 4 - 11

¢y =_3R<TE/T)2 exp (-T, /T), T,

where T = TlmE‘/k.and w, is the Einstein frequency. Judging from the

E E

values of the I ~II transition temperatures, the frequency value_(wE)
in wave numbers must be much lafger than 208 cm“l equivalent to 300 K
in temperature. It is impossible to qonsider‘such a virtual Einstein
mode because we used all the modes that the‘crystals such as RbHSO4 cap
have in order to explain the normal heat capacity. Thus, this model

may be rejected, on the basis of the limited number of degrees of

freedom.



Model C Schottky effect
It isrwell known that if the (fictitious) spins become noncooperaf
tively ordered, a smboth Schottky ma%imum;appears. F§r>£he sake of
simplicity, consider a system with two levels; the ground,state‘with
. degeneracy 8, and thé'excitéd state with.degeneraéy 81> separated from

the ground state by an energy ¢ = k§, then we obtain . '

O
|

Sch = R(gllgo)z(alT)z'exp (-6/T), T <<§ 4 - 12

- 2 I
Rg g, (g, + 8;) 26/ . T > 8 4-13

and AS

R 1n (g0 + gl) /go.'

. This Schottky effect should be observed. in the high temperature side
of Ttr but we could not detect such a behavior (4 -13), és'séen from

Figs. 4.3.23 - 25.

Model D Low temperature expansion in molecular field theory
In this theory we may approximate the ferroelectric dipoles as
"~ the Ising spins and take into account nearest neighbor intéractions _

alone, then we have

2 : - B S ' "
CHF = 4R(Tc /T)" exp (--2’1‘c /Ty, T << IC’ _ | .4 - 14

where Tc = zJ/k.gl)

Equation 4 - 14 allows us to regard the process of defect formation
as the elementary process of phase transition because this équétion
contains a cooperative effect. According fo this expansion, the value
of h/kTtr should be 2, which shows a disagreement with the obse?ﬁed-
values.

Next we examine the critical behaviors of the anomalous heat capacity

ot
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of RbHSO4 and RbDSO4 since Kasahara and Tatsuéakigg) repqrte&‘the
critical index of the P_ and the separation of the resonance lines as

B =t0.33. However, Fig. 4.3.33 does not reveal that the anoﬁaleustheat
capacity of RbHSO4 and RbDSO4 have a definite criticel index over a
wide range. This kind of situation is also observed in the case of
(NH4)ZSO4 and (ND4)ZSQ4 as seen from Fig. 4.3.34. Thus, this property
having no definite index proved to be common to our ferroelectrics. -

It is noteworthy that within |T - Tcl /Tc 2 0.1 anomalous behaviors

associated with the order-disorder transitions in NH,Br and ND4Br have

4
a definite critical index of 0.5, the value in the random phase approx— |
: imation,gl) as seen from the solid line in Fig. 4.3.35.

According to the classification of ferroelectrics by Nakamura

99)

et al. there seem three typical groups.A Group I such as BaTiO

3 is
called a displacive type which is éharacterized by the large Curie-Weiss :
constant of about 10° K. (See Table 4.3.17) The origin ofvthe‘P: is
“often ascribed to the displacement of constltuent ions from the eéulllbrium
p031t10ns in the high temperature phase. On the other hand Group T
such as tr1g1yc1ne sulfate is classified as an order-disorder type which
shows the Curie-~Weiss constant C of about 10 K. ‘The PS often,appears
as a result of the ordering of rotatable permanent dipoles. The crystals
such.as (NH4)2304 with low value of C are class&fied as Group II.

Judging from the Curie-Weiss law, the small value of Cc correspond
to the fact the very rapid decrease of the dielectric cbnStant jeet
above the extfapolated Curie temperature. It may be interpreted as
arising from the very rapid disappeafance of local order with iﬁcrease
-of temperature. This interpretation has been coﬁfirmed by the very

small end short tail of anomalous heat capacities aboVe_Tc(I-DDv'for

-
~.1
W,



| NH,HSO,, ND RbDSO, and (ND (See Figs. 4.3.23 - 25).

4150, ND, & 4 4250,

According to: the Weiss type theory the value of C /Tc is inversely

DSO,, RBHSO

proportional to a molecular field coupling cbnstént._ Thus the small
value of the ratio C /Tc_for Groﬁp II indicates a strong coupling between
dipoles which however seems to be more or less inconéistent with the
quick disappearance of short range order. As to the thermodynamic
behavior, we can suggest that the I - T ferroelectric transitions in
NH,HSO, and RbHSO, and their deutérium analogs are due to.a weak cooper-

47774 4

ative effect.
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Table 4.1.1 Comparison of the distortions in SO4
D. = Bond distance, A.D. = Averaged bond distance, -
A.A. = Averaged bond angle. The radial and angular

distortion index is given in parentheses.

D. A.D. A.A A.A.

Crystals S-0 (H) §-0 HO-S-0  0-S-0 Réference
A _ degree  degree
804——(1) 1.546 1.459 ~105.5 113.1 . (D)
(0.051) (4.5)
,304"(11) 1.557 1.473 106.6 112.7
(0.049) (3.6) |
NH,HSO, s1,* 1.56  1.46 L ®
s1, - 1.57 1.48
_ (0.06) _
304"(11) 1.564 1.474
(0.053) .
50,7 (D) 1.59 1.50 : (9)
RbHSO,, . (0.06) ‘
so,  (m) - 1.54 1.48
, (0.04) -
| 80, (I) 1.56 1.49 105.2  113.5 (10)
xuso, _ (0.05) | (4.4) _
50, (1) 1.55 1.49 107.0  111.8
(0.04) (3.0)
so, 1.560 1.476 - 106.5 "112.2 - (11)
H,0HS0, 4 (0.049) (3.3)
- . - s0, 1.599  1.488 106.5  112.3  (12)
NaHS0,, *H,0 & (0.065) 3.5 -
(NH,),S0, _ ,
. s0, " 1.49 | 106.5  (13)
» Paraelectric 4 . (0.00) _ (0.8)
Ferroelectric 304 _ 1.48 - ' 103.5-

(0.01) | (1.0)
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Table 4.1.2 Atomic shifts of 804_-(1) group in the disordered
phase of NH4HSOA§) Coordinates are-given in K'reffered to
orthogonal axes X, Y and Z where X is parallel to a, Y is parallel

to b* and Z is parallel to a x b.

NH, HSO, X | AY AZ
AS (1) -0.024  +0.020  -0.083
A0 (1) +0.057 ~0.205 -0.158
20(2) ~0.048 +0.372 © -0.210
20 (3) -0.418 -0.131  -0.350
70 (4) +0.378  -0.089 +0.086
Sum of displacement of O -0.031 -0.053 -0.635 -
Relative displacément of O to S -0.007 -0.073 - =0.552

Table 4.1.3 Atomic shifts of NH4+ and-so4—— groups through the
ferroelectric transition. Coordinates are given in K reffered to

orthorhombic axes X, Y, and Z. AX = X(Ferro) -~ X(?ara); oo

AX AY . AZ

(NH4)ZSO4 ‘
" AS +0.005 +0.011 ~0.006
A0 (1) 40.002 . 40.013  -0.233
AO(2) +0.124 -0.003. = -0.173
A0(3) +0.136 -0.227 +0.203
AO(4) -0.217 “+0.155 +0.142
Sum of oxygen displacement +0.050 . -0.051 - =0.067
AN(1) -0.031 -0.082 - ~0.036
AH(L) -0.261 -0.392 -0.293
AH(2) -0.249 . +0.172 +0.269
AH(3) ‘ +0.154 - +0.231 +0.206
AH(4) +0.084 - -0.490 +0.170
Sum of hydrogen displacement -0.272 - =0.479  +0.352
AN(2) +0.146 -0.072 +0.030
AH(5) _ . +0.269 © +0.078 -0.173
AH(6) - . +0.047 -0.010 +0.083
AU (7) +0.073 ~0.145 +0.104
AH(8) +0.457 -0.124 -0.205
Sum of hydrogen displacement +0.846 -0.201 ~0.191




Table 4.1.4 Comparison of coordination numbers (CN) and M-0

distances where M is

alkali ion or ammonium ion

N

Crystal Space group Cation Range of distance

NH4LiSO4 a) 'P2,Cn Li+ 4 1.89 - 1.98

N 4 2.85 - 3.14

(NH4+) (8) (2.85 - 3.33)

KH,?0, 2 1524 & 8 2.83 - 2.89

NaNH, §0, - 2H,0 e) P2,2,2; Na© 6 2.34 - 2.47

NH, 5 2.82 - 3.01

s, ) ) (2.82 - 3.32)

(NH,) S0, 4 Pnam Nﬁlz 7 2,90 - 3.11

NH4+. 8 2.84 - 3.17

Pna2, NH4+ 2.86 - 3.17

" 6 2.83 - 3.11

NH,HSO, e) B2, / a NH4:(I) 10 $2.92 - 3.22

N, () 9 2.97 - 3.25

RBHSO, £) P2 /e Rb' (1) 2.97 - 3.56

RbT (Ir) “10 2.91 - 3.15

K,Se0, & Pnam & (1) 11 2.64 - 3.76

K () 9 2.73 - 3.32

KHSO, h) Pbea Ki(I) 9 2.68 - 3.06

K (I) 9 2.58 - 3.02

NaHSO, - H,0 1 Ce Na© 6 2.33 - 2.48

NH,C10, 3 Prma e, 8 2.94 - 3.08

NaNH,Cr0, * 2H,0 k) P2,2,2, . Na: .6 2.35 - 2.46

| ‘ - NH, 5 2.81 - 3.03

H,S0,, H,0 D P2, /c H,0" 3 2.54 - 2.65
a) Reference 19 b) Reference 20 ¢) Reference 21 d) Reference 13

e) Reference 7

£) Reference 9

g) Reference 22

h)

i) Reference 12 . = j) Reference 23 k) Reference 17 1)
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Table 4.2.1 Raman and i.r. frequencieé (in cm_lj of (NDA)ZSOA

Paraelectric Phaée, : . _ Ferroelectric Phase
(T close to 300 K) | ‘ (T close to 100 K)
Raman I.R. Modes and Species - Raman  I.R.
35 ? o , .
45 ? . ~ 45
69 Trans. (F,)S0 68 72
, 27574 :
, 79 »
90 ) - 102 . 100
ler.(Fl)so4 130 128
L. 165 152
~180 200 Trans.(Fz)ND4 185 - 190
210 ' . : 214 220
oy + ,
Libr. (Fl)ND4 _ - 260
456 o, o 454 449
| v, (E)S0, 466 463
616 614 o . 614 614
626 oV (FI80, g6 |
690 695 : o . 695
977 . - vl(Al)Soa‘ 975  ‘972
’ 1010 + o : 1015
1030 \)4(F2)ND4 .1022 1032
1050 and 1057 - 1060
1065 _ 1080 1079 . .
1110 v3(F3)SO4 1109° 1110 -
1126 1125
: + .- 1165
1198 vz(E)ND4 11202 © 1205
1215
_ - 1225
1235 . | 1237 1235
1252 . : : ’ 1252
1400 : ' 1400
1580 + , 1590
vy (A)ND, 2180 2195
2270 ‘ + _ - 2270 2280 -
2390 v, (F)MD, 2390 2400
' 2470 2480
: . 2840
3105 ‘ - 3100
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Table 4.2.2 Raman and i.r. frequencies (in cm—l) of RbHSO4 and

RbDSO4 in the paraelectric phase (T close to 300 K)

RbHSO, . _RbDSO

4 4
Raman I.R. Modes and Species Raman I.R.
45 2 ’ 45 45
58 — 60 60
78 \ Trans.(Fz)SO4' 82 75
110 112 . — 105 110
158 165 Libr.(Fy) SO, 360 -~ 160
408 | o 407
448 446 v, (E) S0, 438 440
? 525
o512 | - 577. 575
584 585 v, () S0, 585 586
611 604 610. . 608
795
872 - — : 87
879 gss V1450, 874
901
945
1026 1021 vy (F,) 0,7 1043 1021
1050 1055 1056 1060
1220 _ 1211 1215
2v, (F.) S0, 1235
4U20 A 1245
1290 - ' 1300
2440 | . 2480
2560 | |
2900 | 3100




" Table 4.2.3 Raman and i.r. frequencies (in cm-l) of RbHSO4.and' _
' RbDSO, in the ferroelectric phase (T close to 100 K)

4
RbHSO, - RbDSO,
Raman I.R. Modes and Species  Raman I.R.
45 40 . ?
50 ? 50 55
77 74 . 70 72
Trans.(Fl)SO4 80
100 | 98
119 . 120 n — 120 118
175 178 Libr. (F,)80, 178 175
? 391 385
409 ' - 406 406
438 v, (E)SO,” 416
452 451 | 443 443
) , 505
- 535 535
575 574 578 567
585 585 | _— 585 575
' 603 v, (F,)80, | 600 586
612 . 610 = . 614 608
675 . | 685
786 B
798 835 2v2(E)804__ 800 795
870 ' - 82 879 -
880 887 v, (4,)80, 887 - |
892 894 . 899 .
\ 925
X 950 950
1039 1025 - 1037 1015
1067 1065 V3(Fp)S80, 108 1065
1160
1175 — 1170
1221 29, ()80, 1208 - 1220
1245 o 1240
' | 1250 1250
1290 A 1300
1300 ‘ 1325
2360 | ' . 2340
2440 2415
2550 . 2560 -
2700 ' = 2960
3020 g A 3100

199
LW e



Table 4.2.4 Raman and i.r.vfrequencies_(in cm_l) of NH4HSO4 and

ND4DSO4 in the paraelectric phase (T close to 300 K)

NH, HSO

4HS0, ND,DSO,,
Raman I.R. Modes and Species Raman I.R.
? 45
? o 90
Libr. (F,)S0, 115
175 L " 155
195 Trans.(Fz)NH4,ND4 | o 195
412 - - 407 -
452 445 vy (E) S0, 435 445
. _
2v,(F,) WD, 520 520
573 , . 577
588 587 v, (F,) 80,7 = . 585
' 616 608 . . 606 606
? . 795
875 - 876 871 -
886 v () S0 g0
2v, (F,)S0, | 930
1019 1020 1022
1046 1051 vy (F,) 50, . 1040 . 1050
A 1073
. : + _ L
1205 v, (F,) ND, 1235 1210
+
1290 v,(E) ™, 1290
) +
1425 v, (F,) NH, 1400
1670 N
v3(Ag) ND, 2290
2360 v3(Fy) ND,+ 2385 2375
2450 o 2430
2550 - | N : _
3175 vy @A) NH,
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Table 4.2.5 Raman and i.r. frequencies (in cm_l)-of NH,HS0,, and

ND4DSO4 in the.ferroelectric phase (T close to 200 K)

NH,HSO, | ND,DSO,
' Raman I.R. Mbdes:and'Species Raman - I.R.
45 I ? :
55 . ? 55
85 _ 90
115 Libr. (F,) SO 118
17 V4 16
+ + 165 o
190 195 Trans. (F,)NH, ,ND,’ 195
- . o
360 . Libro(r) N7 |
410 422 -~ 402
450 447 (B S0, 437 k6
| . . |
2v(F) W, . 524 523
575 574 ' _ 580 567
589 - 587 v, (F,)80, 600 . 585
612 608 : ) 610 . 606
770 2v,(8) 50,7 | 795
. - 882 -
890 886 v, (a)) S0, 892 875
2v, (F,) O, 943
1014 1015 - . 1033 1019
1059 1055 vy(F,) 80,77 1057 = 1034
1073
1168 1165 e .
1210 1210 v, (Fy) D, 1215 1210
1290 vo(E) ND,* 1290
1425 v, (F,) NH, : 1400
2360 . | 2180
vi(A1) WDy 2281 2375
2420 v, (F,) ND4+ ' 2400 2420
2865 S -
: 3040 . - 3095
3115 . 3120 v1(A7) NHg '
3260 vy (F,) NH4+ - 3400
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Table 4.2.6 Raman and i.r. frequencies (in (':m-'-l)'obeHéHSO4 and

ND4DSO4 in the paraelectric phase (T close to 100 K)

NH, HSO, | - m,Ds0,
Raman I.R. Modes and Species Raman  L.R.
46 44 ? 4248
e . | o
66 63 - S R
77 Trans.(Fz)'SO4.-‘ - 70 75
95 ot 90 95
105 - 102 Libr. (F,) SO, 100 106
121 116 . . 120 114
182 194 : Trans.(Fz)NH4 ,ND4 : 196
200 220 L - 227
295 308 Libr. (F,)NE, ,ND,” 1270
380 360 | |
412 - : | . 403
425 | v, (E) 80,” 409
456 453 | 438 450
v R
2%F) W, 520 525
‘ : 567
581 573 7/ 575
588 580 v, ()50, o 587. -
623 610 606 608 -
775 7172 . ? -
| 795
836 2v,(E) S0, _ "_ 834
893 884 , - 879 879
910 900 v (&) 80, 898 898
. 935
1019 - 1007 v, (F.) SO o 1012
1028 VZ(Fg) ND2+ and 4634 1035
1046 1054 1049 1050

1079 1074
1091 1086

Pt
e
2



{ Continued)

,HSO, I ND, DSO

NH,HSO 4DS0,
Raman I.R. - Modes and Species Raman ' I.R.
1140 S - 1100
1165 1166 ' : 1175
1202 1210 + 1215 1202
1283 1275 v, (E) ND, 1280
: 1290 . 1400
: 1420 v, (F,) NH o
1437 1436 - 402 4
1685 1700 .
= 2200 ' + 2100 2195
2310 vi (A1) ND,. 2264 2375
2440, v3(Fy) WD, F - 2385 2414
2560 - :
2880
3040 : + 3080
3108 , vy (A7) NE, : -
3200 v3(Fp) NH;& 3360
3770 T .

f S
=
'
o



Table 4.2.7. Normal modeés and associated-frequengiés in émf

and activities of NH4+, ND4+,'and 504_- ions.

(R) = Raman active (IR) = Infrared active

. . ~1
Frequencies in cm

Normal modes of vibrations + + cActivity
| NH ND so,
4 s 4
| Totally symmetric - : | S o
v : ,
1(A1) stretching vibration 3042 . 2214 . 98l ®)
Doubly degenerate
Vo) . yending vibration Simoas e Ak (R)
Triply degenerate o
v3(F2) stretching vibration 3135 ‘2350 1104 - (IR)
' Triply degenerate _ '
vA(FZ) bending vibration .1403 1066 : 613 (IR)




Table 4.3.2

. Estimated normal heat capacities of NH4HSO4

at rounded temperatures (Base line I)

T Cp T Cp
K J K-lmol- K J K—lmol-'1
115 74.52 200 115.92
120 - 77.56 205 117.72
125 80.40 210 119.52
130 '83.20 215 121.20
135 86.00 220 122.84
140 88.68 225 124.48
145 91.32 230 126.04
150 93.92 235 127.56
155 96.44 240 129.08
160 98.88 245 130.52
165 101.24 250 131.92
170 103.56 255 133.24
175 105.76 260 134.60
180 107.92 265 135.84
185 110.00 270 137.08

190 112.00 275 1138.32
195 114.00 280

139.52

(
2



Table 4.3.2

Estimated normal heat capccities of NH_[*HSO4

at rounded temperatures

(Base line I )

Cp

c

- p
K 3 K o1t K J Kflmol"l
160 - 106.04 225 125.40
165 - 107.64 230 126.80
170 109.20 235 128.16
175 110.76 240 129.52
180 112.28 245 130.84
185 113.80 ©250. 132.12
190 115.32 255 © 133.40
195 116.80 260 134.64
200 118.28 265 135.88
205 119.72 270 | 137.12
210 121.20 275 138.32
215 122.60 280 © 139.56
220 ©124.00
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Estimated normal heat capacities of NDADSO

at rounded temperatures

Table 4.3.3

4

(Base line I)

C

c

_ P - _r
K 3 K tmor™t K JK lmor ™t

110 77.69 205 121.93
115 80.71 210 - 123.76
120 ' 83.63 215 125.53
125 86. 44 220 127.27
130 89.14 225 128.98
135 91.75 230 130. 65
140 94.30 235 132.29
145 96,78 - 240 133.89
150 99.17 245 135.45
155 101.50 250 136.97
160 103.77 255 138.45
165 105.98 260 139.90
170 108.14 265 141.33
175 110.24 270 142.74
180 112.30 275 144.14
185 114.32 280 145.53
190 116.30 285 146.91
195 118.23 290 148.28"
200 120.12 295 149.66

200



Table 4.3.3

Estimated normal heat 'capacities of ND 4DSO 4
at rounded temperatures (Basé line II)

T Cp T Cp
K JK %mo1t kK lmer™
150 110.87 230 . 132.03
155 112.08 . 235 133.38
160 113.33 240 - 134.74
165 114.61 245 136.10 -
170 115.91 250  137.46
175 117.23 255 138.83
180 © 118.56 260 - 140.20°
185 119.90 265 141.57
190 121.24 270 142.93
195 ©122.59 ) 275 144,29
200 123.93 280 145,64
205 125.28 285 146.97

210 126.63 290 148,27

215 127.97 295 149.54
220 129.32° - 300 ~150.77
225 130.67 305 - 151.95




Table 4.3.4

_ Estimated normal heat capacities of RbHSO4

at rounded temperatures

T Cp T Cp
K 3K o1t —;;—— K tmor™
150 80. 39 220 198.83
155 81.82 225 100.03
160 83.22 230 101.21
165 84.61 235 102.37
170 85.97 240 103.51
175 87.32 245 L>104.62
180 . 88.66 250 105.70
185 89.99 255 106.76
190 91.30 1260 107.81:
195 92. 60 265 108.86
200 93.89 270 ©109.91
205 95.15 275 . 110.94
210 96.38 280 111.95
215 97.61 285 112.95
290 113.95
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Table 4.3.5

Estimated normal heat capacities of RbDSO4

at rounded temperatures

T Cp T ~ Cp

K 3K mor ™t ——g__ © R tmer™t
140 79.08 220 101.17
145  80.56 225 102.45
150 82.03 230 103.71
155 83.50 235 104.99
160 84.95 240 106.26
165 86.39 25 - 107.53
170 ° 87.81 250 108.79
175 89.31 255 ©110.04
180  90.69 260 111.28
185 92.06 265 112.54
190 93.41 270 113.77
195 YR 275 114.96
200 96.03 280 116.18
205  97.33 - 285 117.38
210  99.62 290 118.56
215 99.90

%



Table 4.3.6

Estimated normal heat capacities of (ND4)2SOA at rounded temperatures

T Cp T Cp K. e T  Cp
K JK-l@ol—l kK w1tk & mor ks mor™t
95 - 85.9 150 130.4 205 161.4, 260  184.0
100 90.7 - 155  133.7 210 163.7 265  185.8
105.  95.4 160  136.9 215 165.9 270 187.5
110 99.9 165 . 140.0 220 168.1 275  189.2.
115  104.3 170 143.0 225  170.2 280 190.9
120 108.5 175 145.9 230  172.3 285 192.5
125  112.4 180  148.7 235  174.3 290  194.0
130 116.2 185 151.4 240  176.3 295  '195.5
135 119.9 190 154.0 245 . 178.3 300 © 197.0
140 123.5 195  156.5 250  180.2 305  -198.3
145 127.0 200 159.0 255 182.1 310 199.7

Table 4.3.7

Estimated normal heat capacities of (NH4)ZSO4 at rounded temperatures

T - Cp T ~ Cp T . ©Cp T Cp
x K lmer? K JK lwo1™t K JK lmo1™t K. ¥ tno17t
100 80.07 150  117.9 200  148.0 . 250  171.1
1105 84.31 155  121.2 205  150.6 255 173.0
110 88.46 160  124.5 210 153.2 260  174.9
115 92.46 165 = 127.6 215 155.6 265  176.7
120 96.28 170 130.7 220 158.0 270 178.4
125  100.0 175  133.8 225  160.4 - 275  180.3
130  103.8 180  136.8 230  162.6 280  182.0
135  107.4 185  139.7 235 164.9 285 183.7
140  111.0 190 142.5 240 167.0 290 185.2
145  114.5 - 195  145.3 245 169.1 295  186.8

oo
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Table 4.3.8

Estimated normal heat capacities of NH4Br-

at rounded témperatures

7 Cp T  Cp
K cel K tmo1~t K cal K tmo1”
80 - 8.71 200 17.48
85 9.19 205 17.73
% 9.66 210 17.97
95 10.12 215 118.20
100 10.57 220 © 18.42
105 11.01 225 18.64
110 11.44 230 18.85
115 11.86 235 19.05
120 12.26 240 19.25 .
125 - 12.64 245 19.44
130 13.02 250 19.62
135 13.39 255 19.80
140 13.78 260 19.98
145 14.14 265  20.16
150 14.49 270 20,33
155 14.83 275 20.49
160 15.16 280 20.65
165 15.48 285 20.81
170 15.79 290 - 20.9
175 16.09 295 21.11
180 16.39 300 . 21.25
185 16.68 305 21,39
190 16.95 310 21.53
195 17.22 315 21.67

oo
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, Table 4.3.9

Estimated normal heat capacities of ND, Br

“at :Eounded temperatures

4

T‘ v Cp T Cp
_; cal Kflmol"l K cal XK tmo1 ™t
100 11.98 200  18.60
105 12.42 205 18.84
110 12.84 210 . 19.08
115 13.24 215 19.33
120 13.65 220 19.57
125 14.04 225 19.80
130 14,42 230 - 20.02
135 14.78 235 20.23
140 15.13 240 20.44
145 15.47 245 20.66
150 15.80 250 "20.88
155 16.12 255 21.09
160 16.43 260 21.30
165 16,73 265 21.50
170 17.02 270 21.70
175 17.30 275 21.91
180 17.57 280 22.12
185 17.83 285 22.32
190 18.09 290 22.52
195 18.35 295 22.72
300 22.91

206



Table 4.3.10

Estimated normal heat capacities of VCl3

. at rounded temperatures

T Cp T Cp

K cal K tmo1™t X cal K lmor™t
45 5.324 105 13.90
50 6.230 110 14.40
55 - 7.100 115 - 14.88
60 7.937 120 15.34
65 8.757 125 15,77
70 9.502 130 16.18
5 10.229 135, 16,57
80 10.92 140 16.93
85 11.58 145 17.27
90 12.21 150 17.59
95 12.81 155 17.90
100 13.37 160 18.18
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Table 4.3.11 Enthalpy and entropy of the lower ferroelectric

tr§n31t10n of m4D804.

Ttr = 163.9 K Series V Series VI .S.er:'i.e‘s v
T, ’ 158,240 159.116 160.716
T, 165.713 - 165.629 165.472

AH(Tg - T4) 2177.7 . 2078.7 1869.0

AH(T; ~ 160) -192.7 -97.1 S 79.2

AH(170 - Tg) 495.0 504.7 522.9

AH(170 - 160) 2480.0 2486.3  2471.1

average AH(170 - 160) = 2479.1 + 7.2 J mol ™t

AH(T{ -T4) = AH(162.5~T;) +AH(L65.5 - 162.5) + AH(T¢ - 165.5)

AH(162.5 - Ty) 472.2 © 376.6  200.4
AH(T¢ - 165.5) -~ 24.7 14.9 S =33
AH(165.5 - 162.5) 1680.8 1687.2 1671.9

 AS(165.5-162.5) = AH(165.5-162.5) /Tep

AS(165.5-162.5) 10.25 10.29 . 10.20

average AS(165;5 - 162.5) = 10.25 + 0.05
AS(162.5 - 160) = 1.73 |
AS(170 - 165.5) = 3.10

AS(170 - 160) = 15.08 + 0.05 J K mo1”

I

AH(Sample) - AH(Bése line I) 1521.1
AS(Sample) — AS(Base line I) 9.35
AH(Base line II) - AH(Base line I) = 50.5
AS(Base line II) - AS(Base line I) = 0.30

]

(T = 100 ~ 170 K)

]

(T = Tgr~170 K)

7.2 J mol-.l

0.05 IK tmo1”

ASgy = 9.05

*
. 1




Table 4.3.13 Comparison of the. deuteration efféct on thé_

ferroelectric transition temperature

Transition Temperature = -Ratio
Crystal : - Reference
Ttr(H) /K Ttr(D) /R Ttr(H)/Ttr.(D) ‘

NaKC,H,0.4H,0 (Lower) 255 . 251 0.98  (70)
(upper) 297 308 1,04 (70)

Cu (HC00) 48,0 235.5 245.7  1.04 ©(71,72)

(WH,,CH,,COOH) ,H,SO,, 322.6 333.2 1.03 - (73,74)
K, Fe (CN) ( 3H,0 - 247.8 252.5 ©1.019° (75)
~ KH,P0, 123 213 173 (76)
RBH,PO, 147 218 1.48 - (76)
KH,ASO, : 97 161 - 1.66  (76)
RbH,ASO, - 110 173 1.57 (76)
CsH,AsO, ’ 143 212 148 (76)
NH,H,PO, 148 242 1.63 (77
(NH,) ,S0, 223.4 223.9 . 1.002 (78)
(NH,) ,BeF | 176 179 _ 1.02 -oas
NH,HSO, (III-II) ) 159.2° - 163.9 1.295 This
(II-1) 1269.9 261.7 - 10.9696 This
RbHSO, 263.8 249.8 © 0.9469  This

NH,Br (IV-III) 107.5 166.7 .~ 1.551 (79,80)

(III-1I) | 235.0 215.1 0.9151 - (79,80) .

mcl (I1I-I) 98.67 104.63 1.0604  (81)
(T.) ‘ 159.05 158.41 0 0.9960  (81)
HBr (III-II) 89.53  93.67 = 1.046 - (81)
(T) - 186.50  185.64 - 0.9954 . (81)
HI (III-II) 70.23 77.47 ©1.103 . (81)
(11-1) 125.60 128.24 -~ 1.0210 ~  (81)
(T) 223.50 221.51 0.9955  (81)

I\
o~
=

P
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Table 4.3.14 Comparison of enthalpy (h) and entropy (s) of
defect formation in some crystals n/N is the defect density at'.the
transition temperature and Tr is the temperature range corresponding

to the linear part in the defect plot.

h s ’ : T
n - T
Crystals (Phase) S -— X 100
kJmol JK “mol N K-
480, (ID) 10.5 12.1 4.1 180 & 250
(111) 11.7 32.8 0.8 125 v 150
ND,DSO,  (II) 12.3 19.6 3.7 180 v 255
(111) o 12.4 8.1 1.1 125 ~ 160
RbHSO,  (II) 19.6 35.8 0.9 180 v 260
RbDSO,  (II) : 18.2 3.7 . 1.0 175~ 245
NH, C1 (1II) : 23.7 65.4 0.5 180 v 215
(NH4) 1__XRb'xCl .
x = 0.0158  (III) 25.5 - 73.6 0.6 190 & 220
x = 0.0251  (III) 25.3 73.9 0.7 170 v 220
NH,Br (III) 17.4 38.9 0.7 - 150 v .215
ND, Br (I11) 14.6 38.4 - 1.2 170 v 195
ver, (1D ) 7.3 40.7 - 3.1 70 &~ 105
Ciohpy (D 42.1 157 0.5 180 205

210



Table 4.3.15 The.Curie—Weiss constant C and the *-

ferroelectric transition temperature Tc

c T o
Crystal — - ¢/t
K K ¢
a) | |
BaTi0, 170000 381 446
pbri0 ) 110000 763 144
(NH..CH..COOH) .H. 50,2 3290 320 - 10.3
2020000 52%% )
NaNo,, - 5130 437 1.7
b : . :v
KH, PO, 3200 123 - 26.0
KD2P04b) 4700 220 . 21.4
RbH2P04b) 3500 147 23.8
®bD,P0, > 4200 . 250  16.8
KHzAsO4b) 2500 g 26,0
KD 50, 4940 - 163 30.3
NaKC4H6O6 4H20 (Uppgr) 1700 o297 | 5.72
a) : ' '
NH,HSO, 226 270 0.837
ND4DSO4C) 250 262 0.954
a) : :
RbHSO,, 116 264 0.439
(g,) 50, 9.4 224 0.042
4250, . : .

a) E. Nakamura, et.al., J. Phys. Soc. Japan, 18, 1477 (1963).

b) V. G. Vaks, et.al., Phys. Stat. Sol. (a) 30, 801 (1975).

¢) M. Kasahara and I. Tatsuzaki, J. Phys. Soc. Japan, 223
1392 (1970) '

oo
pmd
'g.A



32 | ' b\{sf

RbHSO, - | ) KHSO,

Pig. 4.1.1 Comparison of hydrogen bonds in. RbHSO, and KHSO4.

1Y
11
\
‘\
\
N |
"'—'CD{‘)
m ]
]
{
. i
S
[

)



. Modes Site Symmetry  Free Ion Symmetry Factor Symmetry

'-Modes - Site Symmetry .Fpee Ion Symmetry

@) "o wa” on
| | ~Y1(8 ®) — L
Va(®) ®) Bag(R)
- By (R)
L(Fy) (<) Sa,(-)
. A(RIR) | - B, (IRY
L RVARVA ~Bap (IR),
(Fp) (RIR) Bz, (IR)
. Ttranslational  2A+A" | | Fy | BrutBoytBzy
- Ilibrational =~ A28 "fFl - | ,jBlg’“BZs*Bbfé_
- :Tvibrational 6A§§Af : A?E+2Fé .  1. 9Ag+8315+532g+
_ _ T 535g+6Au+5B1u+
832u+833u

Factor Symmetry

Vil ®) 4, (RIR)
~Y2(E) (R) 4,(RIR)
- A(RIR) L(F)) @2 :Bl(RI_R)
'Twya sVL;. ' - .'BZ(RIR)‘
(7,) (RIR) R
Ftranslational- 34 F, | A%y 4B,
Tlibrational 34 EN A+B +B,
Ivibrational 4 | ApE2F, T
| : 43B,+43B,
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ferroelectric phase.
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Appendix A

A simple phendmenological theory for the ferroelectric

- transitions in Rochelle salt.

Taking into account the smallness of spontaneous,polarization,PS
in Rochelle Saltl) and G(PS) = G-(—Ps)‘in thevferroelectric phase, we
may expand the thermodynamic potential in the powers of polarization P
and trancate it above.sixth'order..

G=¢G +_XP2+—Z‘EP4',- gpy, T) >0 I
where Go means potential at P = 0 and x and & are the phenomenological
constants depending on temperature T and pressure p. For simplicity,
£ is assumed to be a positive constant and then the polarization P to

be realized is determined from the condition of potential minimum. This.

it

condition gives P = 0 or P2 = - x/&, the former leads_te AG = G - Go =70€

but the latter AG -(x2/4£) < 0. Therefore, it follows that the
polarized state is lower in thermodynamic potential than the non-polarized.

Here another assumption is made that x < O when T£<T-<Tu'and X > 0 when

T <T2 or T=>Tu. This assumption is satisfied by putting X as;

X=X (T =TT -T), Xx,>0 o 2

Using the equation 2, we can easily derive the temperature dependence

of PS, AG, AS, AC as follows;

2
PS—X/F,
' T +T,
¥
,=Piax“-—9-(T— u "% )2
. ; £ 2 ¢
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where P S (Xo / 5)1/2.

AG = —X2 ] 4E = -XOZ(T - Tz)2<T '-bTu)z / 48

AS = —~(3 AG/aT)p

5 Tu~+ T,
= X, (T - Tu)'(T - Tl).(T -fff—;f—‘) /g

AC

T(3 AS/ BT)P

2, 2 e 2, 2,
= % T {3T -3(Tu+Tz)Tf1/2(Tu +4TuTzfrT2_)}/£

The static dielectric constant is related to the rec':iproc‘al'dvieleﬂctric

susceptibility X' = (3E/ BP)E=O by the relation
-1
e =4ux' +1

and its temperature dependence is written down as follows.

b 1
at'T>Tu e = . e i B
X,  (T=T@-T)
2n - 1
at T;L-<T<Tu € = . - +1
X, - (T-TH@-T)
: 47 1
at T < Tz € = . + 1



The results thus obtained are illustrated in Fig. 1 schematically and

summerized as follows

1. The sum of transition entropies at Tu and Tz is zero.
2.. The ratio of excess heat capacity AC (Tu) / AC(T 2’_) is 'Tu / 1'2.

3. The law of 2 holds.

- Some points of these results have been pointed out qualitaﬁively bj
Takahashi.z) Analogous reSults3) have élso been obtaine& by converting'
Mitsui's theory4) to semippenomenoldgical one; The-resplt‘to be pointed
here is that ouf model can éonsiétently'explain-all the thermal and
dielectric behaviorvof Rochelle éaltrwith_only.three parameters'xé, Tu’ Tx.‘
Now equation 2 may be justified'follows; An ordinary second'ordgr
. phase transition would be expected to occﬁr only if x > O when T >'Tu,
and x < 0 when T < Tu;'rThe phenomenologigal constant x(I)'may be expanded

in power series of (T - Tu);
’ - ‘ 1" ¥ 2 ..v..
(@ = x(T) + X (T ) (T~ T ) + X (T (T - T) /2 + v

Terms higher than the second order are neglected in an ordinary Landau

theory which leads to
— ' -
x(T) X (Tu)(f Iu)

assuming implicitly that x'(Tu) > 0 and ‘x'(Tu)l >> lx'(Tﬁ)(T'— Tu)l.

In the Taylor expansion we may take into account the -.second order term
and neglect higher terms, then the assumption to be proved is derived,

1 -
S - -
= — I = T - Ty
f . ' ' ; = - v 1 \

where ¥ (Tu) > 0 and ¥ (Tu) > 0 are assumed, and Tz Tu Zx (Tu)/x (Tu)’
at which temperature_another second transition appears as second order

transition.
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Fig. 1 Temperature dependence of Ps’ AG, AS, AC, ¢ and € 1
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