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SYNOPSIS 

STRUCTURAL PHASE TRANSITION IN IMPROPER FERROELECTRIC 

AMMONIUM SULPHATE 

P K Bajpai 
Research Scholar 

Department of Physics 

Over the past few decades, 'there has been a growing inte-

1 -4 rest in the study of structural phase transitions in Solids 

Ferroelectric phase transitions are particul'arly pf great impor-

tance for the phenomenon of the on^et of spontaneous polarization. 

In addition ferroelectrics have their wide application in modern 
5 

technology , as transducers, frequency controllers, ampliffers 

and many other appliances used in electronic circuits . 
I 

! 

Ammonium Sulphate (AS) undergoes a structural phase transi­

tion at 223K below which it becomes ferroelectric. However, 

AS is a typical ferroelectric that exhibits several peculiar 

phenomenological propterties not common to normal ferroelectrics. 

The crystal has, therefore, been widely studied to find the 

detailed nature of its transition but the basic issue of conclu­

ding the nature of the microscopic mechanism of its transition 
J 
t 

has not yet been resolved. We, therefore, decided to undertake 

a systematic study of the system and report our findings in 

the form of present thesis . 

The experimen'tal work reported in the thesis uses Infrared 

and Raman spectroscopy as tools to investigate the changes in 

symmetry, structure and dynamics of the crystal. It particularly 



exploits the inferences: 

i) that all the changes in mode strength and frequencies 

in IR/Raman spectra around an SPT are some how related 

to the change of the structure and/or, to the sponta­

neous value of the order parameter below T . 

ii) that the spectra of partially deuterated species 

are capable of revealing the changes in the dynamics 

of individual H-atoms in the molecular unit, having 

H-atoms as their constituent particles. 

The thesis also presents the critical analysis of the 

temperature dependence of crystallographic data reported by 
7 

Hasebe with an aim to investigate the changes in the structure 

of individual molecular ions in terms of changes arising due 

to freezing of their internal as well as external degrees of 

freedom. 

vThe analysis of our experimental observations and the 

crystallographic data alongwith the inferences of several other 

studies leads to conclude a new model of the microscopic mechanism 

of the phase transition in the crystal. Accordingly, the type 

of transition occuring in AS is different from the well known 

displacive/order-disorder type and it should be given a different 

name; we call it as " molecular distortion type". The transition 

is triggered by molecular distortion in SO. ion structure as 

a result of the freezing of its internal modes (particularly 

the asymmetric S-0 stretch v, mode) with finite amplitude. The 

model accurately accounts for the observed heat of transition. 

It has also been used to formulate and discuss the phenomenological 

theory of the phâ ie transition which explains the temperature 
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dependence of dielectric constants, spontaneous polarization 

and order parameter . 

The thesis is divided into six Chapters. Chapter I, presents 

various aspects of structural phase transitions, basic theories 

of ferroelectricity (e.g. mean field theory and soft mode theory) 

and experimental techniques like IR/Raman spectroscopy relevant 
t 

to the present investigation. ' ' 

Chapter II,- reviews the experimental, and theoretical 

work reported in the literature on this system.' i 

Chapter III, presents a brief discussion of the experi­

mental details of recording the temperature dependence of IR 

and Raman spectra. The temperature dependence of D-modes of 

+ 2-

partially deuterated NH ions and internal modes . of 'SO. ion 

has been critically analyzed. The results reveal that the changes 

in NH. ions and H-bonds at T are minor and gradual. In contrast 
2— 8 

the SO. ion undergoes a significant and sudden change . 
In Chapter IV, we present an analysis of the crystal 

7 
structural data reported by Hasebe at different temperatures 

around T . This has been accompanĵ ed by calculating the polar 

distortion in the ions. The analysis reveê ls a new microscopic 
9 

jnechanism of phase transition . 

Chapter V, describes the phenomenological theory for 

the phase transition in Ammonium sulphate, using SO.^"ion distor­

tion as order parameter; linear coupling between SO. "ion distortion 

and polarization has'been introduced to account'for the occurrance 
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of spontaneous polarization. The temperature de|)endence of the 

order-parameter, spontaneous polarization and dielectric con­

stants are also discussed 

Summary of the thesis and its important conclusions are 

given in Chapter VI alongwith certain observations regarding 

the usefulness of our conclusions and inferences in understanding 
t 

the phase transition in other' similar systems. 
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INTRODUCTION 

1.1 General 

Research in Structural Phase Transitions(SPTs) has 

grown manifold during last several decades ~ . Particularly, 

the study of ferroelectrics has emerged as an interesting 

subject, since it provides a better understanding of the 

microscopic interparticle interactions governing the phenomenon 

of SPTs as well as the onset of spontaneous polarization. 

Ferroelectrics have found wide applications in modern techno­

logy for their large piezoelectric constant and non-linear 

properties ' ~ . These are used as transducers, frequency 

controllers, filters, amplifiers, computer memory components, 

1 5-17 electronic appli^ances in electronic circuits, etc 

The SPTs are accompanied by changes in the structure 

and symmetry of the crystals. The crystal lattice dynamics, 

therefore, plays an important role in understanding the micro­

scopic behaviour of transitions ~ . For the same reasons 

the crystal symmetry also becomes vital for the understanding 

25-31 
of the phenomenon . Phase transitions have their signatures 

on the experimental values of physical quantities such as 

specific heat, dielectric susceptibility, light scattering, 

32 ultrasonic attenuation, etc . Obviously, the analyses of 

such measurements reveal the nature of the physical changes 

that follow the transition. 



Theoretical analysis of phase transitions using thermo-

33 dynamic principles was given by Landau . The work was later 

28 34 35 
extended by Lifshitz , Pippard and Tizza for X-type transi-

tions, by Devonshire ~ for ferroelectrics by Kittel 

v^ 4 0-42 43-47 

for antiferro-electrics and by Dvorak and others 

for improper ferroelectrics. Some other extensions and modifi­

cations for varied conditions have been worked out later 
^ . ^ ^ , v̂ 8,16,17,26,29 „ , 20,21,48 on and reviewed by several authors ' ' ' ' . Cochran ' ' 

22 and Anderson used entirely different approach to understand 

the phenomenon of phase transition. Their theory is based 

on the lattice dynamics of the systems and is known as soft 

mode-theory. 

Two mechanicms for the phase transitions i .e. order-

disorder type and displacive type are commonly considered 

to account for the phase transition in large number of 

9 49 50 crystals ' ' ; a crossover from displacive to order-disorder 

51 limit is observed in certain cases . However, in some cases, 

none of these mechanisms describes the transition fully (see 

52 for example, (NH.)2S0.) . In recent years the nature of 

the soft mode and its coupling with othrr modes has been 

23 53-55 

widely used to explain the complex transitions ' . Obser­

vation of the central peak in the scattering experiments 

has also attained significapt attention ' 

SPTs are studied by various experimental techniques 
Q CO ^ o 

like absorption and scattering of light ' ~ , magnetic 



resonance spectroscopy ~ , M5ssbauer spectroscopy , dielectric 

fifi 69 70 
measurements , Brillouin and neutron scattering , ultrasonic 

71 72 73 

measurements , DTA , X-ray , electron and neutron diffrac­

tion ' . Significant informations about the SPTs are also 

obtained by measuring the temperature variation of macroscopic 

properties such as specific heat, dielectric constants, elastic 

stiffness constants, etc. The informations are often comple­

mentary and each measurement and technique has its own impor­

tance. However, spectroscopic techniques using light scattering 

and Infrared absorption provide some of the most important 

and crucial informations regarding the lattic dynamical aspects 

of the phase transitions. If these informations are examined 

alongwith the temperature variation of crystallographic data, 

one can draw some definite conclusions regarding the mechanism 

of phase transitions. 

In the present chapter we discuss the basic aspects 

of structural phase transitions, ferroelectrics and the funda­

mentals of experimental techniques such as light scattering 

and IR absorption. 

1 .2 Phase Transitions and Order Parameter 

A phase transition is generally characterized by 

a quantity known as order parameter (n). It is an observable, 

quantitative parameter which changes with some field variable 

76 such as temperature, pressure, electric field, etc . In 



some cases it also depends on the conditions such as relative 

77 humidity, vapour pressure, etc . In the present work we 

would be dealing with a kind of transition where the order 

parameter changes with temperature and vanishes identically 

above the transition point. In such cases the order parameter 

is expressed as n(T) . In many cases TI(T) is well defined physical 

entity such as magnetization of a spin system undergoing 

a magnetic phase transition, spontaneous polarization in 

the case of a ferroelectric phase transition, etc. The order 

parameter is also considered as a measure of the extent to 

which atomic geometry in the less symmetrical (low temperature) 

phase differs from the more symmetrical (high temperature) 

phase. In SPTs approaching the order-disorder limit it measures 

the degree of long range ordering of constituent entities 

(atoms/molecules/ions) while in the displacive limit it measures 

the amplitude of relative displacement of two units. The 

functional dependence of n on the field variable characterizes 

the order of transition. However, in the thermodynamic theories 

of phase transition n is an entity of central importance 

because the stability limits of the system are decided by 

the free energy(G) expressed as a series expansion of n. 

1.3 Structural Phase Transitions and Their Classifications 

A structural phase transition(SPT) in a solid follows 

finite changes in the positions of constituent particles. 

The transition may be induced by change of temperature, pressure 



or some other parameters such as applied electric or magnetic 

field. Macroscopic as well as microscopic properties of the 

systems are influenced by the transitions. Consequently, below 

the transition temperature they acquire distinct properties 

such as spontaneous polarization, magnetization, nonlinearities 

78—80 

in their" electromagnetic behaviour, etc ~ . Several proper­

ties of the system, sometime, attain large changes in their 

magnitude near T . These changes are normally known as anomalies. 

Anomalous change in elastic coefficients, dielectric constants, 

32 expansivities and specific heat is commonly observed 

A single well defined basis of classification of 

SPTs is not possible because changes that follow a SPT differ 

widely from system to system. However, in the following we 

briefly describe some common classifications. 

1.3.1 The General Classification 

The most widely accepted classification is summarized 

in Fig. 1.1. The important features of each class of SPT mentioned 

in the figure are as follows: 

1.3.1a Reconstructive Type 

In the process of the reconstructive phase transition 

the original linkages of the net are disrupted and the consti­

tuents of the solid reconstruct a new lattice; a typical 

example of such SPT is the transformation of Aragonite (Pnma) 



81 
to Calcite (R3c) in CaCo^ at 723K . Due to inherent matter 

transport, these transitions are often slow; further because 

of discontinuous symmetry change, these are of first order. 

1.3.1b Martensitic Type 

A class of transitions with certain characteristic 

structural features, observed in both metallic and non-mettalic 

systems, are known as martensitic type. Such transitions 

occur through the shearing of discrete volumes of material 

81 -84 without changing the chemical composition . The transitions 

often occur with extremely high velocities and exhibit large 

temperature hysteresis. These are reversible and generally 

polymorphic in nature. An example is Fe-29% Ni alloy in which 

85 martensitic transition takes place at -30°C 

1.3.1c Distortive Type 

In a distortive phase transition the linkages of 

the net are not disrupted, but the lattice is only slightly 

distorted. These transitions can further be classified into 

three categories, viz. electronically induced type, order-

disorder type and displacive type. 

The energy of electronic excitation in certain systems 

couples with the phonons, leading to a possibility of a change 

that can be induced by the electronic excitations of certain 
86—87 

constituents ~ . If the coupling is a sensitive function 

of temperature, the transition may be triggered with chaj.j3 



in temperature. Such transitions are referred as electro­

nically induced transitions. The cooperative Jahn-Teller 

transitions^ ' , Band Jahn-Teller transitions * are some 

such transitions that fall in the class of electronically 

induced transitions. 

A transition is known to be displacive if the distor-

tive phase can be described through the superposition of 

the atomic displacement in some coordinate Q over the parent 

phase. The atomic displacement may occur through longitudinal/ 

transverse as well as optic/acoustic mode; the transition 

is accordingly classified in various subcategories. An order-

disorder transition takes place due to long range ordering 

of atoms/molecules/ions. 

Distinction between order-disorder and displacive 

92 transition can be understood in terms of single cell potential 

V(Q) = a Q^ + b Q^ (1 .1) 

Here a <0 and b > 0 and Q refers to generalized coordinate 

which could stand for displacive motion of atoms, orientation 

of molecule, etc." Eqn.(l.l) is shown schematically in Fig. 1.2. 

In the figure V{Q) shows a double well potential with an 

energy difference AE between two minima and the central maxima. 

When AE>>kT^, the transition would be associated with a 

dynamic ordering in the position/orientation of atomic/mole­

cular units. This situation characterizes the order-disorder 



8 

limit of the transition. However, for AE<< kT a cooperative 

displacement of the units occurs and the situation defines 

the displacive limit. The nature of Q specifies the physical 

nature of transition and helps in identifying the different 

types of order-disorder and displacive transitions. 

In positional order-disorder transitions ordered 

state refers to situation in which atoms/molecules occupy 

either of the two positions selectively (position 1 or 2; 

of Fig.1.2a), while the disordered state arises when atoms 

occupy position 1 and 2 randomly. The examples of positional 

. . 93 94 

order-disorder transitions are Agl , CuZn , etc. In orienta-

tional order-disorder transition Q is associated with the 

orientational dynamics of molecular units such as CN~ in 

KCN^^, NO" in NaN02^ and NH^ in NH^Cl^^. One can also identify 
98 Q with spin orientations in magnetic transitions and electric 

dipoles in ferroelectric and antiferroelectric transitions. 

Cooperative displacement of atoms in displacive limit 

occurs in three distinct ways leading to ferrodistortive 

type, antiferrodistortive type and thermoelastic type transi­

tions. If Q is an optical phonon of long wavelength (i.e. 

q -• 0), the transition is ferrodistortive type. On the other 

hand an optical phonon at Brillouin zone boundary results 

in anti-ferrodistortive type transition. In thermo-elastic 

transition Q is an acoustic phonon of long wavelength. Phase 

99 100 101 
transition in BaTiO^ , SrTiO, and TeOj are respectively 



the typical examples of the above mentioned transitions. 

1.3.2 First Order and Second Order SPTs 

A first order phase transition involves a sharp and 

discrete change in the internal energy of the system at T . 

which is the origin of discontinuity in several physical 

properties of the system. The transition exhibitj: non-zero 

heat of transition. The order parameter (n) and the first deri­

vative of Gibbs free energy(G) with respect to X] also changes dis-

continuously (see Fig. 1.3a, 1.4a). At the transition point 

the two states of the system remain in equilibrium with no 

predictable relationship between their symmetry. However, 

there can be some relationship in certain cases. Stability 
f 

limits of high and low temperature phases do not coinside. 

In second order phase transition the entropy and 

volume of the system do not change at T , while the heat 

capacity, therpnal expansivity and compressibility undergo 

discontinuous changes. The second derivative of G also goes 

through discontinuous change at T . The order parameter increa-

ses monotonically from zero (at T ) towards certain magnitude 

on lowering the temperature (see Fig.1.3b, 1.4b). Two states 

of the system tend to become identical as the transition 

point is reached, implying that the symmetry of the system 

at T^ contains all the elements of both the phases . The 

temperature defining the limits of two phases coinside with 

each other as well as with T . The symmetry of the low tempe-
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rature phase is the subgroup of the symmetry of high temperature 

phase. 

1.3.3 Incommensurate-Conunensurate Phase Transitions 

Incommensurate transitions are fundamentally different 

from the normal commensurate transitions. In the incommensurate 

phase the system does not have any space symmetry, whereas 

outside the temperature interval of this phase the structure 

is crystalline. However, this does not imply that an incommen­

surate phase is amorphous. Infact it has an ordered structure 

with periodic distortion which, however, does not fit with 

102 any crystal periodicity 

Pynn has suggested a model to conceive the diffe­

rence between commensurate and incommensurate phases. To 

illustrate his point of view, we depict a chain of equally 

spaced atoms (separation '^Q') in Fig. 1.5a. A sinusoidal 

displacement (Fig.1.5b) of wavelength '4a ' when modulated 

over the chain, results in a structure (Fig.1.5c) which can 

be described in terms of a unit cell of dimension '4a ' . 
o 

However, it is not necessary for a lattice modulation to 

always have a periodicity which is a rational multiple of 

a . Such a modulation (Fig.l.Sd) over the chain of atoms 

results into a structure shown in Fig.l.5e, which obviously 
loses the translational symmetry. This structure cannot be 

defined in terms of original lattice constant 'a ' and is 
o 

referred to be incommensurate. 
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Inconunensurate SPTs are thus characterized by an 

order/distortion corresponding to a wavevector (q^) that cannot 

be expressed as a rational fraction of a reciprocal lattice 

vector. Recently these transitions have been explained by 

104 105 soliton waves ' , where the dispersion curve splits into 

two branches known as amplitudon with ordinary soft mode 

behaviour and Phason which describes phase distortion whose 

frequency vanishes at a zone point q (a rational fraction 
v.* 

of reciprocal vector) where the inconunensurate phase vanishes. 

The phase diagram of such transitions is given by Cowley 

102 and Bruce (Fig.1.6). In this figure 'c' represents a field 

potential parameter whose minimum value defines a point known 

as Lifshifz point below which INC phase will occur. 

• 

1.3.4 Reversible and Irreversible Phase Transitions 

A phase transition in which the system returns to 

its initial phase, on withdrawal of the agency that causes 

the phase transitio^n, is known as a reversible phase transi­

tion. On the contrary, the transition is called irreversible. 

A prominent example of an irreversible phase transition is 

that of Ti02 (Antase) to TiO, (Rutile)^^^. 

1.4 Ferroelectrics 

Ferroelectrics are materials in which the transition 

from the high to low temperature phase is accompanied by 

spontaneous polarization. The direction of this polarization 
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can be reversed (or atleast reoriented) by applying a suitable 

electric field. The reversal of polarization is always accom-

1 07 panied by some hysteresis (Fig.1.7). These materials are 

also known as Seignette electrics, after P .de la Seignette, 

who was first to prepare Rochell.€ salt as a Laxative (at 

La Rochelle in the seventeenth century) which was later dis-

covered to be the first ferroelectric . Since thê n more 

than hundred ferroelectrics and many ferroelectric solid 

solutions have been discovered. 

These materials are electrical analogue of ferro­

magnetic materials and the word 'ferroelectrics' arises from 

this analogy. It should be noted that ferroelectrics are 

+++ nonmatgllic materials which do not have Fe ion as an essential 

ingradiant as the word 'ferro' seems to imply. Moreover in 

many practical ways ferroelectrics differ from ferromagnetics 

and are totally different on microscopic basis. Anomalous 

change in some physical properties of the ferroelectrics, 

i .g. dielectric constant, specific heat etc. is a commonly 

observed feature. It may be mentioned that to a good approxi­

mation, the temperature variation of a component of dielectric 

constant e above T^ follows Curie-Weiss law 
c 

^ = ^o -̂  - ^ ^ <1'2) 
c 

Here C is known as Curie-constant T * is often referred as 
c 

*3ona and Shirane call T as transition temperature also, while Megaw and others 
refer T^ for transition temperature. The former notations are followed. It should 
be noted that T is equal to transition temperature for first order transition, 
while i t may be few degrees low in other transitions. 
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Curie temperature and defined as the temperature where dielectric 

constant tends to approach infinity. 

A large number of ferrolectrics have been discovered. 

108—119 They have been classified and. reviewed extensively 

1.5 Symmetry Aspects of Ferroelectricity 

Symmetry aspects play an important role in theoretical 

understanding of ferroelectricity. The change in crystal 

symmetry alongwith the crystallography of domain structure 

determines to a large extent the properties of ferroelectrics 

28 Landau and Lifshitz applied symmetry properties for the 

first time to the transitions of second order. According 

to their analysis, the necessary conditions for the occurrence 

of second order transitions are: 

i) The space group of low temperature phase is a 

subgroup of the space group of high temperature 

phase. 

ii)The change of the symmetry of the crystal corres­

ponds to a single irreducible representation (exclu­

ding identity representation) of the space group 

of high temperature phase. 

iii)There are no third order terms in the expansion 

of free energy, and 

iv)The unit cell of the crystal below T is a simple 

multiple of the original unit cell. 

The knowledge of the symmetry of high temperature 

phase clearly helps to predict the appropriate form of the 



14 

expansion of free energy G and the possible symmetries of 

the low temperature phase. 

25 
Aizu concludes that their exists a prototype phase 

(may be hypothetical for certain cases) which can be symmetri­

cally correlated with possible phases of a system. Symmetry 

considerations can also help in finding out all possible 

43 
ferro- and antiferro-electric subgroups for any paraelectric 

V 26 
and such results have been worked out by Blinc and ZekS 

It may be mentioned that the low temperature phase 

is the result of the superposition of frozeun '-in soft mode 

displacement over the high temperature phase. In view of 

this fact, the symmetry of the soft mode involved in the 

transition can be worked out by using the symmetry of the 

two phases 

1.6 Thermodynamic Approach To The SPTs 

The thermodynamic approach of SPTs has been developed 

33 
by Landau . The transition is described by an order parameter 

whose value is zero in the high temperature phase; below 

36 — 38 

T it rises monotonically to a constant value. Devonshire 

applied Landau theory to ferroelectrics considering the spon­

taneous polarization as order parameter and expressed the 

free energy as 
G(T,P) = G Q ( T ) + 2 a(T)P^ + ib(T)p'* + J_£i.T) P*' (1.3) 



The equilibrium value of spontaneous polarization 

P , at a temperature T is obtained by 

3G 
3P = 0 (1 .4) 

P=P. 

which gives 

P =0 or P = ±{—§- [1-/1 -s s /c 
4ac , •, i 

(1 .5) 

The solution P =0, identifies paraelectric phase while P =f 0 

characterizes ferroelectric phase, with the stability condition 

3̂ G 
p=p >o (1 .6) 

From eqn (1.6) we have 

3̂ G 

and 

3 P"̂  p^p = X" • a(T)+3b(T)E|^+ S c ( T ) ^ ' 

= a(T) 

(1 .7) 

(1.8) 

when P =0 representing paraelectric phase. For a paraelectfic 

phase thus a(T) must be positive and at the stability limit 

with a(T) and x~^ must vanish. Near the stability limit 

a(T) can, therefore, be expanded into a Taylor series in 

powers of (T-T ); T is the stability limit of paraelectric 

phase. Keeping only first order term, we have 

with 

a(T) = a'(T-T ) o 

s ~ ~3~T T=T '* 

(1 .9) 

Eqn(1.8) thus gives rise to Curie-Weiss law which is expected 

to hold good in the paraelectric phase near T . In certain 
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cases it might hold over wide range of T>T indicating that a(T) 

= a'(T-T ) is rigorously valid for the system. Since the 

variation of b(T) and c(T) is slow around the transition 

temperature T . we can write 

b(T) = b(T^) = b; c(T)=c(T^)=c (1.10) 

depending upon the value of b, three distinct cases can be 

exhibited by the system. 

1.6.1 The Second Order Transition 

The system exhibitv^phase transition of second order 

if b>0. In such situation .P term in G expansion can be neglected 

and we have 

P =±/~^^a~ =±/ a'(T -T) (1.11) 
^ " b — b ' ^ 

Clrjcjrly P bellow T is roexi and it increases monotonicaUy from P =0 at T=T_ 

(as n in Fig. 1^2^ to P = / d-T.,, at T=6K . The transition tern-K ^ to P^ . / «-r„/̂  

perature T for this case represent the state of the system 

in which G vs P curve is identical to case II of Fig. 1 .̂ b 

and is same as T . 
o 

1.6.2 First Order Transition 

The transition will be of first order if b<0. In this 

case P term has to be retained to characterize the stability 

of the phase. In this situation we have two real solutions 

P„(I) and P (II) of P s s s 



and 
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Pg(I) = ±{—|j [1+/(1-^^ (T-T^)]}2 (1,12) 

P (II) = ±{- -|-[1-/(1- ^ ^ (T-T )}^ (1.13) 
S ^C D O 

P (I) is real at all temperatures below T~ — which is given by 

and defines the stability limit for the ferroelectric phase 

with P =P (I). The solution P„=P (II) has real values only s s s s •* 

in the range of T <T<T~ . However, it corresponds to a maximum 

in G and therefore defines an unstable phase. The temperature 

viariation of P in such a case, as revealed by Eqn.(1,12) 
s 

jumps suddenly and than varies monotonically like order para-

meter n in Fig. 1.2a. The transition temperature T for this 

case refers to a situation represented by G vs P curve (Case 

Ilfj-n ili.q. 1.8a) and is given by 

•̂c = "̂o -̂  IT -^c (̂ -15) 

1.6.3 Critical Transitions 

If for a given system b vanishes, we have critical 

transition. Such transitions are characterized by large fluctua­

tions in the neighbourhood of T , since the free energy G 

varies as P . 

Ferroelectrics, where transition is triggered by 

onset of spontaneous polarization as the order parameter, 

are known as proper ferroelectrics. However, there are certain 
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ferroelectrics where the order parameter is different from 

the spontaneous polarization. It is the coupling between 

the order parameter and polarization which results in a non-

vanishing order parameter (n) and spontaneous polarization (P ) 
s 

simultaneously. These ferroelectrics are known as improper 
120-121 ferroelectrics . Improper-ferrolectrics can be put 

into two categories: 

i) where P and n both have same symmetry properties 

(e.g. KH2PO.), and 

ii) where the two have different symmetries (e.g. 

Phenomenological theories of these ferroelectrics have been 

developed in terms of Landau type mean field theory and have 

been reviewed. 

1.7 Soft Mode Theory 

20 21 22 

Cochran ' and Anderson suggested that the phase 

transitions in certain ferroelectrics might result from an 

instability of one of the normal vibrational modes of the 

lattice. Accordingly, the frequency of the relevant phonon 

decreases on approaching T because the restoring force for 

the mode displacement tends to zero until the phonon condenses 

at the stability limit. The static atomic displacements on 

going from the paraelectric to the ferroelectric phase thus 

represent the frozen-in displacements of the unstable phonon. 

The order parameter of such a transition is the static component 
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of the eigenvector representing the unstable phonon. Since 

the ferroelectric state is characterized by a macroscopic 

spontaneous polarization, the soft mode must be polar (i.e. 

IR active) and should have corresponds to q -•• 0. 

The soft mode concept is consistent with the Landau 

3G mean field theory, in which the equilibrium condition —y- = 0 

gives^ . ,., - .̂  _ _ 

order parameter r\ behaves like 

n = { ^ (T-T )i = n^{T-T )i (1.16) 
(cj ° ^ ° 

Here c__is^ssumed to be temperature independent. 

The connection between a soft phonon frequency u) and the 

corresponding order parameter (n) follows from the equation of 

motion of a simple harmonic oscillation i.e. 

mo)̂  = 8^G/an^ (1 .17) 

where G is the oscillator potential and ri corresponds to a small 

displacement. Since 3̂ G/3rî  = a obviously 

0) = 0)̂  (T - T^)i (1 .18) 

This defines the concept of soft mode as a mode of vibration 

whose frequency goes to zero at T . The low temperature distor­

ted structure can then be thought of as resulting from the 

condensation of the soft mode eigenvector. 

From the lattice dynamical point of view, the soft 

mode concept can be realized directly from Lyddne-Sachs-Teller 

(LST) relationship 
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"i '̂ LO /""'TO " e(0)/e(<») (1.19) 

Since e(0) diverges at T^ for a w^ ̂ ^ ferroelectric SPT, it is 

clear that W^Q-^0 . Cochran and Anderson ~ ' brought the 

concept of soft mode within the framework of the harmonic 

lattice dynamics of dielectric crystals treating all positive 

and negative ions as point charges of magnitude ±Ze and e(") as 

unity a)m_ and co _ are then given by 

m (ô Q = B- (Ze) V3Ve(0) (1 .20) 

m 0)^^ = e + (2Ze)V3Ve(0) (1.21) 
LiU 

where 3 represents the short range repulsive interaction 

and V the primitive cell volume. It is clear that U} can vanish 

if short range force becomes equal to long range Coulomb 
24 force. Thus only a TO type soft phonon is possible 

The above described soft mode character is applicable 

to displacive systems only. Mode coupling and the onset of 

relaxational modes occur for transitions of mixed character 

and order-disorder type. In such cases the theory has been 

23 122 modified by including anharmonic phonon-phonon interactions ' 

Anharmonicity leads to a broadening of the response (decrease 

in phonon lifetime) and changes the frequency which is given 

by 

0)̂  = a)^(h)^^ (1.22) 

where (̂ ĝ/ux is the purely harmonic frequency. A is proportional 

to the density of states into which the phonon decays. The 

temperature dependence of soft mode is given by 

0)* = a'T + a' (T-T^) (1 .23) 
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1 .8 The Central Peak 

In certain scattering experiments an intense peak 

is observed with an extreinely narrow linewidth ('V'SXIO'HZ) and 

zero energy shift. This peak known as central peak dominates 

the scattering close to T . This phenomenon was observed 
123 for the first time by Riste at al in SrTiO, in the neutron 

scattering experiment and was earlier predicted theoretically 

23 by Cowley . Later the phenomenon has been observed in several 
1 O >t I O C 

other systems, for example lead germenate , KH-PO. 

There have been several attempts to explain the pheno-

89 126—129 
menon ' , the phanomenon, particularly the extremely 

narrow linewidth {<2X10'HZ) , is yet not clearly understood. 

*' 26 Blinc and Zeks developed a classical picture of 

the phenomenon in terms of the damping of soft mode due to 

anharmonic interactions. Among the other three classes of 

models, one considers the coupling of soft mode with thermal 

127 57 

relaxation processes . The second considers impurities 

and surface effects as the origin of the phenomenon. In 

these models, the central peak arises as an extrinsic property 

resulting from localised distortions. In other models central 

peak is regarded as an intrinsic property associated with 

the formation of clusters of low temperature phase in the 

high temperature phase in the temperature region around T . 

In other words, the central peak arises due to scattering 

of relaxating domain walls or solltons of these long lived 
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clusters . 

1 .9 Infrared Absorption 

A phonon mode at q -»• 0 absorbs radiation in the 

IR spectral range if the mode displacements are associated 

with finite change in dipole moment ()J). IR absorption may also 

arise due to change in electric moments of higher order, 

magnetic moments, etc. However, the intensity of such absorp­

tion is very weak. For example if a typical transition induced 

by electric dipole moment is assumed to take place at a rate 

8 1 10 Sec" , the transitions induced by magnetic dipole and 

electric quadrupole moments are expected to take place at 

3 -1 132 

a rate 10 and 1 Sec , respectively . Since frequencies 

of vibrations of molecules in crystal fall in the IR range, 

enough informations (such as force constants, nature of intra-

and inter-molecular interactions, symmetry and structure, 

etc.) about these systems can be obtained from IR absorption 

spectra which is rightly recognized as an important tool 

to investigate SPTs. 

1.10 Raman Scattering 

Inelastic scattering of photons is known as Raman 

Scattering. The frequency of the scattered light changes 

by a quantum necessary for the excitation of the system. 

The excitation could be associated with vibrational or electronic 

states. The important feature of the phenomenon is that the 
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scattered light carries informations about the structure 

and dynamics of the scatterer. The scattered light of lower 

frequencies is called Stokes scattering and that at higher 

frequencies as antistokes. Antistokes emission is weaker 

than stokes emission because it arises from the first excited 

state which is less populated than the ground state from 

where Stokes Raman scattering can be explained in terms of 

energy transfer between the scattering system and the incident 

radiation. When a system (in ground state) intero-ilts with 

radiation of wave number v., it makes an upward transition 

from its lower energy level E, to an upper energy level Ej 

(Fig.1.9a). In the process the system gains energy, AE = ^2~^1 » 

from the incident radiation. If the wavenumber difference 

associated with two levels is v , then AE = hcv . This energy is 

made available by annihilation of a photon (E = hcv.) of incident 

radiation and creation of a photon of lower energy, hc(v.-v ); 

in the process the system is excited to a higher state. On 

the other hand, the interaction of incident radiation with 

the system in excited state may cause a downward transition 

from a higher energy level E- to a lower energy level E/ 

{Fig.1.9b). In this case, an amount of energy E2-E-= he v is 

made available by the system. In the process a photon of 

energy he v. is annihilated and another photon of energy hc(v.+v ) 

is created; the system deexcites to its lower energy state. 

Raman scattering is usually weak in intensity hence 

a strong source of incident radiation is needed for its 
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observation. Stimulated interest in its study and applications 

therefore arose only after the invention of high power and 

highly monochromatic continuous laser sources. Developments 

in the field have since been very fast and several new phenomena, 

such as resonance-, surface enhanced-, stimulated-, hyper-, 

inverse-, coherent anti-Stokes, coherent Stokes-Raman scattering 

have been discovered. Stimulated Raman gain spectroscopy, 

photoacoustic Raman spectroscopy, Raman induced Kerr effect 

spectroscopy, asterisk spectroscopy have also been deve­

loped ~ and several of them have been used in investi­

gating the SPTs. 

1.11 IR Band Intensity 

The intrinsic absorption corresponding to a transition 

between states |m> and |n> is given by 

dl(v) = -hcv.I(v). \n(Nĵ -Njjj)dl (1.24) 

where B is the Einstein probability of absorption related 

with the transition moment as 

B.. = W - l<n>lvi In>l' (1.25) mn 3ch' 

V = v_,„= (E^-E„/hc), N and N are the number of molecules 
*̂»*i TW n n m 

per unit volume in the initial and final states, respectively. 

I(v) is the intensity of light beam at frequency v after travel­

ling distance dl in the absorbing media and di ( v ) is the 

absorbed intensity at the same frequency. Eqn (1.24) can 

be rearranged to give Bouquer's or Lambert's law . 
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K v ) = IQ(V) Exp (-avl) (1.26) 

where a is the absorption coefficient given by 

â , = hcv B^„.N„ (1 .27) 
V mn n 

1.12 Raman Band Intensity 

Raman scattering arises from the ground state polari-

1 38 zability, which depends on molecular vibrations . In polari-

zability theory, the Raman band intensity in single crystals 

is generally treated in terms of scattering efficiency S 

139 defined as 

N(v )dn 

1 

where N(v ) is the number of scattered photons of frequency 

V produced per unit time per unit cross-sectional area of 

the crystal in solid angle dfl along the direction of observation 

and N(v.) is the number of incident photons of frequency v. per 

unit time per unit cross-sectional area. 

For right angle scattering and unpolarized light 

140 S IS given as 

3h L dfi (v.-v)** . 
S = 27T a c V I a^J^[1-Exp(-hcv/kT)]-^ (1.29) 

where v ^^^r."^^m~^n/^^ ̂  ^^^ ^ ^^ effective length of the crystal 

from which the scattered radiations are received at the slit 

of the spectrophotometer, a is the density of scattering centres, 

k is Boltzmann constant and T is absolute temperature. 
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The experimentally observed Raman band intensity 

is of relative importance and the integrated intensity is 

considered to be more significant than the peak intensity. 

To a good approximation, integrated intensity can be computed 

by multiplying the peak height with the FWHMI. 

1.13 Band Shapes 

IR and Raman band shapes are complex, in general. 

However in ideal situations they can be expressed as either 
1 -J c 

of the two shapes 

(i)for Gaussian shape 

I(v) = I(v^) Exp -(V-VQ)^ /a (1.30) 

and 

(ii) for Lorentzian shape 

I(v) = I(v^) -j—^ r (1.31) 
o b^+(v-v )2 - o 

here I(̂ Q̂) is the maximum intensity at peak frequency (v ) and 

a and b are adjustable parameters. b is such that 2b = FWHMI of 

the band . 

The observed band can i ~ in general be resolved into 

indefinite number of band components of either shapes. Largely 

one has to guess from the shape of the band about its compo­

nents. Obviously, this type of resolution is somewhat arbi­

trary and hence the resolved band may have considerable uncer­

tainties in peak positions, FWHMI and intensity. 
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1.14 IR and Raman Selection Rules 

A transition between |f> and |i> states is allowed only 

when transition probability defined by 

has non-zero value. In general it is difficult to find out the 

eigen functions C?) of a system. However from the group theore­

tical methods the zero and non-zero values of M_. can be 

predicted and for the non-zero value of M_. , the R.H.S. of 

Eqn. (1.32) must be totally symmetric. As the depole moment 

has the character of a polar vector and ground state is totally 

symmetric the final state 4*̂  should have the symmetry of x/y/t 

for an allowed IR transition. 

Raman scattering occurs through the induced electric 

dipole moment(P = a E; a is a second rank tensor having basis 

of representation: xx, yy, zz, xy, zx and yz). Obviously 

for an allowed Raman transition the product of symmetry species 

of "Fj and f̂  must be similar to that of any basis of a. 

1.15 Intensity of Forbidden Modes 

During a phase transition, very often new peaks arise 

in the IR and Raman spectrum. This generally happens because 

of two reasons -

i) some forbidden modes may become active in low 

temperature phase, and 

ii)the degeneracy of modes could be totally or partially 
removed in the distorted phase. 
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The process of a forbidden mode becoming active was qualita­

tively understood however their was no quantitative theory 

(except in few specific cases) of the phenomenon until recently 

when Jain and Bhattacharjee formulated the quantitative rela­

tion for the IR/Raman intensity of forbidden modes with the 

distortion in the molecular unit . 
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Fig.1.2 Single cel l potentials in (a) order-disorder and (b) displacive SPTs. 
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Fig.1.3 Temperature behaviour of order parameter ("^) near (a) first order 

phase transition and (b) second order phase transition. 

F ig . l . * Temperature variation of freei energy(a) in a first order and (b) in a 

second order phase transition. 
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Fig.l.5(a) A uniform chain of atoms; (b) a commensurable modulation; (c) distorted 

chain which results when the modulation of (b) is imposed on the chain 

in (a); (d) an incommensurable modulation; (e) distorted chain which 

results when the modulation of (d) is imposed on chain in (a); (I) marks 

represent the original position of atoms in (a), (c) and (e). 
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Fig.1.6 Schematic phase diagram for a system undergoing incommensurate 

phase transition. 

Fig.1.7 Hysterisis loop for a ferroelectric phase transition. 
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Fig.l.8a Free energy as a function of polarization at various tempeatures in 

case of a first order phase transition. 

Fig.LSb Free energy as a function of polarization at various temperatures in 

case of second order phase transition. 
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Fig-1.9 An illustration of (A) stokes and (b) anti-stokes Raman processes. 
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STUDIES OF STRUCTURAL PHASE TRANSITION IN AMMONIUM 

SULPHATE - A REVIEW 

'2,.^ Introduction 

Ammonium Sulphate(AS), a naturally occuring material 

known as mascagnite, is a colourless common laboratory compound 

having molecular weight 132.14 and specific gravity 1.759 

at 300K . It is highly soluble in water and insoluble in 

alcohal, acetone and ammonia; it dissociates at 508K. It 

undergoes a ferroelectric phase transition at 223K from para-

electric(PE) to ferroelectric(FE) phase. 

2 

Cre'̂ nshaw and Ritter inferred for the first time 

by studying the temperature dependence of specific heat (Fig. 

2.1) that AS undergoes a phase transition at 223K. It was 
3 later proved to be ferroelectric m nature . Subsequently 

AS has been a subject of large number of studies which reveal 

its several peculiar phenomenological properties not exhibited 

by proper ferroelectrics such as BaTiO^, KH-PO., etc. The 

important peculiarities are the following: 

(i) Low Curie-Weiss Constant: Dielectric data on 

AS reveal that its Curie-Weiss constant is as low 

as =20K (smaller by two order of magnitude in comparison) 

to normal ferroelectrics such as Rochelle salt (C=1700K), 

trMycinu sulphate (C=3290K), etc.). The data also 
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reveal that Curie-Weiss low holds in a very narrow 

range of temperature above T . Some typical values 
^ 4 5 

of C reported by different groups are: 23K , 15.6K , 
29K^, 21K^ and 11 .6K^. 

(ii) Unusually large spontaneous strain: The magnitude 

of spontaneous strain in FE phase of AS is about 

100 times higher than observed for proper ferroelec-
^ . 5,9 tries ' . 

(iii) Large change in birefringence: AS also exhibit 
_3 

a large change (~10 ) in birefringence at T . This 
^ o 

change cannot be accounted for as an electrpptic 

effect of spontaneous polarization; it rather finds 
o 

its explanation as elastfoptic effect of spontaneous 

strain . 

(iv) Weak dielectric anomaly: The dielectric constants 

of AS have weak temperature dependence. The shape 

of the dielectric anomaly at T is also different 
4-8 from that observed for proper ferroelectrics 

(v) Temperature dependent spontaneous polarization: 

The spontaneous polarization observed in many experi-
10 11 ments has unusual temperature dependence ' . It 

even changes its sign at 74.5K. 

For these peculiarities, the phenomenology of the 

phase transition in AS has not been correctly understood. 

Several models for the microscopic mechanism of the phase 

transition have boon proposed. For example, O'Reilly and 
7 

TZSang , associated the transition with the order-disorder 

of electric dipoles of distorted NH. ions, while Schlemper 

1 2 and Hamilton associated it with the change in H-bonding, 

1 3 Sawada et al tried to base their ideas around the displacive 
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type mechanism involving a soft mode having mixed character 

of libratory and translatory modes of the molecular ions. 

14 2-
Jain et al emphasised the distortion of SO- ion as the 

4 
important change that triggers the transition. Ikeda et al 

developed the phenomenological theory of phase transition 

in AS in terms of physically undefined order parameter; whose 

coupling with spontaneous polarization is considered to be 

responsible for ferroelectric behaviour. Unruh suggests 

that the transition is not ferroelectric but ferrielectric 

in nature, where antiparallel NH. (I) and NH. (11) dipoles 

do not cancel each other totally in PE phase. Petzelt et al 

proposed an oscillator - relaxator model and tried to explain 

the dynamic properties of AS. 

The order-disorder model does not explain many proper­

ties such as typical temperature dependence of P , x-ray 

1 7 diffuse scattering , etc. and it has been argued at several 

12 18 times that the transition is not of order-disorder type ' 
1 g 

Even the order-disorder model with many minimum potential 

is not able to explain the transition. The displacive nature 

20 of transition has been criticized . The softening of any 

21 B, mode which forms the basis of the soft mode theory 

has not been observed in any kind of vibrational spectrum ' 

21 In this context Sawada et al argued for settling three 

basic problems experimentally, 
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(i) whether or not the phase transition is of order-

disorder type, 

+ 2-
(ii) whether or not the NH. and SO. ions are distor­

ted from regular tetrahedra and accompany perma­
nent dipole moment, and 

(iii) whether or not the spontaneous polarization 

of AS decreases with decrease in temperature. 

At times it was suggested that the transition is unlikely 

to be entirely of the NH. ions order-disorder and displacive 

22 type . Moreover P is well accounted for by the permanent 

+ 2- 23 

dipole moment of the distorted NH. and SO. ions . These 

facts indicate that the mechanism of phase transition in 

AS is possibly different from order-disorder/displacive type. 

It is interesting to note that many compounds of 

ApBO. type chemical composition crystallize at room tempera­

ture with D2i.̂ /Pnam of AS. In spite of this similarity variety 

of different structural phase transitions have been reported 

in some of them. For example K^SO. and AS exhibit distinctly 

different kind of transitions below 129K and 223K, respec-

tively ~ . Noting that some such compounds exhibit identical 
27 

dielectric properties it is concluded that the phase transi­
tions in these isomorphous compounds may have some common 

28 mechanism . However, since AS undergoes a phase transition 

in the simplest possible way with no unit cell doubling and 

intermediate incommensurate phase, it will be interesting 

to further investigate the nature of its transition in detail. 

At the same time in order to correctly understand the micro-
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scopic mechanism of the transition, it becomes necessary 

to review the results and interpretations of different studies 

on this crystal. 

2.2 Crystal Structure and Unit Cell Parameters: 

The crystal structure of AS and its mixed systems 

12 29—38 
has been studied by many investigators ' . In a compara­
tive x-ray study of AS and K2SO. , Rb2S0. , it was suggested 

that the substitution of 8NH. radicals for 8K atoms causes 
4 

no greater distinction than the substitution of 8 Rb atoms. 

The space lattices of Rb2S0. and AS are also closely comparable. 

Simple structure of orthorhombic lattice with four formula 
31 per unit cell was suggested for the first time by Ogg 

33 Tutton showed that the classical, optical and morphological 

constants of AS belong to the alkali sulphate series. 

After the discovery of ferroelectricity in AS, its 

35 12 
detailed structural investigations using x-ray , neutron 

34 and electron diffraction techniques were performed. This 

16 
established the crystal structure of AS to have Dj, symmetry 

9 
in PE phase and C^ in FE phase. 

The unit cell structure depicting the atomic arrange­

ment in the unit cell of AS projected on (001) plane is shown 

in Fig. 2.2 for both phases. The four formula unit cell contains 

two distinct sets of NH^ + ions designed as NĤ '''(i) and NH.''"{II), 
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which are marked by symbols I and II. For convenience of 

illustration different atoms (0,S,N and H) have been shown 

by circles in order of decreasing size, which should, however, 

not be confused with their atomic size. 

+ 2-In paraelectric phase {cf Fig .2.2a) NH. and SO. ions 

form a planner arrangement in (001) planes separated from 

each other by c/2 lattice distance. Atoms represented by 

blackened and unfilled circles are considered to be located 

on (001) mirror planes at c/4 and 3c/4 heights, respectively, 

from the base of the cell. The line-shaded circles denote 

pairs of O or H atoms which get interchanged with each other 

under mirror symmetry ( a . ) . In ferroelectric phase this 

mirror symmetry vanishes with minor changes which are apparent 

in Fig. 2.2b. 

Recently, Hasebe studied AS structure at different 

temperatures (233, 224.5, 219,5, 209, 183 and 133K) which 

fall on both sides of transition temperature. These results 

have been found to be very useful in concluding the mechanism 

of phase transition and its finer details. We, therefore 

give the useful data in Tables 2.1-2 ."f. These data do not 

differ significantly from those reported by others. 

The crystal structure of AS-K2SO. mixed system for 

nNH^)^_^Kx)l2S0^; x=0.31 and 0.70 has also been investigated 

38 
by x-ray diffr< tion . It is found that mixed crystals are 
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2-

isomorphous to AS and K^SO. crystals and the SO. ion retains 

its almost tetrahedral structure. Tendency of K ion going 

preferentially to site (II) of NH, ions is also reported. 
37 The lattice constants of mixed crystals decrease 

with increase in K congentration in K^SO.-AS and increase 

with Cs concentration in CSjSO.-AS. In the Rb-SO.-AS mixed 

system the lattice constants b and c decrease in contrast 

of a which increases with Rb concentration. The change in 

+ + + 
b and c with K ,Rb and Cs concentration is more than the 

change in a. It appears that the NH. ions are packed more 

densely along the a- axis than along other two axis. 

2.3 Dielectric Properties: 

The dielectric properties of AS have been studied 

A —ft ft Q 1^ "̂ 9 — ̂ 7 
by a number of investigators ' » » » ~ ^ Attempts have 

been made to explain the peculiar dielectric anomaly in terms 

4 6 
of improper ferroelectric model , coupled oscillator model , 

15 11 
oscillator-relaxator model and two sublattice model 

Even before the discovery of ferroelectricity, the dielectric 

43 anomaly of AS was wellknown. For example, Courture reported 

4 5 anomaly in dioloctric constant ( e) at 25 kMc/S. Kamiyoshi 

carried out such measurements under d.c. bias and reported 

that the bias causes large shift in T . Le Montagner reported 

shift in T when the measuremtmts were carried out in vaccum. 

However, the crystal is reported to exhibit normal dielectric 
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behaviour at microwave frequencies ' ' ' ' . Hoshino et al 

found that the lower limit of the frequencies at which AS 

exhibits a normal type of dielectric behaviour falls in megacy­

cle region. The unusual shape of dielectric constant Vs tempe­

rature curve has been associated with the movement of domain 
Q 

walls . The variation in the rate of heating/cooling also 

changes the sharpness of the dielectric peak. 

The temperature dependence of e (T), e (T), e_(T) measu-

red by different groups differs significantly. According 
Q 

to Hoshino et al the dielectric constant e does not depend 
z • 

on temperature in the paraelectric phase, while observations 
4 7 by Kopstik et al show a weak temperature dependence above 6 8 T . However, Unruh and Oshima and Nakamura have shown that c 

the behaviour of e is governed by Curie-Weiss law in the 

temperature range T to 50°C and T to 10°C, respectively. 

Heating/cooling also changes the range in which the law is 

valid. The anomaly in dielectric behaviour could not be under-
58 stood in terms of conventional thermodynamic approach applied 

59 to proper ferroelectrics. For proper ferroelectrics, we have 

g(+) - ^ = 4 (1) 
e(-) - 1 ^ ^ '' 

where e(+) and e(-) are dielectric constant obtained just above 

and just below the T . While the experimental data for AS 

reveal, 
£(+) - 1 <i (2) 
£{-) -1 ' ^^^ 
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indicating that the spontaneous polarization is not the order 
4 

parameter. Ikeda et al on the basis of the theory of improper 

ferroelectrics , associated the dielectric anomaly with 

the coupling of an undefined order parameter (n) and spontaneous 

2 6 polarization. Kopsky attempted to explain the para- and 

ferro-electric susceptibilities, by 

(i) considering AS as a system of one soft (q) and 

several hard modes (q.) belonging to a single 

non-degenerate one- dimensional representation 

of paraelectric symmetry, and 

(ii) introducing anharmonic interactions of the form 

Dvorak and Ishibashi considered two non-equivalent sublattice 

polarizations, assumed to have strong coupling favouring 

an antiparallel alignment of dipoles and tried to account 

for the low Curie-Weiss constant and weak dielectric anomaly. 

Attempts have also been made to understand the dielectric 

anomaly in forms of ferrielectric structure of low temperature 

, 28 phase 

In coaxial and waveguide frequency range 0.01-10.0 

and 18-26.5 GH , the dielectric dispersion of AS is reported 

53 to be of non-dispersive Debye type ; it has been suggested 

that since e^ is small, the slight temperature dependence 

of f^ cnnnot bo noqloctod. Tho tomporcituro variation of 

dispersion step €»- e^ in PE phr se follows Curie-Weiss law. 

No sign of analogous ferrielectric contribution to the dielectric 
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constant could be detected. Below To' (T -T'=2.6K) these 
c o 

experiments reveal that the relaxation frequency slows down 

critically to 23 GH . However, in the Brillouin scattering 

experiment, relaxation frequency is observed to fall in 150-200 

GH range. The difference is explained by quadratic 'electro-

strictive' coupling between acoustic and optical symmetry 

coordinates leading to a multiplication factor of 8. 

The relaxation behaviour has been explained in terms 

21 of oscillator-relaxator model developed by Sawada et al 
1 5 

and Petzelt et al . The temperature dependence of domain 

clamped e is reported to be linear with -^ = 0.015/K~ . This 
_ i 

is not in agreement with theoretical formula e=A[T ~-T ]~^, 

where T ~-T = 3K. This difforoncc is attributed to the tcmpe-
o o ^ 

rature dependence of e^. 

57 Badr and Awad have measured e in the frequency 

range 100H -1MH . They observed a thermal hysteresis of about 

4°C and a sharp increase in e and dielectric loss e'. An 

anomalous behaviour in e is detected around -40°C. This behaviour 

becomes quite pronounced for low frequency fields but disappears 

when the measurements are carried" in the heating mode. The 

observed frequency dependence of e is attributed to piezoelectric 

2-resonance. It is inferred that SO. ions play a major role 

in contributing to the anomalous behaviour of AS. 

The experimental situation regarding the temperature 
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dependence of spontaneous polarization (P ) is not conclusive. 

Measurements on pure ' ' , deuterated as well K-doped 

6 2 6 3 10 
Rb doped ' AS have been reported. According to Unruh , 

P changes with temperature in magnitude as well as in direc-

2 

tion; it has maximum value 0.62 yC/cm at 221.5K and decreases 

2 

to -0.03 yC/cm with a reversal sign at 8K. Some other experi­

ments also suggest this behaviour ' * . However, other 
4 9 reports indicate temperature independent nature of ^c ' * 

It has been reported that crystal growth influences the tempe­

rature dependence of P and one may obse»v*d/ temperature 

dependent/independent P for two different samples. Attempts 

21 have been made to relate P to one of the B, mode . The s 1u 

idea was, however, criticized in favour of the assumption 

+ 2- 20 that P is due to distortions of the NH. and SO. groups 

The temperature dependence is attributed to a ferrielectric 

48 structure and two sub-lattice model has been tried to account 

for it . The model is corroborated by other observations 

and it has been suggested that more than one dipoles contribute 

to P . s 

The Coercive field (E ) in the vicinity of transition 
g 

temperature increases linearly with decreasing temperature. 

The maximum Ê (=4KV/cra) is observed at 233K. Similar nature 
2 

of E is reported by Matthias and Remeika ; the maximum Coercive 

field reported in their study at 231K is 2KV/cm which decreases 

with increasing temperature. The frequency dependence for 

coercive field in the frequency range 0.007-1200 Hz is also 
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61 re: ̂rted . E;, decreases when the frequency increases in 

the presence of trapezoidal electric field. The decrease 

in E has been attributed to an intrinsic bias field, which 

is believed to be an expression of the polarization induced 

ordering of certain lattice defects . 

2.4 Specific Heat 

Temperature dependence of specific heat (C ) was 
2 

first measured by Crenshaw and Ritter , and later by several 
9 6970 71 

investigators for pure AS ' ' , deuterated AS as well 
7 2 69 

as mixed system {AS-{NH.)2BeF.) . Nitta and Suenaga and 
Shomate observed a single peak of sudden change in C at 

f 
9 

T and recognise it as X-type anomaly. However, Hoshino at al. 

observed anomaly at two temperatures -, 223K and 225.5K. Similar 

g 
results were also obtained for deuterated AS at 224.5 and 

225K. The change in enthalpy and entropy at T have been 

estimate^^ to be 930 Cal/mole and 4.2 Cal/mole. K, respectively. 

The peak at 225.5K is reported to shift with the rate of 

change of sample temperature. The temperature difference 

between peaks is reported to decrease when the rate of tempe­

rature variation is slowed. It is suggested that a thermal 

relaxation mechanism with large relaxation time should be 

9 71 

responsible for double peaks . Recently Hizashizaki' and Chihara 

reported the molar heat capacity of deuterated AS between 

2.8 and 301K. The results show the transition to be of first 

order. However, a tai"" extending upto 160K is also observed 
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inaicatinq the presence of second order effects. They estimate 

that 

i) the heat and entropy of transition are 4 270 J/mole 

and 20.35 J/mole| K, respectively, and, 

ii) the first order portion of the anomaly contributes 

only 40% . 

2.5 DTA and TMA Measurements 

In addition to the dielectric measurements Badr and 

57 Awad have also studied the differential thermal analysis 

(DTA) and thermomechanical analysis(TMA) . The DTA thermogram 

shows a peak at T indicating the first order transition. 

The change in TMA thermogram at the transition is associated 

with a rapid increase in the expansion coefficient attributed 

to the enhanced rotation of electric dipoles of NH- and 

2- . SO- ions. 

2.6 Electrical Conductivity 

The d.c. electrical conductivity has been measured 

73 74 

by Schmidt and syamaprasad and Vallabhan . The conductivity 

decreases with decrease in temperature but a sudden incre^ase 

by an order of 4 is observed at T . The mechanism of conduction 

c 

has been attributed to the proton tunneling and the activation 

73 74 
energy is estimated to be 0.76eV , Syamaprasad and Vallabhan 
also reported a sudden change in electrical conductivity 
at 4 23K, which as not observed by Schmidt. 
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2.7 Elastic Anomaly 

The transition in AS is accompanied by large changes 

in elastic properties ' ' ' . Elastic constants C.., C. . 

and Ccc exhibit anomalies at T with maximum change ( =70%) 

in C- ̂  . The lattice strain in the ferroelectric state is 

2% larger than in PE phase. However, the electrostrictive 

strain is found to be small in comparison to the total strain 

in the ferroelectric phase. 

Attempts have been made to explain the elastic anoma-

lies in terms of Landau type mean field theory ' ' conside­

ring the higher order coupling between order parameter n 

and strain x. The differences in experimental and theoretical 

results have been attributed to the contribution to the elastic 
4 

constants due to domain wall motion . It is observed that 

the experimental results of the temperature variation of 

elastic constants particularly determined from Brillouin 

scattering (phase-comparison method) do not fit well in the 

expressions coming from Landau type mean field theory. In 

this context it is argued that Brillouin scattering data 

have been obtained at stress frequency of =10 H ; increase of 

the dispersion frequency of order parameter being lower than 

the stress frequency, the order parameter cannot follow the 

applied stress and the elastic constants deduced are expected 

77 to be different from their average values 

Relation between strain fluctuations and the elastic 
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constants are now investigated by molecular dynamics simula-

77-79 
tions . Elastic softening of C.. has been studied through 

80—83 
such simulations for Li-SO. ~ and experimentally observed 

changes at phase transition are reproduced. In view of this 

fact such simulations are desired to be performed for revealing 

the origin of elastic anomaly in AS. 

It may be remarked that the emphasis of the investiga­

tions on elastic properties has been to reveal the details 

of the critical behaviour near T , therefore, the variation 
c 

in elastic constants over a wide range of temperature has 

not been fully investigated. 

2 .8 Neutron Scattering Studies 

There are several reports on neutron inelastic and 

84 —88 
elastic scattering studies of AS . Three elastic peaks 

at 85, 200 and 335 cm"^ have been reported®^'^^. The first 

two peaks are associated with lattice translational vibrations 

+ 84 

while the last to the NH. libration. Bjorek at al found 

a peak in the elastic scattering at T but no significant 

change in the inelastic scattering spectra. These observations 

85 -8 8 87 

are corroborated by other studies ~ . Dhalborg correlated 

the former observation with the inference of DMR study by 

O'Reilly and Tsang that order-disorder of NH- dipoles 

is responsible for the transition, while the latter observation 

is associated with the inference of Neutron diffraction study 
12 

by Schlemper and Hamilton that the H-bonds play an important 
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89 
role in triggering the transition; the apparent disagreement 

IS resolved by arguing that DMR and neutron diffraction measu­

rements reveal two different aspects of the system. The relaxa­

tion time of reorientational oscillations of NH^ ions is 

found to be =10"^°Sec. in FE phase and ==5x10" Sec in PE phase. 

The measurements have been used to evaluate the angular corre­

lation function for NH. ions and it is also inferred that 

+ 87 
the rotational motion of NH, group is damped 

2.9 Magnetic Resonance Studies 

Magnetic resonance techniques have also been used 

to reveal the phase transition in AS. Mention may be made 

^ xTx>.r,7,18,90-100 „^„101 , „„„102-117 „ i ̂  ^ 4. u • 
of NMR ' ' , NQR and ESR . Some related techni­
ques viz. proton spin thermometry, proton and deutron spin 

7 1ft "^7 fi'^ i n n 
lattice relaxation time measurements ' » » ' ^ pulsed 

nitrogen-proton double resonance and dipolar relaxation measu-

118 119 lements ' have also been employed. These investigations 

reveal: 

i) Proton line width transition which occurs at 

-110°C has no correlation with the onset of polari-

zation 

ii) discontinuous change in T. observed at T is 
I C 

related to the change in barrier to the rotation 

of NH. ion from 2.3KCal/mole in the PE phase 

to 6.lKCal/mole in FE phase ; the observation 

is corroborated by T̂  measurements in deuterated 

AS and two different relaxation times are attributed 
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t o c r y s t a l l o g r a p h i c a l l y d i s t i n c t NH. (I) and 
vi» + / T T N - 1 0 0 NH. ( I I ) i o n s 

iii)It is inferred that large amplitude oscillations 

of NH. ions get freezed at 163K and 117K, respec­

tively for NH^^(I) and NĤ '̂ (II) and this fact 

is correlated with the unusual temperature depen-

dence of P s 

iv) Line splitting observed in NMR spectra at low 

temperatures is believed to be due to half "frozen-
+ 18 in" and half "rapidly reorienting" NH. ions ; 

.alternatively, this is also associated with the 

configuration in which two-third of the NH. ion 
91 are rigid and rest in motion 

+ + 
v) NH. (I) and NH. (II) ions reorient at different 

frequencies and are coupled to each other via 
7 

dipole-dipole interaction . 

vi) NH. ions do not retain their tetrahedron structure 
119 in ferroelectric phase 

vii) In solid solution K2SO.-AS K ions are found 

tro be substituting for NĤ '*"(I) more than NH."'"(II)̂ ^ 

viii)The T. measurements in solid solutions like 

Rb2S0.-AS, CS2SO.-AS reveal that the nature of 

transition changes from the first order to the 

second order with increase of the substituent 

(RbVcs"^)^"^. 

ix) The ratio of spin-lattice relaxation time of 

Zeeman and dipolar energy (T. /T,^) is observed 

to be 2 in PE phase and 3 in FE phase. This is 

attributed to the contribution from cross-relaxa-
14 

txon to N which is comparable to the proton-
proton relaxation in PE phase and negligible 
in FE phase 
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x) The diffusion of NH. ion takes place with activa­

tion energy T8+2 KCal/mole above 300K^^^. 

2+ 103 107 108 Temperature dependence of ESR spectra of VO ' ' , 

CrO,3- " ^ - " \ NH3* 102,104,105.117_ 3^^^- 115 ̂ „^ ̂ ^5+ 106 

probes have been studied. These reveal the following: 
2-

i) At T the SO. ion get distorted and an abrupt 

increase in the dipole-dipole interaction energy 

between NĤ "̂  and S0^^~ dipoles occur^ °̂  ' ̂  °̂ '̂  ̂  \ 
ii) H-bo,..ls become stronger in FE phase. 

iii) NH^ (I) and NH. (II) can be arranged in three 

different pair sites, viz. NH."̂ ! I)-NĤ "*"! I) ,NH.'*"( I)-

NH^"^(II), NĤ "*"{II)-NĤ '̂ (II)̂ "̂ , where VÔ "̂  type 

dopant can enter; each pair site obviously has 

different temperature dependent field. The tempe­

rature dependence of ESR spectra at I-I and II-II 

eites are found to be quite similar to that of 

spontaneous polarization 

iv) The temperature dependence of the strength and 

orientation of different dipoles is different . 

2.10 IR and Raman Studies 

A wealth of papers has been reported on IR-absorp-

. . 14,20,23,90,119-114 „ ^ x, • •,-• • 22.145-155 
tion ' ' » ' ^ Raman and Brillouin scattering ' 

Samples in the form of powder f'40̂  microcrystalline thin 

films^"'^^^^, single crystals^^' ̂  ̂ ~̂̂  ̂ ^ of both pure and deute-

rated AS have been investigated. Recently samples of solid 

solutions such as, Na2S0^-AS, etc. have also been studied. 

IR/Raman spectra of these samples have been analyzed . 
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in terms of phonon frequencies of different normal modes. 

Their site symmetries and correlation field splitting have 

been determined and the spectra have been interpreted in 

the framework of unit cell approximation. Apparently, these 

^. ^. , , . 127,131,134,152,154 

investigations are more or Less complete » 

though there are minor disagreement about certain assignments. 

For example, the assignment for the band observed at 3310cm~ 
1 34 

in the N-H stretching region. According to Torrie et al 

this band arises due to site split component of v,(NH, )mode, 

131 + 
while Schutte and Heyns associate it with 2v„(NH- ) . Stekhanov 

1 30 
and Gabrichidge identified it as a component of the doublet 

arising due to tunneling of proton along N-H 0 hydrogen 

20 
bridge. Jain et al also corroborate this assignment. 

Among the external modes of A S , ^g(NH. ) observed 

_1 
in the frequency_-_raaae-, 300-360cm has been most thoroughly 

^- .̂ o127,133,134,135,141 . ^-K ^ u u investigated » » » » because the mode has been 

suggested to be involved in the mechanism of the phase transi-

7 12 87 90 91 
tion ' ' ' ' . The temperature dependence of IR/Raman 

spectra has been investigated in detail. These investigations 

reveal: 

i) The constituent ions viz. NH. (I),NH. (II) and 
2- 4 4 

SO. are distorted from their tetrahedral struc-
2-

ture; distortion in SO. ion increases suddenly 
23 

at T ''•̂ . c 
ii) NH^ ions execute hindred rotational motion. 
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iii)Factor group splitting of different modes as predic-
1 34 ted by factor group analysis are not observed , 

however, in some Raman work, small factor group 
11^2 1 "54 splitting has been measured ' . lu a recent 

155 study the observed splitting has been attributed 

to the hetroionic vibrational coupling between 
+ 2-the modes of NH. and SO. ions. A mechanism of 4 4 

interionic vibrational coupling has been suggested 

to reveal that vibrations of the crystal consist 

of motion of both sets of ammonium ions rather 

than some vibrations due to one set and rest due 

to other set. 

One of the objective of studying the low frequency 

spectra of AS has to detect the soft mode (if any) involved 

in the mechanism of phase transition. The soft mode should 

have B^^ symmetry of D2^ (point group of PE phase) and should 
21 attain Â  symmetry of C2 (symmetry of FE phase). Sawada et. al 

argued that the soft mode should be a mixed mode of small 

component of translational polar symmetry and large component 
1 5fi 

of librational non-polar symmetry. Unruh et al suggested 

that two irreducible representations (B̂  and A^) might be 

20 active in Phase Transition. Jam and Bist have suggested 

that this should have major component as v^ (assymetric stretch 

2- 2-
of SO. and small component as v.(SO. ). However, no phonon 
soft mode has been observed in Raman ' , IR and far 

15 143 15 
IR ' spectra. Petzelt et al have argued that soft mode 

W 
may notv observed due to its fast relaxing nature. Iqbal and 

22 Christoe also believe that the mode should be relaxation 
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type. In this context, mention may be made of 'Rayleigh wing' 

-1 22 

observed in 0-50 cm frequency range in Raman spectra 

of yy and xy polarization. The temperature dependence of 

Rayleigh wing has been investigated in 290-170K range. The 

xy wing loses intensity in an approximately linear fashion, 

while the yy wing changes its profile, losing intensity and 

simultaneously revealing a weak intensity peak around 4 0cm~ 

whose intensity increases slowly with decrease in temperature. 

The yy wing is compatible with the mode of A- symmetry which 
2-

is the expected symmetry of the ferroelectric mode, SO. 

librations. It is possible that those wings arise from nearly 

free rotation of NH. ions but then some distortion from 

T, symmetry is necessary to allow Raman activity. Iqbal and 
22 Christoe finally state that it is not clear whether these 

wings could be associated with the soft mode, particularly 
when they change little at T . 

2.11 Birefringences Study 

The anomalies in electrooptic coefficients have been 

5 157 

investigated by Anistratov and Martynov and Strukov and 

identified to have dielectric nature. However, the changes 

of birefringence 6 (An^), calculated as electrooptic effect 

of the spontaneous polarization is found to be two order 

of magnitude lower than that observed experimentally. It 

is, therefore, argued that the change in A n arises as an 

elasto-optic effect of spontaneous strain which accounts 



65 

for the observed magnitude of An . 

2.12 Theoretical Approaches 

Several theoretical models have been proposed for 
7 

the phase transition in AS. The order-disorder model in 

the framework of mean field approximation has been proposed, 

where NH. ions are presumed to get orientationally ordered 

in one of the two equilibrium positions. The model however 

does not explain the first order nature of the transition 

because the necessary cooperative orientation of NH. ions 

1 8 is absent in the system . This model has also been criticized 
158 by Hamilton and Ibers . A displacive type nature involving 

4-

the translation of the NH. ion along the ferroelectric axis 

triggered by the enhanced hydrogen bonding in the FE phase 

1 2 has also been discussed . However, this picture does not 

20 account for the observed spontaneous polarization . Jain 

23 et al. using the point charge model calculated the dipole-

moments of individual ions arising from their distortion 

from T, structure. The calculated P is found to be almost d s 

equal to the observed values. In view of this observation 

23 Jam et al have proposed a model, according to which the 
2- . 

SO. ion get distorted suddenly at T and triggers the transi­
tion. However, the further work on the model to develop a 

159_i61 
quantitative theory has not been taken up until recently . 

Unruh and riidiger proposed a two-non-equivalent sublattice 

model, where two NH- ions acts as sublattices. Some properties 
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of FE phase are explained in the framework of ferrielectric 

28 structure 

Both Landau type ' and soft mode phenomenological 

theories have been attempted to explain the transition. Ikeda 

et al. developed a Landau type theory considering AS as 

an improper ferroelectric and expanding the free energy in 

terms of an order parameter n; coupling between order parameter 

and spontaneous polarization was introduced to account for 

26 
the dielectric behaviour. Kopsky considered the anharmonic 

interactions between soft and hard modes in order to explain 

21 dielectric susceptibilities. Soft mode theory by Saxada et al. 

attributes the origin of the transition to a mixed mode of 

non-polar librational and polar translational modes. The 

model is based on the assumption that all constituent ions 

have perfect T, symmetry in both phases but this assumption 

20 is not observed to be in line with the structural results 

Thermodynamic theories have also been attempted in the frame­

work of two sublattice model by Dvorak and Ishiboshi and 

28 Onodera et al . . These theories, however, assume that only 

one NH. ion is actively involved in the transition and express 

the free energy in terms of only one sublattice polarization; 

other sublattice polarization is treated as an interacting 

1 9 system. Recently Zinenko et al. have examined the transition 

in the framework of an order-disorder model with many minimum 

potential. However, they found that the model does not fit 



67 

162 

with the observed behaviour of transition m AS. Aizu 

has suggested a different approach to explain the phase tran­

sition in AS-type system. According to this approach, there 

may exist a soft mode having wavelength equal to general 

rational number times the relevant lattice parameter. 

In addition to the above mentioned studies, mention 

49 163 may be made of the work on domain structure ' , twin plane 

motion crystal growth and nucleation , thermolumins-

cense and optical constants . Some of these properties 
16 8 are reviewed by Mejean and Calendini . Apparently AS has 

been studied exhaustively. Howeve~r certain aspects of its 

phase transition remain still unclear. For example: 

i) the physical nature of order parameter, in the 

absence of which several theoretical studies could 

not b^ as the right efforts in the direction reveal­

ing the microscopic mechanism of phase transition; 

ii)the involvement of different constituent ions id 

the microscopic mechanism of SPT about which different 

studies make different conclusion; studies of NH.^ 
4 

ion dynamics reveal as if the phase transition 
of 
2-. 

1 69 is of second order in nature , while those of 

SO. ion dynamics corroborates its first order 

character evident from finite latent heat; 

iii)origin of the peculiar temperature dependence 

of spontaneous polarization (P ) is uncertain and 

which is attributed to the ferrielectric structure 

of NH.'̂ (I) and NH.'''(II) dipoles, while there are 
2-clear evidences for SO, ion also contributing 

significantly to the P ; 
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At times it has been suggested that the SPT in AS 

cannot be understood entirely in terms of either the order-

disorder or displacive type microscopic mechanism. But the 

real mechanism of transition has not been revealed. While 

the T is not affected by deuteration and the NMR linewidth c •* 

remains unchanged at T , the H-bonds are also suggested to 

play a major role in triggering the transition; the way these 

bonds operate has not been concluded. 
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Fig.2.1 Temperature dependence of specific heat in ammonium sulphate. 
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Fig.2.2 Crystal structure of (NH.)- SO^ projected in (001) plane (a) above 

T (b) below T 
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TEMPERATURE DEPENDENCE OF IR/RAMAN MODES OF AMMONIUM 

SULPHATE 

3.1 Introduction 

The main objective of IR/Raman studies of AS have been to; 

i) assign the modes of vibrations as unambiguously as 

possible 

ii)detect the soft mode, responsible for the phase transi­

tion at 223K^~^, and 

iii)reveal the microscopic mechanism of phase transition 
8 9 from spectroscopic changes observed around T ' 

Although more than 25 papers (as reviewed in Chapter II) have 

been published from different laboratories, on the IR and 

Raman spectra of AS, study of several important aspects that 

can also be examined through these techniques has not been 

attempted. For example, crystallographically different NH. 

ions, viz. NH, (I), and NH. (II) give rise to broad bands 

having poor indications of any structure and therefore revealing 

very little information about the dynamical and structural 

changes (if these ions have any) at T . However, the situation 

changes if we investigate the temperature dependence of the 

spectra due to D-modes of partially denterated NH. ions. 

In such systems the resonance coupling between nearly identical 

oscillators decreases significantly due to their low concentra­

tion and the D-modes appear as sharp and distinct bands belonging 
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to different distinguishable D-oscillators . One expects 

to observe as many bands as the number of distinguishable 

internal coordinates involving D-atoms. The temperature depen­

dence of the bands due to such modes provides an opportunity 

to study the changes occuring in each of such coordinates. 

11 12 Similarly one finds that certain investigations ' indicate 

that the transition is of second order in contradiction with 

the well established fact that the transition accompanies 

13 14 finite heat of transition ' ( - .93K cal/mole) . Spectroscopic 

studies can examine the structural and dynamical changes of 

different constituent ions with desired accuracy particularly 

if the spectra of the ions do not overlap. Therefore in the 

case of AS the temperature dependence of the spectra of deute-

+ 2-rated NH. and SO^ ions could help m resolving this kind 

of contradiction. The temperature dependence of the band width 

is capable of revealing enough informations about the relaxa­

tion processes , however such attempt has also not been made. 

In view of these observations we undertook the study of the 

temperature dependence of intensity, bandwidth and frequency 

+ 2-

of several theremo-sensitive modes of NH. as well as SO, ions^ 

in addition to those of D-modes of partially deuterated AS. 

Our findings are reported in this chapter. 

3.2 Phonons and their Symmetry 

The dynamics of AS containing 60 atoms per unit cell 

can be described in terms of 180 phonon branches (177 optical 
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+ 3 acoustic) under the unit cell approximation. These branches 

arise from different normal modes of NH. (I), NH- (II) and 

SO, ions. These ions are known to have T, structure m their 

free state. They have four fundamental modes of internal vibra­

tions viz. V-(A., the totally symmetric stretching), VjCE, the 

doubly degenerate symmetric bending), v^{F„, the triply degene­

rate anti-symmetric stretching) and v.(F2, the triply degenerate 

anti-symmetric bending); A-, E and F2 are species of T, point 

group. These modes are shown in Fig. 3.1. The external lattice 

modes 'ferisin̂ ) from the rotational and translational degrees 

of freedom of F̂  and F- symmetry, respectively. In view of 

their symmetry, rotational modes are forbidden in IR as well 

as in Raman spectra while \). and v̂  are forbidden only in 

IR spectra. 

The classification of 180 phonon branches for the PE phase 

(D-v symmetry) and for FE phase (C- symmetry) can easily 

1 7 be worked out using standard techniques viz. Unit cell and 

18 19 site symmetry ' approaches. The results are symmarized 

in Tables 3.1 and 3.2, respectively. 

3.3 Experimental 

Ammonium sulphate of Analar grade was obtained from E.merck 

(Ind.) Ltd. The compound was further purified by slow evapora­

tion of its acqueous solution in deionized double distilled 

water kept in a thermally insulated box with silica gel. Crystals 
3 

of a few imn size were collected and redissolved and the process 
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was repeated thrice. Fairly transparent crystals thus obtained 

were used for spectral investigations. 

Samples of partially deuterated AS were obtained by 

dissolving the crystals of purified AS in mixtures of (i)90%H2O+ 

10%D2O, (ii) 95%H20+5% D2O, and (iii) 80% H2O+20% D2O. 

IR spectra were recorded on a PE-983 spectrophotometer 

operated in mode-6 (resolution 1cm~ ) for nujol mull placed 

between Csl windows.- Efforts of recording the spectra in mode-7 

with the highest possible resolution attainable on the instru­

ment did not improve the quality of the observations. A stan­

dard specac low temperature cell was used to record the tempe­

rature dependence of the spectra between 110 and 300K. The 

temperature of the cell was monitored with help of a copper-

constantan thermocouple fixed near the sample holder. The 

thermo-couple was calibrated at the temperatures of liquid 

Np, melting ice and boiling water. Although the temperature 

was regulated to an accuracy of IK, due to a possible tempera­

ture gradient along the Csl windows the level of error in 

the temperature measurements is estimated to be ±3K. 

The Raman spectra were recorded on a Spex model 14 03 

RamloTg spectrophotometer equipped with thermoelectrically 

cooled {-30°C) RCAC-31034 GeAs photomultiplier tube and photon 

counting system. Spectra physics Argon ion laser oscillating 

at 514.5nm (2.00 Watt Power) was used as a source of excitation. 

Raman spectra of the sample were recorded for pallet made 
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out of finely powdered sample. The temperature dependence 

of the spectra was monitored using a locally fabricated low 

20 temperature cell where the sample was cooled by using liquid 

nitrogen as coolent. The temperature was varied by simultaneously 

heating the sample electrically; the heating was controlled 

by a specac low temperature controlling unit. The temperature 

was monitored by using copper-constantan thermocouple fixed 

in the back of the pallet, to an accuracy of +2K in the range 

of 100-300K. 

3 .4a Temperature Dependence of IR Spectra 

The spectra of partially deuterated AS (at low degree 

of deuteration - 5%) gives the well resolved structure in 

both N-D stretching and N-D bending region. This is shown 

in Figs. 3.2 and 3.3, respectively. 

The N-D stretching region shows two well resolved compo­

nents in the PE phase. The higher frequency component peaks 

at ~ 2380cm"^ (FWHMI=1BOcm"^, with a shoulder at 2420cm"\ 

The lower frequency component is observed around 2300cm~ 

with FWHMI=190cm~ . These bands do not show significant changes 

at T ; some changes in the relative absorption at 2260 and 

2300cm'" may howeCver be seen. In the spectra obtained at 

ÎftK the absorption intensity at 2300cm'' is more than that 

ol 2260cm~ ; the reverse is trut̂ cit 223K. Consequently, the 

band appears to be centred at around 2260cm~ with a shoulder 

at 2300cm~ . On cooling the sample further, the band get resolved 



91 

into four components at around 183K. No major change in the 

frequency and band shape is detected on further cooling; a 

general increase of 10-20cm~ in the frequencies of different 

components is observed. The band due to N-D bending (centred 

around 1250cm~ ) and that due to the N-D stretching mode (centred 

around 2380cm~ ) do not show any specific change at T . At 

temperatures far below T , the 2380cm band is resolved into 

four sharp components, and those around 1200cm~ exhibit eight 

components . 

The v̂  mode of S0.^~ ion (Fig.3.4) falls at 979cm~ 

at room temperature. No sudden jump in the peak position and 

intensity of this band is observed at any temperature above 

and below T (cf Fig. 3.4). However, at T the band suddenly 

attains significant intensity and shifts to 975 (Av = 4cm~ ). 

3 .4b Temperature Dependence of Raman Spectra 

The temperature dependence of the internal modes v-, Vj 
2-

and V- of SO. ion is shown in Figs. 3.5 to 3.7. In the N-H 

stretching region a broad and intense band is observed and 

its temperature dependence does not reveal any new information. 

Fij' 3.8 provide the temperature dependence of frequency 

(»,c»n~ ), relative integrated intensity (I ), Peak intensity 

il ) and half-vdidth (FWHMI, cm~^ ) of v.(SO.^"). These data are 
2 

plotted in Fij. 3.8. Similar results for Vo ^^^ VA of SO. ion are 

tabulated in Tables 3.4 and 3.5, and are depicted in Figs.3.9 

and 3.10, respectively. 
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The uncertainty in the frequencies is +1cm~ for the 

well developed sharp bands and +5cin~ for manually resolved 

and diffuse/weak bands. Similar uncertainty is estimated in 

FWHMI data. Errors in the I and I data lie within 2%. From 

the observed spectra we note that: 

-1 -1 

(i)the V- mode shifts from 979cm to 975cm suddenly 

at T on cooling the sample and its peak intensity 

decreases sharply while I remains almost unchanged 

in the entire range of temperature monitored by US. The linewidth of this mode remains almost constant 

above T but increases at T : on further cooling" c c 
the sample it decreases to almost the same value 

at 218K which then exhibits linear decrease. 

(iijrhe triply degenerate v. band is observed in 64 0-600cm~ 
^ _1 

region with two clear peaks at 628 and 618cm at 
_1 

room temperature. The I (628cm ) increases slowly 

as the temperature decreases. The peak at 618cm~ 

starts becoming broad and get split into two compo-
-1 -1 

nents at 618 and 614cm . The I (628cm ) increases 

in the same fashion as observed in PE phase on lower­

ing the temperature. However, I of the rest two 

components decreases and at about -100°C an extra 

component is seen at 621 cm" . The total integrated 

intensity of the band remains almost constant above 

and below T . However I changes suddenly at T 

2- 1 

(lii)The doubly degenerate mode V2(S0. ) appears at 425cm~ . 

I of the band decreases gradually on lowering the 

temperature. The FWHMI of the band increases with 

temperature, while the total integrated intensity 

of the band remains unchanged. Below T , the band 
splits into two components at 
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The NH.^ stretching region gives broad and diffuse 

band above T . This band shows no significant change around 

T ; however, the band gets split into three components at 
_1 

3ZSS,3ii^ and3053cm on lowering the temperature much below than 

^c-

In external mode region (below 4 00cm~ ) no significant 

temperature dependence was observed. 

3.5 Discussion 
21 The structural data on AS reveal that there are six 

distinguishable H-atoms in PE and eight in FE phase. Therefore 

the vibrational spectra in the regions of N-H stretching as 

well as N-H bending are rich in frequencies. This results 

in broad and complex bands which lack in desired resolution 

for identifying and monitoring the behaviour of specific modes. 

The complexities of bands further increase due to highly anhar-

monic nature of H-bands interactions, responsible for several 

combinations and overtones of lower frequencies to appear 

in these regions. Unamljiguous identification of the mode asso­

ciated with a chosen component of the band becomes obviously 

difficult and the temperature dependence of such bands does 

not provide any conclusive evidence regarding the change in 

the structure and dynamics of NH- ions. However, the bands 

due to vibrations of D-atoms in partially deuterated ammonium 

ions are expected to be almost free from the above re'ferred 

complexities and therefore, the temperature variation of the 
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bands due to N-D stretching and N-D bending is depicted in 

Figs.3.2 and 3.3 respectively can reveal the change in NH. ions. 

The N-D stretching region is expected to show six 

bands components in PE and eight in FE phase. Similarly for N-D 

bending region one estimates 12 and 16 different oscillators to 

appear in the spectra of respective phases. However the number 

of observed band components (cf. Fig. 3.1 and 3.3) is found 

to be much less than these numbers except in the N-D stretching 

region of the low temperature spectra. Apparently, several 

of the oscillators that can be labelled with crystallographi-

cally distinguishable positions of D-atoms, do not have resolv­

able frequency difference. We observe that the N-D stretching 

bands do not'^hos) significant change with change in temperature 

through T : some change in the relative absorption at 2260 
_1 

and 2300 cm may however be mentioned. In the spectra obtained 

at 228K, the absorption intensity at 2300 cm~ is more than 
_ i 

at 2260 cm , while that gets reversed at 223K, consequently 
_1 

the band appears to be centred around 2260 cm with a shoulder 
_1 

at 2300 cm . On cooling the sample further the band gets 

resolved into four components around 183K. Correlation of 

this part of observation with the fact that large amplitude 

+ 22 

reorientational motion of NH. (I) gei freezed at 18 3K , 

indicates the degree of sensitivity our data seem to have 

for any change in the structure n̂d the dynamics of NH."*'ions. 

No major change in the structure frequency and band shape 
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is detected on further cooling the sample; a general decrease 

of 10-20 cm" in the frequencies of different components 

is observed. The band due to N-D bending (centered around 

1200 cm" ) and the one due to N-D stretch mode (centered 

around 2380 cm" ) do not show any specific change at T ; 

at temperature much below T , the 2380 cm" band gets resolved 

into four sharp components and those around 1200 cm" exhibit 

eight components . 

In contrast to the minor and slow changes shown by 
NH4 

band due toy v.(SO.) exhibits sudden change in its frequency 
_•) 

(shift = 4cm ) and intensity; this is evident from the compa­

rison of the Fig. 3.2. and 3.3 with Fig. 3.+ .The inference 
2-

of this observation that SO. ion suddenly gets distorted 
23 at T is now a well established experimental and theore-24 25 tical ' fact and our reinvestigation confirms it. 

1 Schroeder and Lippincott have discussed a model 

that relates v„ „ to the distance r„ -, in N-H . . .0 bond. 
N-H N-0 

21 Using r„ _, calculated from crystal structural data in Schroeder-

Lippicott raodsl, frequencies of distinguishable N-D oscillators 

have been calculated. The calculated and observed (given in paran-

thesis) v^_j^ frequencies are: 2459(2441), 2443(2427), 2386(2372), 

2326(2355), 2278(2278), 2263(2250), 2234(2235) and 2224(2215)cm"^ 

for different v ^ within the error limits of such estimations 
N-D 

(~30cm~̂ ) the two frequencies match closely. Evidently for 

any change in ^^_i^, a corresponding change in v ̂_p is 
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expected. However, no marked change in V\,_p. of different oscil­

lators is observed; it is concluded that H-bond strength at 

T is not changing significantly. 

In view of our observations and their analysis it is 

evident that the studies of AS mainly related with the dynamics 

and structure of NH> ions may not exhibit sudden change at 

T and the transition may appear to have a second order beha-

11 12 viour, as inferred by many investigators ' . On the other 

hand observations influenced also by the structure and dynamics 
2-

of SO. ion would exhibit sudden change at T and evince 

27-31 first order behaviour of the transition 

A careful analysis of the temperature dependence of 

Raman bands shows many interesting features: 

2- -1 
(i) the shift in v-(SO. ) mode is 4cm which is in 

agreement with our IR results. Apparently the local 
2-

crystal field around SO. ion changes suddenly 
at T^; 

2_ 
(ii) the linewidth of V-(SO. ) in PE phase exhibits margi­

nal and linear decrease on lowering the temperature 
to T . However, around T it first increases fast c c 
and then decreases fast; on further cooling the 

sample it remains almost unchanged. As such we 

observe a peak of width -5K in FWHMI vs T curve 
at T . c 

Out of two important possible reasons for the observation 
2-

one is the fact that the SO. ion attains an increased electric 
dipole moment at T causing a sudden increase in the bilinear 
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2- + 
coupling between different modes of SO. ion and NH^ ions. 
Such a bilinear couplit̂ g was invoked theoretically by Yamada 

32 et al to show that the coupling shortens the life time of 

phonon modes and thereby increases the linewidth. However, 

unless the strength of dipoles again gets reduced to the value 

of PE phase, increased linewidth should not decrease on lower­

ing the temperature below T . Apparently there^s no reason 

\̂for the decrease in the strength of this kind of coupling. 

Secondly, in KH^PO. type crystals it is suggested that 

the protonic motion along the 0-H...0 bond generates pseudospins 

which interact with all the phonons in the crystal and shorten 

their lifetime, the observation appears to have some relation 

with pseudo spin waves. 

2-
Other two SO. modes i.e. V2(E) and "^AIFJ) that we have 

investigated, are degenerate. At T they exhibit sudden changes 

in their peak positions, split separation, integrated intensity 

and peak intensity. These observations clearly corroborate 

2-

the inference of our IR results that SO. ion suddenly gets 

distorted at T . Petzelt and Dvo?£k correlated the change 

in the frequency and intensity of hard modes around T with 

the order parameter. It is interesting to note that frequency 

of V. change in such a way that its value remains constant 

in both PE and FE phase but a shift of 4 cm" is observed 

at T . Similar sudden changes are also observed in the frequen­

cies of the split components of V2 and v.(cf. Figs. 3,9 and 3.10) 
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These observations if correlated with the theory of Petzelt 
v^ 35 

and Dvorak reveal that the order parameter should also change 

identically. The fact that order parameter in the first order 

phase transition indeed changes suddenly at T , support these 
2-

observations. The fact that SO. ion gets suddenly distorted 

at T and the ion is the centre of the force that triggers 

the transition. 
+ 2-The lattice modes of both NH. and SO. ion are observed 

_ i 

below 4 00cm in the Raman spectra of single crystal of AS. 

However, we could not observe any distinguishable band in 

the spectra of Pal_Igt; a broad and weak band was observed 

in this region. This may be due to the fact that libration 
+ 2-of both NH. and SO. are forbidden for T, symmetry and hence 

too weak to be observed since the ions are not distorted much 

from their tetrahedral shape. In the single crystal spectra 

of AS Iqbal and Christoe observed a temperature dependent 

quasi-elastic wing in some polarizations. This is not observed 

in pallet spectra recorded by us. 

In conclusion, the temperature dependence of IR/Raman 

+ 2-intensity due to internal modes of NH. and SO. ions and 

D-modes of partially deuterated AS reveal that NH. ions as 

well as H-bonding do not undergo significant changes at T , 
2_ 

while the SO. ion undergoes a sudden change in its internal 

structure. Properties of the crystal depending only on NH.+ 

ions may not change suddenly at T^, indicating as if the transi-
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tion has second order behaviour. On the other hand, properties 
2-

depending also on the SO. ion may show first order behaviour. 
2_ 

The changes in the linewidth of SO. ion reveal a phonon-

2- + 

pseudospin coupling between the modes of SO. ion and NH. 

ion through pseudospin interaction. The observation indicates 

that the transition is different from order-disorder/displacive 

type. 
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Table 3.1a 

Classif ication of phonons in paraeiectr ic phase of (NH^)2SO^ crystal 

(The site symmetry approach) 

Modes of AB^ 

T^ion 

Rotations 

Translations 

^type 

V j ( A j ) 

V2(E) 

V 3(F2) 

V .(F^) 

(PP 

(F2) 

A 
g 

1 

1 

2 

2 

1 

2 

Ig 

-

1 

1 

1 

2 

1 

Speci 

2g 

• -

1 

1 

1 

2 

1 

les ur 

3g 

1 

1 

2 

2 

1 

2 

idei 
• ^ 2 h 

A 
u 

-

1 

1 

1 

2 

1 

B, lu 

1 

1 

2 

2 

1 

2 

2u 

1 

1 

2 

2 

1 

2 

3u 

-

1 

1 

1 

2 

1 

N'̂  

it 

8 

12 

12 

12 

12 

Total ^ 9 6 6 9 6 9 9 6 60 

Grand to ta l ^ 27 18 18 27 18 27 27 18 180 

N represents to ta l number of phonon modes originat ing f rom part icular mode 

of an AB. type tetrahedral ion in tetramolecular unit ce l l . 

^Total accounting for the phonons originating from any one of the NHĵ ^(I), NH '̂̂ (II) 
2- t *t 

and SO. ions. 

Total, accounting for the phonons originating from all the three types of ions. 



Table 3.1b 

Classification of phonons in ferroelectric phase of (NH^)2SO^ crystal 

(A site symmetry approach) 
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Modes of AB^ type Species under C-

T^ion 

Rotations 

Translations 

V ^(Aj) 

V2(E) 

V ^{¥^ 

V .(F^) 

(Pp 

(F2) 

^1 

1 

2 

3 

3 

3 

3 

^2 

1 

2 

3 

3 

3 

3 

B 

1 

2 

3 

3 

3 

3 

B. 
N' 

Total^ 

Grand Total 

\5 

1*5 

15 

' f i 

15 

H5 

1 

2 

3 

3 

3 

3 

15 

*5 

14 

8 

12 

12 

12 

12 

60 

180 

N represents total number of phonon modes originating from particular mode 

of an AB^ type tetrahedral ion in tetramolecular unit cell. 

^Total account from the phonons originating from any one of the NH^(I), NH (̂II) 

and SO^ ions. 

'Total accounting for the phonons originating from all the three types of ions. 
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Table 3.3 

Frequency (v in cm" ), Relative integrated intensity (I ), Peak intensity (I ) 

and FWHMI of v. mode in Raman Spectra of AS at different temperatures 

Temperature 
(K) 

333 

323 

313 

303 

293 

283 

268 

258 

255 

253 

251 

2^8 

• 

238 ; 

228 

223 

218 

213 

208 

203 

198 

188 

178 
c 

Peak Posi­

tion (cm" ) 

978.0 

977.6 . 

978.'t \ 

978.'f 

978.«f 

978.6 

979.0 

978.8 

979.2 

979 

978.6 

, 978.8 

979.0 

979.2 

978.6 
1 

3l9.0 

976.0 

976.0 

975.6 

975.2 

976.0 

97^^.8 

, 97^^.8 

Peak Intensity 

V. 
itGA 

i^5,6 

'f6.8 

if9.2 

50.'t 

51.2, 

5^.6 

5 .̂̂ * 

55.6 

55.6 

56.0 

58.^ 

60.0 

60.0 

't7.6 

'^8.8 

69.6 

66.8 

70.8 

72.8 

75.2 

79.2 

86.0 

Integrated i 
Intensity (I ) 

10.5 

lO.if 

10.3 

10.3 

10.6 

10.3 

10.5 

iiO.O 

10.0 

10.«f 

10.3 

10.5 

10.6 

10.5 

10.9 

12.0 

11.5 

10.9 

10.9 

10.9 

10.9 

11.3 

11.3 

" FWHMI (cm"^) 

1^.7 

k.H 

kA 

tt.5 

1^.3 

i^A 

tt.O 

3.9 

3.9 

t^.O 

't.O 

3.6 

3.6 

3.6 

5.6 n 

5.5 1\ 
3.6 

3.2 

3.2 

3.2 

3.2 

3.0 

2.8 
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TABLE 3A 

•U Frequency ( v , cm ) Integrated Intensity of different components of v^ and Peak 

Intensity FWHMI of 628 cm component in Raman Spectra of AS at different 

temperature. 

Temperature 

293 

273 

258 

2*̂ 3 

233 

228 

223 

218 

213 

208 

203 

198 

193 

188 

183 

178 

173 

163 

153 

133 

Peak Position(s) 

(cm" ) 

628, 618 

628, 618 

628, 618 

628, 618 

- 628, 618 

628, 618 

628, 

628, 

628, 

628, 

628, 

628, 

629, 

628, 

627, 

627, 

627, 

627, 

618, 

617, 

618, 

618, 

618, 

618, 

618, 

618, 

618, 

618, 

618, 

617, 

615 

615 

613 

(>lk 

614 

614 

615 

614 

614 

614 

614 

614 

626, 621, 617, 614 

626, 622, 617, 61'f 

Peak Intensity 

dp) of 628cm"^ 

22.0 

22.8 

23.0 

23.6 

24.6 

25.6 

25.6 

26.8 

26.4 

26.4 

26.8 

26.8 

30 

30 

30 

32 

34 

37 

38 

41 

FWHMI 

(cm" ) 

5.6 

5.6 

5.4 

5.6 

5.6 

5.6 

5.6 

6 

5.6 

5.6 

6 

5.6 

6.4 

6 

6 

6 

6 

6 

6 

6 

Integrated 
intensity 

3.45 

3.56 

3.48 

3.59 

3.55 

3.69 

3.72 

3.80 

3.80 

3.80 

3.60 

3.60 

3.99 

4.12 

4.12 

4.10 

4.28 

4.12 

4.02 

4.26 
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TABLE 3.5 

Frequency (v, unit), Peak Intensity (Ip) Integrated Intensity (I) and FWHMI of 

the components of v^ (SO^ ) mode in Raman Spectra of AS at different tempera­

tures. 

Temperature 
(K) 

298 

283 

273 

263 

258 

253 

2'f8 

2't3 

238 

228 

223 

218 

213 

208 

203 

198 

193 

Peak Position 

(cm~ ) 

1^56 

1^56 

1^55 

it56 

(^55 

5̂6 

f56 

256 

1^56 

1^56 

1^52, t^5l 

1^59 1^53 

t^60 k^k 

k(>2 it55 

^62 k55 

HG2 ^56 

^6^ 1^37 

Peak Intensity 

dp) 

27 

23 

18 

18 

18 

17 

20 

kQ 

kO 

f2 

(^2 

k2 

k2 

38 

38 

38 

36 

8 

13 

15 

17 

18 

15 

18 

Integrated Inten­
sity (Î ) 

9.6 

9.6 

9.6 

9.6 

9.6 

9.6 

9.6 

9.6 

10 

12 

12 8 

12 10 

9 12.8 

8.8 12 

8.8 12.8 

9 13 

8 12 

FWHMI (cm~b 

3.1 

3.0 

3.0 

3.1 

3.0 

3.0 

2.8 

2.8 

2.8 

2.8 

2.8 

2.8 

2.8 

2.7 

2.8 

2.7 

2.8 



Fig-S-l Normal vibrations of a tetrahedral XY^ molecule. The three two-fold 

axes (dot-dash lines) are chosen as x, y, and z axes. 
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Fig^-2 The temperature dependence of the IR absorption of N-D stretching 

(2100-2500 c m " ) in part ia l ly deuterated AS, preparation in 95% H , 0 
-1 

and 5% D_0. The peak positions in the f i rs t band are 2300cm and 

2380cm" ^ 
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Fig.1.3 The temperature dependence of the IR absorption of N-D bending (1200-

1350cm" ) in partially deuterated AS, prepared in 95% H^O and 5% 

D2O. 
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2_ 
Fig.?.* The temperature dependence of the IR absorption of ^i(SO. ) in partially 

deuterated AS. The peak positions above T are 972cm" , and below 
-1 ^ 

T they are 976 cm . 
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2- -1 
Fig.3.5 Temperature dependence of i> mode (SO^ ) (960-990cm ) in Raman 

spectra. 
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2- -1 
Fig.3.6 Temperature dependence of "H^ mode (SO. ) C^SO-̂ SOcm ) in Raman 

spectra. 
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2- -1 
Fig.3.7 Temperature dependence of D mode (SO^ ) (6'f0-600 cm ) in Raman 

Spectra. 
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Fig.3.8 Temperature dependence of (CI) FWHMI, (b) Intetraged intensity, (C) 
2_ 

Peak Intensity and O ) frequency shift of •»->. mode of SO. ion in AS 

in Raman spectra. 
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Fig.3.9 Temperature dependence of (Q) FWHMI, (b) Integrated, intensity (C) 

Peak Intensity and (d) Splitting of "^ mode of SO. ion in AS in Raman 

Spectra. 
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Fig 3.10 Temperature dependence of (a) peak positions of 

2— i 

different components of "^.{SO ) , (b) FWHMI (C-r̂  3of 

618 cm component, (c) Peak intensity of 618 cm 

component and (d) relative integrated intensity 
2-of 1). mode of SO. ion. 4 4 
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MICROSCOPIC MECHANISM OF PHASE TRANSITION IN AMMONIUM SULPHATE 

ANALYSIS OF CRYSTALLOGRAPHIC DATA 

4.1 Introduction 

The problem of understand!rig the origin of the micro­

scopic mechanism of phase transition in AS has been attempted 

by several workers. According to the order-disorder type of 

mechanism proposed by O'Reilly and Tsang the transition is 

due to orientational ordering of distorted NH. ions. Schlemper 

and Hamilton associated the transition with the change in 
3 

H—bonding while Sawada et al. tried to develop a soft mode 

theory assuming that the phase transition is displacive type 

where a phonon of B. symmetry involving a mixed mode of tran-

slational and rotational symmetry of T, ions plays an important 

role. Unruh proposed chat low temperature phase is Ferri-

electric consisting of two oppositely polarized sublattices. 

5-7 Jain et al . on the basis of their IR and Raman studies 

and other observations available at that time proposed a new 

mechanism of phase transition. Accordingly, the transition 

is triggered by distortion arising in the structure of the 

2_ 

SO. ion; the order parameter coupled with spontaneous pola­

rization has several components including spontaneous strain 

in the SO. ion as its major component. Although several 

ft — 1 1 investigations have since thev) corroborated this suggestion , 
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at times it has been suggested that a better understanding 

of the microscopic origin of phase transition mechanism can 

pe obtained from detailed analysis of the structural data 

of the crystal kept at different temperature around T . Such 

1 2 data are now available for this crystal . We, therefore, 

analyse these data in the present chapter and on the basis 

of the results of this analysis and that of IR/Raman spectra 

(presented in Chapter III), conclude tl3 factual nature of 

the microscopic mechanism of the phase transition. The nece­

ssary crystallographic data used in the present analysis are 

given in Chapter II for ready reference. The conclusions of 

crystallographic analysis have been used to estimate the heat 

of transition, giving the result 4 .2±0.4KJ/mole. Thir, agrees 

13 14 well with the exp^rtmontally observed values ' (3.89-4.27) 

+0.02KJ/mole. 

4.2 Analysis of Structural Data 

Hasebe has published crystallographic data of AS 

at 233, 224.5, 219.5, 209, 183 and 133K (cf. Table 2.1 to 

2.6 in Chapter II). In order to make a fruitful analysis of 
2— + these data, dipolar distortion ( 6r) in SO. ~, NH. (I) and 

NH. (II) ions has been calculated using 

«r = J (Bf - A.) ( 4 . 1 ) 
r*^ i l l 

where "A. =nd R r . • . , ^ , . . 
1 ' i a r e tiie i - t h components of the p o s i t i o n v e c t o r s 

r e s p e c t i v e l y of the A-atom and r - t h B-atom of the AB.-" t e t r a -
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hedron. The calculated values of 6 r for all the three ions 

are given in Table 4.1 and are plotted in Figs. 4.1 to depict 

the nature of their temperature variation. A critical examina­

tion of this figure reveals the following: 
2_ 

i)The distortion in the SO. ion is less in the para-

electric than in the ferroelectric phase; on cooling 

the crystal, it increases slowly and smoothly, except 

at T , where it suddenly increases by a factor of 

2.0. The theory of distortion induced IR and Raman 

intensity of the forbidden modes of molecular units, 
1 5 developed by Jain and Bhattacharjee has shown 

that this observation is in close agreement with 

what formed the basis of conclusions of Jain and 

Coworkers earlier and confirmed by our detailed 
, 4.' 16,17 observations ' 

ii)The exact amount of the change in distortion of 

ammonium ions at T could not be estimated from 
c 

the curves (Fig .4.1) because the structural data 

pertaining to these ions in para-electric AS at 

temperature near T are not available. However, 

it is clear that the changes in the distortion of 

NH. ions do not occur only at T (if they do at 

all) but also at other temperatures e.g. at about 

183K where no phase transitj )n is known to occur. 

In addition, our observations of IR/Raman bands due to NH. 

ions and several other investigations conclude beyond any 

doubt that the structural and dynamical changes associated 
with NH- ions are not commensurate with the first order nature 

of the transition. For example, 

i) NH. ions in the para-electric phase oscillate with 

large amplitudes which continue in the ferroelectric 
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phase; the NH. (I) ion freezes at ~160K, whilQ NH- {II) 

19 continues moderate oscillations even upto ~90K 

ii) O'Rielly and Tsang showed that the order-disorder 

phenomenon can be consistent with the first order 

phase transition in AS if the transition involves 
+ 

ions an -J. 
C 

which however does not occur according to the well 
19 

the cooperative reorientation of NH. ions at T. 

discussed study of NMR data by Miller et al 

20 iii) No change in NMR linewidth takes place at T , 

1 3 iv) T is not affected by deuteration or is negligibly 
^ 21 
affected 

v) The intensity of the thermosensitive IR band at 
-1 + 5 

3303cm associated with NH. ions changes slowly . 
vi) The D-modes due to distinguishable N-D oscillators 

d6 not show any sudden change in their band structure 

at T '' c 

From these results though it becomes clear that the 
2-

ma^or force for triggering the transition lies in SO. ion. 

However, to get a more deep insight of the mechanism respon­

sible for the phase transition, we calculate the magnitude 

of polar distortion |6r| and its x, y and z components using 

Eqn . (4.1). The temperature variation of |6r|,|fix|,|6y| and |6z| 

in passing through T is depicted in Fig. 4.2. A careful study 

of the figure reveals the following points: 

i) In the range where T >T (the PE phase) 6^ remains 

2-
equal to zero (the SO. ion has mirror a site symme­
try ): 6#_doesnot change significantly while 6x and 6y 

gk\ioii.K are observed to increase and decrease, respectively. 
^ iU.X'^ This show that the SO "̂ "ion in the PE phase slowly 
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rotates about the Z-axis ( || C-axis) . 

ii) At T=T , 6x and 6z suddenly increase, while 6y does 

not change significantly. This indicates that the 

net dipole moment no longer remains in the xy plane. 

Consequently distorted NH. ions also having definite 

dipole moments reorient themselves under the influence 

of dipole-dipole interactions in order to attain 

the configuration of minimum free energy. 

iii) In the FE phase (T<T ) 6x and 6r remain almost consta 

ant while 6 ̂  and &'z change in such a way that as 

one decreases the other increases and vice-versa. 

This indicates that the ion in the FE phase slowly 

rotates about the x-axis ( 11 a-axis) . 

In view of our observations and their analysis it 

is evident that studies of AS mainly related to the dynamics 
4-

and structure of NH. ions may not reveal sudden changes at 

T and the transition may appear to have second order behaviour 

19 22 as inferred by many investigators ' . On the other hand 

observations also influenced by the structure and dynamics 
2_ 

of SO- ions would reveal sudden changes at T and would demon-

strate first order behaviour of the transition ' ' As 
1 2 

such the analysis of the crystallographic data of Hasebe con­

firm the observations revealed by IR/Raman study and obviously 

corroborate their inferences. One may also note that these 

observations and inferences are also corroborated by recent 

25 studies. For example, Iqbal and Christoe and Hirabayashi 

26 
and Abe have also observed that the phase transition in 

2_ 
AS in accompanied by deformation of the SO. ion. Badr and 
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8 26 2-

Awad and Abe and Shibata have inferred that the SO- is 

responsible for the spontaneous polarization and it plays 

a vital role in the process of transition. Manjunath and 
11 2-

Srinivasan also emphasise the role of SO. ion. Zinenko 
27 et al believe that the unusual behaviour of P in AS may 

be due to the fact that the phase transition is not associated 

with the ordering of NH. ions as suggested in their model 
2_ 

but with the ordering of the SO. ion. We also note that: 

28 i) Hasebe and Tanisaki could not explain their X-ray 

diffuse scattering data in terms of order-disorder 

of NH. ions . 
2 

ii) Neutron diffraction data , which are obviously con­
sidered to be more accurate and reliable than X-ray 
diffraction data for determining the positions of 
H-atoms do not reveal order-disorder mechanism. 

Evidently, the order-disorder mechanism involving NH. ions 

(as envisaged by Hasebe) is not supported by several investi­

gators . 

1 2 
It may be mentioned that Hasebe reports that the 

positional parameters of sulfur change slightly but those 

of oxygen atoms change drastically with temperature below 
2-

T . He suggests that the configuration of the SO. ion below 

T can be derived from that above T (-40°C) by a small amount c c 

of translation followed by a rotation through a certain angle 

about an axis passing through sulphur. But this cannot be 

true in general because one cannot exclude the possibility 

of structural distortion of the SO. ion. Our calculations 
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2-
(Table 4.1) evidently show that distortion in the SO. ion 

does occur. Thus Hasebe did not interpret his data correctly 

and consequently made an erroneous conclusion that the structure 
2-

of the SO. ion even in the ferroelectric phase resembles 

the regular tetrahedron. 

4.3 Model for the microscopic mechanism 

In view of the above discussed facts, revealed from 

several experimental observations, we believe that the phase 

transition in AS should have the following microscopic mecha­

nism. It may be noted that the crystal structure of AS with 

+ + 2-
respect to the positions of NH. (I), NH. (11) and SO. ions 
is mainly decided by inter-ionic forces, while the structure 

+ + 2-
of individual NH^ (I), NH. (II) and SO. ions is decided mainly 

by intra-ionic forces (covalent in nature). Since the inter-

ionic forces are more anharmonic than covalent forces, thermal 

contraction (with decreasing temperature) in the size of indi­

vidual ion is less than that in the volume available for these 

ions in the crystal cell. Consequently, with decreasing tempe­

rature, ions experience a force that tends to squeeze and 

deform them. This force should obviously be resisted by the 

intra-ionic forces trying to retain their original shape and 

size. In the process, the stress on the ions increases. At 
T , thisf stern^ becomes sufficient to force the ions (and the 

crystal as a whole) to assume a structure and symmetry different 

from what they had above T . Guided by the fact that T remains 
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13 21 unaffected by deuteration ' , we infer that the mam driving 
2_ 

force for the transition is centred around the SO. ion; 

the NH. ion simply follow the change that is forced on them. 

The change in the strength of H bonding is also a secondary 
2-

effect. As a result of increased deformation, the SO. ion 

acquires significant magnitude of electric dipole moment and 

this additional dipole appears between the two' already existing 

NH. dipoles. This reduces the effective distance between 
2-

the dipoles. Consequently, the distortion of the SO. ion 

is followed by its reorientation immediately to acquire the 

new configuration of minimum free energy; the NH. ions continue 

their large amplitude oscillation (through the transition 

point) which freezes only at temperatures as low as ~ 60K for 

NĤ "'"(I) and ~90K for NH^"^(II)^^. 
Ferroelectricity in AS is accounted for by the permanent 

6 7 
dipole moment of distorted ions in the crystal ' . The kind 

of distortion that results in a permanent dipole moment comes 

into existence obviously when the structure of the ions becomes 

frozen with non-zero amplitude of IR active internal modes, 

v^ and V. . Rotation of the tetrahedral ion on the other hand 

does not lead to a structure that can have ferroelectricity 

unless the ion is distorted. Thus distortion is the pre-requi-

site of the coupling between the rotation of ions and polariza­

tion of the crystal. Further, the rotation cannot account 

for the change in the internal structure of the ions. It should 
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be noted that the rotation does not belong to the IR active 

F2 species of T, point group. Hence the freezing of tetrahedral 

ion, only with finite rotation, as suggested by Hasebe, about 

any axis cannot lead to a structure with permanent dipole 

moment. Consequently, even the quadrupole-dipole type weak 
2-

interaction should be absent between the librating SO. ion 

(if it has T, structure) and pseudo spins (NH. ions). Obviously 

12 2-
Hasebe's observation that the SO. ion retains its regular 
tetraKedral structure and his proposed coupling between libra-

2-ting SO- ion and pseudo spins are not in line with each 
2-

other. However, the fact remains that the SO. ion acquires 

increased distortion and electric dipole moment at T . There­

fore the possibility of the said coupling can be rationalized 

in terms of a dipole-dipole interaction. This fact can be 

correlated with the sudden broadening of the linewidth of 

V. mode in Raman spectra. But it should be remembered that 
2-

this coupling comes into play only after the SO. ion acquires 
distortion. This explains how reorientation of NH. ions (or 

their disordering as Hasebe puts it) follows as an after effect 
2-

of SO. ion distortion. In view of these facts the importance 

2- • of SO. ion distortion as an essential component of the order 

parameter is rightly emphasised; the rotation of the ion could 

be an additional component. This is further supported by the 

fact that the point charge model calculations reveal that 

the antiparallel NH^+ions at -53.5°C contribute only 0.13 pC/cm^ 

2 
to P against 0.4jjC/cm as claimed by Hasebe. 
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The soft mode, which fits in our model should obviously 

be a mixed mode of internal vibration and libration of the 
2-

SO. ion. This falls well in agreement with the observation 

9 29 
of Ramanathan and Srinivasan , Fujimoto at al , Hasebe and 

28 8 10 
Tanisaki and other workers ' . Because of the strong inter-

2-
action of the SO. ion with its surroundings, both components 
of this soft mode should be fast relaxing. Note, that Petzelt 

30 29 

at al and Fujimoto at al have argued that the soft mode 

may not be observed if it relaxes fast. This could be the 

reason that the soft mode responsible for the transition in 

AS has not been observed in the far Infrared ' and low 
5 31 -1 

frequency Raman spectra ' studied upto as low as 30cm 

phonon frequency. We also notice that the librational mode 

of tetrahedral ion is forbidden both in IR and Raman spectra. 
2-

Consequently, this mode of the SO. ion having almost tetra­

hedral structure in para-electric phase of AS may not gain 

observable intensity. Even in the ferroelectric phase it may 

only gain low intensity. This could be another reason why 

the librational component of the soft mode has not been dete­

cted . 
The fact that inter-ionic force is more anharmonic 

than intra-ionic force, as mentioned by us, should not imply 
2_ 

that the forces governing the internal modes of the SO. ion 
2_ 

are not anharmonic. In fact the internal modes of the SO. ion 
in AS are governed by intra-ionic potential as well as inter-
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ionic potential and the anharmonic component of both these 

potentials influences these modes. Thus our observation regar­

ding the nature of the soft mode is very much in line with 

the fact that the mode softening occurs due to anharmonicity. 

The frequencies of the internal modes (v,=976, V2=450, v^=1087 

-1 2- 32 
and V. =618cm ) of the SO. ion in AS do not differ by more 
than a few wave numbers from those ( v.=981, v2=451, v^=1104 

-1 33 

and V.=613cm ) in its free state . Therefore, it should 

not be difficult to believe that the internal modes of the 

ion retain their identity in the crystal. 

In order to examine how the mechanism of transition 

in AS proposed in this report is different from displacive 

/ order-disorder type, we consider the transition as an operator, 

which forces some set(s) of atom(s)/molecule(s) to change 

their position (s_)/posture/internal structure through freezing 

of their transitional/rotational/internal modes with non-zero 

amplitude. In this framework the displacive type transition 

is the result of freezing of translatory modes (for example, 

the transition in BaTiO^) while the order-disorder type may 

arise due to freezing of translatory/rotatory modes of the 

unit (e.g. transition in KH2PO., NH.Cl, etc.). However, a 

transition resulting from the freezing of internal modes of 

'the unit cannot be fitted into the class of displacive/order 

disorder type; such a transition should obviously be named 

differently. Perhaps it could be known as molecular distortion 
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type since this leads to some distortion in the structure 

of molecular unit{s) rather than causing a change in their 

position and/or posture. Normally, a transition arise due 

to freezing of a mixed mode having different amplitude of 

translatory/rotary/internal modes. However, the nature of 

the mode with maximum amplitude may be chosen to decide whether 

the transition is of displacive/order-disorder/molecular distor­

tion type. It may be remarked that the distortional type tran­

sition may only occur in crystals having molecular unit{s). 

If we examined the transition in AS in the framework of this 

kind of classification, it may easily be seen to be the mole­

cular distortion type. 

23 Ikeda et al developed a theory of phase transition 

in AS through which they try to account for the temperature 

variation of dielectric constant, spontaneous polarization, 

el;̂ astic compliance, etc. They introduced an order parameter 

(n ) of undefined physical nature and its coupling with its 

spontaneous polarization (P =P^) and stress(X) in the free 

energy formulation, expressed by 

G= » e (T-T ) n*+i YTi** +i 6n* + fnP3+ . . . 4.2 

23 Many terms of G formulated by Ikeda et al are not reproduced 

here as they are unimportant for our discussion. Notations 

3, T , 6, etc. have their usual meaning; f is the measure of 

coupling between n and P^. Ikeda et al conclude that temperature 
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variations of relative order parameter satisfies 

(T-T^)/{T -T^)+Py^+Qy^+n(1-FJ+g3y^F^) = 0 (4.3) 

where y is the relative order parameter defined as 

Spontaneous n at T < T 
y = n(T)/n(T^) = spontaneous n at T = T^ 

F = (1+dy^+ey^)/(l+g3y^) 

J = 1+3dy^+5ey^ 

They evaluated the values of all relevant parameters e.g. 

T =216.5, P=-4.33, Q=3.12, n=0.39, d=-0.06, e=0.01, etc. from 

a variety of experimental results such as temperature variation 

of dielectric constants, polarizability, elastic compliances, 

etc. and used these values in eqn.(4.3) to obtain the y against 

T curve reproduced in Fig .4.3. In this figure we also mark 
2-

the temperature variation of relative distortion of the SO. 

(A , ) deduced from structural data and distortion induced 
rel 

2- 15 
IR absorbance (I) of v̂  of SO. , using the relation 

I = K| 6r|^ (K is constant) 

, ( i 6 - ; , T ) i - I . ^ ; , T ^ , i , ,^_^, 

(l6-"r(T^)| - |6"̂ r(T̂ )|) 

where positive and negative signs respectively signify the 

values of distortion |6r|, above and below T at the tempera­

ture given in parentheses. It is interesting to note that 

within the error limits the two curves match closely. This 

not only supports the basic points of the theory of Ikeda 
2_ 

et al, but also corroborates our conclusion that SO. ion 



132 

distortion is the basic component of the order parameter. 

In addition, it identifies the physical nature of the order 

parameter which was not spelled out by Ikeda et al and hence 

clarifies the physical details of the microscopic mechanism 

of PT. For example, the applied electric field (E) induces 

lattice polarization mainly by disturbing the electron charge 

density, orientation of permanent dipoles and the inter-ionic 

2- + separation such as r (SO. -NH. ) . However, E does not affect 

the inter-atomic separation in the structure of the ions such 

2- + as SO. , NH. , etc. unless its strength is as high as crystal 

fields. This implies that ordinary E and its conjugate parameter 

P (the electric polarization) can hardly affect the magnitude 

> 2-
of 6r (SO. ), the order paameter. In view of this, we can 

-». 2-
easily understand the weak coupling between 6r (SO. ) and P^(as 

considered by Ikeda et al) and also the fact that T is not 
"* C 

1 3 affected by applied electric field 

The heat of transition (AH™) is the energy involved 

in the first order change in the system. In view of the above 

discussion, we recognize the change in the polar distortion 
2-

of the SO. ion as the major first order change in the crystal 

at T and use this for evaluating AH_. This change can be 

understood in terms of the freezing of the v̂  and v. polar 

modes of the ion with finite amplitude. Minor first order 

changes that need to be accounted for by other degrees of 

freedom of the crystal are possible due to their coupling 
2 

with the SO. ion distortion. However such changes are only 
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expected to account for a minor share of AH_. Note that the 

change in electric dipole moment associated with v, is an 

order of magnitude higher than that associated with the v. mode; 

the former mode should result in stronger long range dynamical 

interaction between different SO. ions in the crystal. Such 

an interaction is vital for the cooperative motion responsible 

for the first order transition, v^ should therefore be the 

favoured mode of motion for bringing about the distortion 
2-

in the SO. ion and triggering the transition; low level mixing 

of the V . mode is possible but should not be given much impor­

tance in estimating A H^. In view of these arguments A H^ can 

be evaluated to a good approximation from 

AH^ = i kj [(| S-r (T^)r- \&^r (T^)|)'] (4.5) 

where k̂  is the force constant that governs the asymmetric 

stretching modo (v^) of tho SO. "ion and |6 r (T )| and |6~r(T )| 

are the magnitudes of the polar distortion just above and 

just below T . Taking k.=9.07 mdyn A "̂  ^^,\&'^r (T ) | = 0.022(2) 

and |6"r (T^)| = 0.044(2), AH^ is found to be 4.2+0.4kJ mol"^. 

-1 13 This value agrees well with the values 3.89kJ mol and 

-1 14 4.27 + 0.02kJ mol calculated from the specific heat data 

within the error lim.its involved in the theoretical estimation 

and in the experimental results. This agreement not only corro­

borates the assertion that the change in the polar distortion 

of the SO^ ~ion is the major first order change that occurs 
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at T but also supports our argument that the distortionj^rises 

mainly due to the freezing of the v, stretching mode rather 

than that of the v. mode with finite amplitude. This also 

supports the molecular distortion type (MD-type) model for 

the phase transition in AS. 

In conclusion, the temperature dependence of distortion 

of ions in AS calculated from x-ray crystallographic data 

reveals that the triggering force for the transition lies 

2- + 

in the SO. xon; changes in the structure of NH. ions ocur 

as follow up process. The change in the strength of H-bonding 

is also a secondary effect. The soft mode of the transition 

is the mixed mode of internal vibrations and libration of 
2-

the SO. ion. All these conclusions are found to be consistent 

with the theory of this transition developed by Ikeda et al 

which explains reasonably well the several experimental observa­

tions . The order parameter of the transition is the distortion 
2-

of the SO. ion. The temperature variation of the polar distor-
2- 2-

tion of the SO. ion and its components reveals that the SO. ion 

rotates about the Z-axis in the PE phase and about the X-axis 

in the FE phase. A quantitative account of the observed latent 

heat has been given. The calculated value 4.2+0.4kJ mol" 

agrees well with the experimental values 3.89 and 4.27±0.02kJ 

mol . All these inferences strongly support the model of 

the microscopic mechanism of the PT to be of molecular distortion 

type (MD-type). Accordingly, the MD-type transition leads 
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to a change mainly in the structure and symmetry of molecular 

unit rather than in their location and orientation and it 

can only occur in crystals having one or more than one kind 

of molecular unit. 
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TABLE *.l 

Temperature dependence of distortion m NH^ (1), NH^ (11) and SO. "ions and 

their x, y, z components in AS 

Temperature 
(K) 

219.5 

209 

183 

133 

219.5 

209 

183 

133 

219.5 

209 

183 

133 

22tt-

233 

ion 

NH^^I) 

NH^"'(II) 

so^2-

6x" 

0.0109 

-0.0865 

-0.0063 

0.0158 

-0.0517 

0.0220 

0.0070 

0.109«t 

-0.01^07 

-0.0^72 

-0.0512 

-0.0530 

-0.0201 

-0.0155 

6? 

0.1162 

0.080^ 

0.0718 

-0.0357 

0.1310 

0.1460 

-0.0232 

-0.1f32 

-O.OIOG 

-0.0127 

-0.0032 

-0.0052 

-0.007^^ 

-0.0106 

6t 

0.1036 

0.0833 

0.1892 

0.1083 

-0.0619 

-0.1036 

0.0190 

-0.0560 

-0.01^*9 

-0.0036 

-0.0083 

-0.0119 

0 

0 

6? 

0.1561 

0.14^6 

0.2025 

0.1152 

0.1599 

0.1804 

0.0310 

0.1886 

0.0446 

0.0490 

0.0520 

0.0546 

0.0215 

0.0188 



Fig.ft.l Plot of temperature dependence of the distortion in NH^ (I) (O), NH^ 

(II) (0) and SO^^"(«) ions. 
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Fig.1f.2 The temperature dependence of the SO. ion distort ion ^X and its com­

ponents (Sx, i y , 51) calculated f rom the data of Hasebe, 
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Fig.4.3 Comparison of the tempeature dependence of the order parameter 

(y) used in the thermodynamic theory of transit ion by Ikeda et a l (1973) 
2-

and the experimental values of relat ive disotrt ion in the SO. ion dedu­

ced f rom crystal structural data ( • ) and also f rom IR absorption intensity 

(O) of the distort ion induced transit ion associated w i th the v . mode 

of the ion. 
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C H A P T E R 



PHENOMENOLOGICAL THEORY OF PHASE TRANSITION IN IMPROPER 

FERROELECTRIC AMMONIUM SULPHATE 

5.1 Introduction 

Several theoretical approaches have been developed 

to understand the microscopic mechanism of phase transition 

in AS (as reviewed in chapter II) based on (i) order-disorder 

+ 1 2 
of distorted NH. ions , (ii) change in H-bond strength , (iii) 
displacive type mechanism involving a mixed mode of translatory 

+ 3 4 
and rotatory modes of NH. ions , (iv) ferrielectric structure , 
(v) two sublattices of NH. (1) and NH. (II) and some other 

6 7 
considerations ' . However, none of these models as argued 

in the preceding chapters consistently account for the experi­

mentally observed peculiar properties of the crystal. In cha­

pter IV, we have concluded the molecular distortion type micro­

scopic mechanism for the phase transition in AS based on our 

IR/Raman studies and analysis of crystallographic data as 

well as several other observations. Thus the physical nature 

of the order parameter has unambiguously been identified for 

the first time. In this chapter we use this mechanism as a 

base to develop the Landau type meanfield theory for the phase 

transition in 7US, by introducing a linear coupling between 
2_ 

the order parameter (SO. ion distortion) with spontaneous 

polarization. The theory is used to account for the temperature 

dependence of dielectric constants. The temperature dependence 
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of spontaneous polarization and its possible origin is also 

discussed. 

5.2 Theoretical Formulation 

The phenomenological theory of improper ferroelectrics 

is based on the coupling between the order parameter and the 

8 — 15 
spontaneous polarization . The spontaneous polarization 

2-
and the z-component of SO. ion distortion in AS have the 

same symmetry, therefore, the lowest order interaction term 

in the expansion of free energy will be linear in both n and P . 

We further note that 

i) AS is an improper ferroelectric where T does not 
16 

change by electric field biasing , and 

ii) the order parameter below T changes very slowly 
17 ^ 

with temperature , while the changes m P may be 
4 

significant. According to Unruh P assumes maximum 
2 2 

value 0.62yC/cm at 221 .5K and goes to -0.03 y C/cm 

at 8K through zero magnitude at 74.5K. 

Both these observations reveal that the coupling between n and P 

is weak. It may be mentioned here that Ikeda et al have 

also discussed the phenomenological theory of the transition 

in AS, however, in their formation they did not spell out 

the physical nature of the order parameter and in addition 

to the linear coupling between n and P they also included the 

terms of higher order coupling in their free energy expansion. 

The inclusion of higher order coupling may not be justified 

particularly when lowest order coupling is itself weak. One 
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also observes that by including higher order coupling, the 

calculated x and y components of dielectric constant exhibit 

1 5 discontinuity at T , whereas no such behaviour is found c 

experimentally. We, therefore believe that the higher order 

coupling if at all is negligibly small, and the linear coupling 

term should be sufficient to understand the phenomenology 

of the transition in AS. Thus the free energy (G) of the system 

can be expressed as 

G = 2 an^ +i Yn"* + 6 fin^ + fn P 

+i x"̂  p' + i x"̂  P̂  + i x"̂  P̂  (5.1) 

•̂ xx X ^yy y ^zz z 

where a = 3 (T - T ) and the terms, 2X~- P̂  (i = x,y,z) give the 

dielectric response of the system in an external applied field. 

Here f gives the strength of the coupling between order para­

meter (n) and the spontaneous polarization (P„)- As the total 
2-

polarization results from the dipoles associated with SO, ion 

as well as NH. (I) and NH. (II) ions, the energy of the coupling 

fnP , may be given by 

fnP, = f^nP^ + f2nP^^ + f3nP^^ (5.2) 
s "^ "2 2- + 

where P , P and P are the polarization due to SO. , NH. (I) 

and NH- (II), respectively. In writing the Eqn. (5.2), we 

'have considered the fact that the dielectric behaviour can 

equally be affected by changes in the structure and dynamics 

)f NH^ ions although the transition is triggered by the SO. ion 

distortion. However, since the SO. ion distortion remains 
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fairly constant and P changes significantly with temperature, 

(discussed later in sec. 5.3) it is reasonable to argue that 

the temperature dependence of P is mainly due to the continuous 

reorientation of NH. dipoles and the coupling between order 

parameter and NH. dipoles is weak. Obviously the coupling 

is largely governed by f.riP̂  between n and P is largely governed by f.riP^. 

3G 
Using G (Eqn. 5.1) in the equilibrium condition T^ = 0 

we get 

an + YH + 6n^ + f P, = 0 (5.3) 

In this expression the higher terms in n may be neglected to de­

duce the dielectric response for paraelectric phase 

n = - (f/a)P^ (5.4) 

where P is the polarization produced in the lattice by subjec-

ting the crystal to electric field E . Relation for dielectric 

constants may be obtained by using e. = 1 + P./E^E. alongwith the 

3 G Eqn. (5.4) and v^- = E. , E. being the applied electric field, 
i 

the result is 

^P 1^ 1 
^x = •̂*" IT" (5.5) 

e X 

p ,. 1 ^ = ' ' Ti (5.6) 
e X o^yy 

z ^z ^ T-T (5.7) 
o 
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where e° = 1 + (1/e^) X,^» with curie constant C = (f^/6) X^J^^ 
Z \J ZZ ^^ vJ 

.X /e . Here T = T +(f^/g) x t is the temperature where e tends 
2 Z O O C ZZ Z 

to infinity. 

For ferroelectric phase in the absence of electric 

field and stress, we have 

3n 
p =p 

0- ^ 
P = P, 

n = n: 

= 0 (5.8) 

where n and P are the spontaneous value of order parameter and 

polarization, respectively. Using Eqn. (5.1) and (5.8), we get 

an + Yn + 6T) + fp = 0 s ' s s s (5.9) 

— + fn = 0 y s ^zz 
(5.10) 

In the presence of external applied field, the value of n_ and 

P will change and the new equilibrium will be obtained for 

Ti = ng = ng+ An 

P = P' = P + AP 
s s 

Using relation -jr-" î '̂Hs = 0 and 
''n I p ^ p, 

s 

express E. in terms of P. to have 

9G 
3P. 

(5.11) 

11 = r\ = E. , ve can 
' 's 1' 
P = P_ 

e = 1 + X /e 
X ^XX' O 

(5.12) 

"y = 1 + X^^/e, ^yy/^o (5.13) 
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e^ = 1 + ^ z e 1 + 
f ^X 

2 2 

(5.14) 

where a = a + Byrf + 56n] (5.15) 

To investigate the temperature dependence of n and 

the dielectric constants we introduce a parameter y, the relative 
2-

distortion of SO. ion defined by 

y = n(T) / n(T ) (5.16) 

where n (T) represents the value of order parameter at a given 

temperature T and n (T ) is that at T . Out of three (x,y and 

z) components of the dielectric constantf, the expression for 

only z-component has explicit temperature dependence through 

a = 6(T-T ). Expression (b.14) may now be rewritten as 

= 1 + 'zz 
e oo 

1 + A 
Py''/2+Qŷ  1 

and 

p = yn /3 (T -T ) 
' c ' c o 

Q = 6n'* /3 (T -T ) 
c ' c o 

A = e X f̂ /4 P(T -T ) 
O '̂ ZZ ' C O 

(5.17) 

(5.18) 

(5.19) 

(5.20) 

Using Eqns. (5.16), (5.18), (5.19) and (5.20), the equilibrium 

8G 
condition 3n 

n = n = 0 can be rearranged to 
P = pS 

t + Py^+Qy'* = 0 (5.21) 

where 

t = T-T-./T -T 
0' c o' 

(5.22) 

Clearly Eqn. (5.21) provides temperature dependence of relative 

order parameter y. 
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5-3 Results and Discussion 
2_ 

The SO, ion distortion that we have concluded to 
4 

be the order parameter Is shown in chapter IV. In brief it 

represents the change in S-0 bond lengths and 0-S-O bond angles 

from the values compatible to tetrahedral structure. In other 

words it is the measure of the departure from the non-polar 

tetrahedral structure to a polar structure. In the present 
2-case the polar structure of SO. xon has C symmetry m para-

ft O 

electric phase which changes to Ĉ  in ferroelectric phase. 

It has been shown that changes in S-0 bond lengths as a result 

of freezing of symmetric v,(S-0 stretch) polar mode present 

a reasonably accurate account of the observed heat of transition, 

revealing that the structural change responsible for the tran­

sition mainly involves the change in interatomic separation 

'4' between S and 0 atoms of the SO. "ion. In FigureS| we plot 

2_ 
the temperature variation of relative distortion of SO. ion. 
(A ,) deduced from structural data using the relation rel ' 

^ ^ (I 6r(T)| - I 6?-^(T )|) 
^^1 (|6^-(T^)| -|6^'(T^)|) <5.23) 

where positive and negative sign signify the values of distor­

tion | 6r| above and below T at the temperature given in paren­

theses, respectively. |6 r| is defined in chapter IV. 

2_ 
It may be mentioned that even in paraelecblc phase SO. has finite 

disbcartion and therefore in order to evaluate the relative distortion as an exact 
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synonym of the relative order paremeters y (Eqn. 5.16), we 

substract |6r'^(T^)| from |6r~(T)| in Eqn. 5.23. Here | 6r"^(T^)| 

serves as a threshold distortion at which the transition 

commences . 

It is found that the temperature variation of experi­

mentally observed ^̂ v-̂ i agrees well with Eqn. (5.22) and for 

P= -5.46 and Q = 4.46 and this fixeî  the values of these para­

meters for the use in Eqn. (5.17) to evaluate the tempeature 

variation of e^. If the polarizability of the ions does not 

change when the system goes from PE to FE phase, one may use 

e /x and A = C [z / x /4 (T -T ) obtained by matching the 

paralectric experimental values with Eqn. (5.7) in the evalua­

tion of z-components of dielectric constant in ferroelectric 

phase (eqn. 5.17). However, the theoretical results so evaluated 

do not agree with experimental values (see Fig.5.2). It appears 

that the above stated condition about the polarizability of 

the ions is not valid for AS. It should be noted that the 

microscopic mechanism of transition in AS envisages change 

2_ 
in the structure and symmetry of microscopic units i.e. SO. , 

+ + 

NH. (I) and NH. (II) and these ions acquire different magnitude 

of dipole moments below T . The magnitude also changes with 

change in temperature. Consequently AS, as a system of electric 

dipoles, which are the microscopic bases of dielectric proper­

ties to a larger extent, is different in ferroelectric phase 

than in paraelectric phase. Obviously ê /x ^'^^ ^ t° ̂ ® "sed in 
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Eqn. (5.17) for evaluating e are expected to differ from those 

value obtained from the agreement between experimentally measured 

P 2-

e and Eqn. (5.7). Moreover, the increased SO. ion electric 

dipole is located between the two NH. dipoles. The strength 

of the coupling of SO. ion distortion with other dipoles 

and thereby with macroscopic polarization P also increases. 

In the light of the above discussion, we consider 

a set of changed values of A and EQ/X^Z ^° account for the obser­

ved temperature dependence of e betow T . The best agreement 

between the calculated results and the experimentally observed 

values (cf. Fig. 5.2) is obtained for A = .53 and e /x = .2C6 
o zz 

The ferroelectric transition is the result of long 

range cooperation between molecular units. If there is no 

change in the polarisabilities of ions and the strength of 

the dipole moment associated with them, permitivity is expected 

to revert to its paraelectric value below T . However, in 

the present system there is a marked change in the dipole 

moments associated with the ions and this should obviously 

change the coupling between n and P . With the values of 

A = .53 and e /x = .206 obtained as the best fit accounting for o zz ^ 

the observed temperature variation of e (Eqn. 5.17) the coupling 

constant f is found to be 2.4 times that of the paraelectric 

value . 

It may be mentioned that the measured dielectric const-

ants reported in the literature have some disagreement 
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2.3 
as pointed out by Anistratov and Martmov. However the latest 

IS 

data of Ikeda et al agree with most of the results reported 

previously. We have therefore considered these data to be 

most reliable for our discussion. It may be mentioned that 

according to Eqn. (5.12), (5.13) e and e are expected to 

remain constant with temperature. This is consistent with 

experimental observations (Fig. 5.2). Minor differences can 

easily be understood in terms of minute microscopic changes 

that occur in the system. These changes are not supposed to 

be accounted for in such a phenomenological theory. 

At this point some comment about the temperature depen­

dence of spontaneous polarisations P would be in order. In 
the present theoretical framework P is related to the order 

'• s 

parameter n through constant f and dielectric susceptibility 

X (Eqn. 5.10). As x~~ is fairly constant below T , the spon-

taneous polarization is expected to exhibit the temperature 

dependence similar to ri„ (see Fig. 5.1). This result seems 

to be in line with the experimental findings of temperature 
46 IS 

independent P by Hoshino et al and Ikeda et al. However, 

it may be mentioned that the experimental situation regarding 

the temperature dependence of P is not conclusive. Measurements 

by other reveal that : (i) P changes with temperature smoothly 
IB 

in magnitude as well as direction, and (ii) the growth condi-
24 

tions of the crystal greatly influence the results and one 
can observe P depending on temperature for one crystal and 
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temperature independent for the other. We make the following 

observations in this context. 

2- + i) All the ions in the crystal (i.e. SO. , NH. (I) and 
+ 2,5 

NH. (II) contributes to P and we can have 4 s 

^a ~ ^ [P^ ^'^^ (P^» ^^ + P" cos (p" , Z) 

+ p" COS (p" , Z) ] 
(5.24) 

2- s 

Here n is the number density of dipoles of SO. (p ), 

NĤ ''"(I)(p" ) and NĤ '*"(II) (p" ), clearly, continuous 

orientation of the dipoles with the change in tempera­

ture will introduce temperature dependent change 

in P through cosine factors in Eqn.(5.24) even 

if the magnitude of different dipoles remain tempera­

ture invariant. The fact that all the three dipoles 

continuously reorient with temperature has already 

been concluded on the basis of the analysis of crysta-

llographic data and NMR data. 

ii) In the present approach we introduce the interaction 

of the order parameter r\ with the spontaneous polariza­

tion due to individual ions including NH. ions through 

Eqn.(5.2). In principle this interaction should 

reveal the nature of P with change in temperature. 

However, the interaction coefficient t.,t^ and f̂  

characterize weak coupling between TI and P and 

the orientations of the dipoles are governed by relati­

vely stronger dipole-dipole interactions. Consequently 

the continuous reorientation of dipoles and hence 

the temperature dependence of P cannot be strictly 

connected with the temperature dependence of the 

order parameter x\ . 

iii) We also see the Eqn. (5.10) is derived from the 

stability conditions using the free energy expansion, 
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Eqn.(5.1). In strict sence this expansion is valid 

near T only. Obviously change in a physical property 

of the crystal at • temperature away from T cannot 

be traced accurately in the framework of the phenomeno-

logical theory like this. This should be particularly 

truo when tho order-parameter interact only weakly 

with polarization. 

In conclusion, the linear coupling between order para­

meter and polarization is sufficient to explain the ferro­

electric transition in AS and its dielectric behaviour. The 
2-

SO. ion distortion acts as the order parameter. The analysis 

clearly confirms the molecular distortion type (MD-type) mecha­

nism in this system. A qualitative explanation of the tempera­

ture dependence of the spontaneous polarization and a clear 

picture of its microscopic origin is presented. 
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Fig.5.1 Temperature variation of the typical order parameter for the first 

order phase transition (- - -) and the relative distortion of SO. ion 

recognised as the order parameter for ammonium sulfate (circles). 

These points match with Eqals21) for P= -5A6 and Q - itM (cross 

points). 
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Fig.5.2 Comparison of the temperature dependence of the dielectric constants 

€, e and e present theory (-) and experimental values (X) (Ikeda 

et al 1973); for C in paraelectric phase two results match for € ^(^z' 

o-tj and A =«o97; however for these values 6 in ferroelectric phase calcu­

lated from Eqn.(SJ7) (circles) does not match with experimental values. 

The agreement is obtained for £ X = '206 and A = .53. 
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C H A P T E R - V I 



SUMMARY AND CONCLUSIONS 

The present investigation was undertaken with a view 

to understand the correct microscopic mechanism of phase transi­

tion in ammonium sulphate, which in many respects represents 

a class of crystals such as (NH-)- Cd(SO.),, (NH.)2 BeF- , 

etc. exhibiting structural phase transition with peculiar 

phenomenological properties. We were motivated to undertake 

this work in view of the fact revealed for the first time 

2 3 2-from the study by Jain and Bist ' that SO. ion gets distorted 

at T and the microscopic mechanism of the transition should c 

be centred around this change, indicating towards a new type 

of phenomenological behaviour. Since after the work of Jain 
3 

and coworkers several experimental observations corroborated 

4-9 10-12 

their inferences . However, there have been some reports 

not only giving the NH. ions an importance for having major 

role in the mechanism of phase transition but also questioning 

its first order nature well evident from the finite latent 
1 3 heat involved in the transition . These reports confused 

the understanding of the phase transition and we felt a need 

to critically examine the results of various investigations 
3 

and the suggestion of Jain and coworkers to settle the issue 

of apparent contradiction and to reveal the factual mechanism 

of structural phase transition. 



159 

In view of the fact that IR and Raman spectroscopic 

studies can reveal the structural and dynamical changes in 

the crystal around T , the temperature dependence of several 

+ 2-modes of NH. and SO. ions as well as those due to D-modes 

of partially deuterated NH. ion (at low degree of deuteration) 

have been investigated. The study of D-modes is of particular 

interest since these modes can provide information about the 

change around individual H-atoms. At times, it was suggested 

that structural data if available at different temperatures 

near T can help in revealing the physical changes at T , 
14 and the required data have recently been published by Hasebe 

for this crystal. Therefore, the analysis of his crystal struc­

tural data was also undertaken. 

From the IR and Raman studies, it is inferred that 

changes in NH. ions as well as those in H-bonding at T are 
2_ 

minor and gradual. On the other hand similar study of SO. 
2-modes reveal that the SO. ion undergoes a significant and 

2_ 

sudden change. The change m linewidth of v. (SO. ) modes 

in Raman spectra indicates the presence of phonon-pseudospin 

coupling. The sudden change in the intensities, split separa-
2-

tion/frequency shift in SO. modes are found to be consistent 

with the theory of Dvorak and Petzelt revealing that order 

parameter should change the way these quantities change with 

temperature. Analysis of IR/Raman spectra also reveals that 
2_ 

the transition is triggered by SO. ion distortion and the 
changes in Nil. ions arc its after-of Eoct. 
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It is found that the properties of the crystal depending 

only on NH. ions may not change suddenly at T , indicating 
» 

that the transition has second order behaviour. On the other 
2-hand, properties depending also on the SO. ion may show first 

order behaviour. Perhaps this is the reason that several investi­

gators ' studying the properties depending on the NH. ions 

only mistook the transition to be of second order, even when 

the transition is known to have non-zero heat of transition. 

The temperature dependence of molecular distortion 

2- + + 
in SO. , NH. (I) and NH. (II), calculated from x-ray crystal-

2-

lographic data reveals that the SO. ion distortion changes 

slowly and smoothly, except at T , where it suddenly increases 

by a factor of 2.0. This is found to be consistent with our 

experimental study of IR Raman spectra. The changes in the 

distortion of NH. ions (if at all occur) are gradual. Moreover, 
2_ 

the temperature variation of the polar distortion of the SO. ion 
2_ 

and its components reveals that SO. ion rotates about z-axis 

in the paraelectric phase and about x-axis in the ferroelectric 

phase. The analysis confirms the spectroscopic conclusion 
2-

that SO. ion distortion is the order parameter of the transition 

It is concluded that the type of transition occuring in ammonium 

sulphate is different from the well known displacive/order-

disorder type. A new microscopic mechanism for the phase transi­

tion proposed to be known as molecular distortion type (MD-type) 

has been concluded. MD-type transition can onl^ake place 
in crystals having one or more than one kind of molecular 
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units. It leads to a change mainly in the structure and synunetry 

of such units, rather than in their location and orientation 

and it is expected to arise mainly from v, polar mode of 
2-

SO. ion. The model has been used to estimate the heat of 
4 

transition, giving the result 4 .2+0.4kJ/mole; this agrees 

well with the experimentally observed values (3.89-4.27)±0.02kJ/ 
1 o -If: 

mole ' . The physical nature of the order parameter has 

been clearly understood for the first time. The relative distor-

2-
tion in SO. ion calculated through crystallographic data 

as well as IR absorbance using the theory of the intensity 

of forbidden modes matches closely with the theoretical tempe-

1 7 rature dependence of the order parameter 

A phenomenological theory of the phase transition in 

improper ferroelectric Ammonium sulphate has been discussed, 

on the basis of molecular distortion type microscopic mechanism. 
2-

The distortion in SO. ion is considered as the order parameter 

and its coupling with the spontaneous polarization in the 

free energy expression is included to account for the ferro-
17 18 electric behaviour. In previous theories ' of this phase 

transition where an unidentified quantity was considered as 

the order parameter, higher order coupling is taken in free 

energy expression. In our approach, it is concluded that the 

higher order coupling is negligibly small and the linear coupling 

term should be sufficient to understand the phenomenology 

of the phase transition in AS 
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The theory has been used to account for the dielectric 

behaviour in both paraelectric and ferroelectric phases. The 

temperature dependence of e ,e and e (components of dielectric 

constants) deduced from our theory matches quite closely with 

the experimental results. The temperature dependence of the 

order parameter has also been calculated and it matches very 

2-well with the SO, ion distortion and obviously confirms our 
2_ 

conclusion that SO. ion distortion acts as the order parameter. 

A qualitative explanation of the temperature dependence of 

the spontaneous polarization and a clear picture of its micro­

scopic origin is presented. 

In conclusion, the thesis summarizes the uptodate know­

ledge about the phase transition in ammonium sulphate and 

concludes the factual nature of the microscopic mechanism 

of the phase transition in this crystal. The peculiar nature 

of this phase transition has been shown to originate from 

a new mode of microscopic mechanism i.e. molecular distortion 

type not known earlier. The basic difference of this mechanism 

from the well known order-disorder and displacive type has 

been spelled out. 

It should be noted that many compounds such as (NH. )-

Cd(SO.)^, (NH.)2 BeF. etc. exhibit ferroelectric transition 

similar to that of AS. These properties are entirely different 

than those of proper ferroelectrics. It may therefore be argued 

that the phase transition in these materials might also be 
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similar to that of (NH. )2 SO. and the MD-type microscopic 

mechanism of phase transition might successfully be applied 

to understand the phenomenal behaviour of structural phase 

transition in these compounds also. 
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