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ABSTRACT 

The critical behaviour of displacive phase transitions in 
framework silicates is studied within the framework of Landau's 
model for free energy. In particular, the concept of spontaneous 
strain is employed as ·a measure of the degree of order in 
framework silicates undergoing such phase transitions. The 
ferroelastic phase transition in the framework binary·oxide As 2 0 5 

is taken as a model to demonstrate the applicability of Landau 
theory to such problems. Spontaneous strain is measured by high­
temperature lattice parameters obtained from high-resolution X­
ray powder diffraction. It is found that Landau theory works 
particularly well for the description of displacive transitions 
in framework structures, due to the long length scale of 
correlated ordering. 

The relationship of spontaneous strains to other ordering 
processes is considered for the C~-rl_ch plagioclases and 
anorthite, where the displacive I1-P1 transition couples with 
Al/Si ordering and degree of albite in solid solution. The 
b~ha~iour of the order parameter (and spontaneous strain) for the 
I1-P1 transition is found to change from classical second- order 
through tricritical to first-order as coefficients in the Landau 
expansion vary according to structural state. 

The Landau model is .further applied to th~ non-equilibrium 
time-dependent behaviour at the hexagonal-orthorhombic transition 
in annealed cordierite samples . Here coupling between strain and 
Al/Si order is studied by synchrotron X-ray powder diffraction 
and infrared spectroscopy and found to be very non-linear and 
quite different to that observed in plagioclases. The influence 
of potassium incorporated within the cordierite $tructure is 
considered in terms of a defect stress field. 

Finally , a similar study is made .of the orientational 
ordering transition in the calcite structure, to investigate the 
applicability of the~e ideas to non-framework no~- silicates . 
Direct calorimetric m~asurements , CQupled with the information 
obtained from diffraction studies of calcite and the analagous 
transition in NaN0 3 , enable the prediction of .the excess entropy , 
enthalpy and volume for calcite at a-11 ~temperatures below the 
R3m-R3c transition. This is shown to account for the previously­
reported curving of the calcite/aragenite phase boundary. 

The Qoncept of spontaneous strain comb~ned with the Landau 
model i~ thus successfully applied to a number of rock-forming 
mineral systems and seen to shed new light on the thermodynamic 
properties of such minerals . 
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CHAPTER 1 

GENERAL ASPECTS OF PHASE TRANSITIONS IN MINERALS 

1.1 Introduction 

In starting this account of features of displacive phase 

transitions in minerals we shall first point to the general 

significance of such transitions in mineral systems, and the 

philosophy behind the study of phase transitions. 

~ Atomistic Processes and Polymorphism The crystal 

structures of minerals are usually relatively complex and capable 

of a variety of changes as extensive thermodynamic variables such 

as temperature and pressure alter, and these changes may lead to 

changes in symmetry of the crystal structure. Common examples of 

processes of change in minerals include ordering and disordering 

of cations, distortions of t he framework of the crystal lattice, 

atomic displacements, ordering of the spins of magnetic species 

of atom or of electric dipoles, as . well as ordering of molecular 

groups within the crystal . This wide range of crystalline 

behaviour creates potential mechanisms for many possible phase 

transitions of divers~ nature between polymorphs_of natural 

Earth-materials. In addition a single mineral may experience 

many phase transitions dui to separate ~recesses at different 

tempera tur es and pressures. Since the processes all occur within 

one crystal it is easy to see that although .separate, they may 

influence one another, and the consequent phase transitions may 

couple to one another through the influence ~they have on the 

crystal structur~. Although not directly distortive in 

character, any of the processes listed above may lead to 

distortions in the cr ystal lattice . It is the study , the 



• 
description, and the implications of coupling between distortions 

of the crystal lattice and processes such as aluminium-silicon 

ordering in minerals which form the theme of this thesis. 

hhy study these phase transitions? An underlying pri nciple 

fundamental to the study of phase transitions in minerals is that 

the investigation of the properties of a system undergoing change 

enhances the uriderstanding of that same system when it is static. 

Historically, mineralogy has involved the characterisation and 

description of phases, and concentrated on aspects such as the 

systematics of differences between polymorphs. This descriptive 

approach has, however, recently been developed and extended to 

the deeper consideration of the processes of change, in 

particular to the temperature dependent behaviour of the physical 

properties of minerals in the vicinity of polymorphic phase 

transitions and the motivating thermodynamic driving force for 

such transitions . · 

The microstructures of minerals which have undergone phase 

transitions are often a direct result of those transitions; this 

may shed light on aspects such as the thermal history of the rock 

of orig i n , if t he phase transit i ons t hemselves are under stood • 
. -

Features such as t r ansformation twins, anti - phase domains and 

modulated structures resul.!,ing from phase transitions can act as 

geobaromet ers and geo t hermomet er s : t hey ar e well known f or thei r 
:,, 

usefulness as petrogenetic indicators (McConnell , 1975) . 

Phys i cal pr operties at and near phase t r ans i tions are 

observed to undergo lar ge changes , somet i mes in a catastrophic 

manner . For example , i n quartz the t hermal expans i on coeffi cient 

twenty degrees below the high- low phase tr ansition i s over twenty 

times that just above the transition (Salje et al., 1989). Such 
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anomalous behaviour may be revealed in a number of properties: 

heat capacity, elastic constants, birefringence, lattice 

parameters, dielectric constants, lattice mode frequencies and so 

on. These properties may , in turn, be used to probe the 

transition behaviour. A phase transition may also alter the 

properties of a mineral a long way away from the transition (in 

terms of temperature, say) compared to those expected in the 

absence of a transition. We see that rather than being just 

isolated anomalies, phase transitions can have a significant 

impact on mineral behaviour over very wide temperature intervals . 

1 .1 .2 Coupled Proce.sses: An Example An example of a system in 

which several processes taking place in the lattice give rise to 

complex coupled phase transitions (which in turn lead to a 

variety of microstructures and anomalies in physical and 

thermodynamic properties) is that of the alkali _feldspars. 

Within these minerals there is the possibility of ordering of 

aluminium and silicon, collapse of the tetrahedral feldspar 

framework, as w~ll as segregation ot sodium and potassium into 

two phases at compositions intermediate between the end members 

Na-feldspar and K-feldspar. Recent work on this system is 

reviewed by Carpenter [1988) who outlines the eftects of coupling 

between all these p~ocesses. In albite, for example, the Al/Si 

disordered C2/m form would transform to Cl symmetry continuously 

------~ at 1251 K due to a disortive collapse of the tetrahedral 

framewor~, but in the absence of this displacive transition C2/m 

albite would in any case transform to Cl symmetry discontinuously 

at 833 K by ordering of Al and Si (Salje et al., 1985a). In 

equilibrium the temperature of the displacive transition at high 

temperature is mod i fied , by coupling to the process of Al/Si 



, 

order ing, to 1290 K where the C2/m monoclin i c albite transforms 

cont i nuously to triclinic Cl high albite . Upon furthe r cool i ng 

the Al/Si ordering becomes more important (as the crystal 

approach es 833 K) and at around 950 K t here i s a cr ossover 

between a regime where the framework collapse is the domi~ant 

proce s s and the r eg i me where aluminium and silicon ordering i s 

important . This is the crossover between Al/Si disordered "high 

albite" and Al/Si ordered "low albite" which occurs within the C1 

structure without a change in symmetry of the lattice , so it is 

not a t r ue phase transition . The physical and thermodynamic 

pr operties of albite , however , depend sign i ficantl y upon the 

coupling between these two processes , in effect between two phase 

transitions which would occur independently (in the absence of 

coupling) in one mineral. 

The thermodynamic importance of the crossover is 

demonstrated by Salje et al . (1985a) who calculate the 

60..-. .............................................................................................................. --..... --. 

..-. -
~ · 40 
~ 

l 
..; 
'-' 

:i. u 20 
<l 

0 500 1000 

Temperature (K) 

Figure 1.1 Excess heat capacity in al bite (aft er Salj e et al., 
1985a). The small ste~ at 1290 K results ·from the monalbite- high 
albite framework collapse, the large excess around 950 K is due 
t o the coupling between the framework distortion and Al/Si ordering. 
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temperature dependence of the heat capacity CP of albite in 

t hermodynamic equilibrium and find that the excess specific heat 

anomaly at the C2/m-cf displacive transition is far less than 

t hat at the high- low crossover temper at ure (Figure 1. 1). The 

understanding of the equilibrium state of albite at any 

temperatur e depends upon the under standing of the i nterplay 

between the phase transitions which ~occur in the structure. In 

general the widely occuring process of ordering of aluminium and 

silicon within the structure of framework silicates is very 

important energetically, in the case of albite thi~ process can 

be probed ~xperimentally by the measurement of distortion of the 

crystal structure since this is the coupled process . Al/Si 

cation distributions are difficult to determine directly by 

experiment (methods such as neutron diffraction structure 

analysis or the interpretation of complex NMR si:gnals may be 

employed) whereas - the distortion of the crystal lattice gives an 

indirect method which is simply determined from the experimental 

.observation of the lattice parameters . Once the coupling between 

phase transitions in alb i te was understood so also were the 

thermodynamic pr oper ti es (f r ee energy, enthalpy , entropy , heat 

capaci t y) , t he t emperatur e evolution · of the crystal structure 

(tetrahedral site oacupanc.iE?s , lattice par ameters) , and the phase 

di agram • 

.!..:.l.!l The Need f or! Theory The unr avelling of the subsol i dus 

behaviour of a l bi t e is one of t he fir s t exampl es of a new 

approach to the s t ud y of pha s e · trans iti ons- in miner als, which 

will be developed here . The s ucces s in t he quantita tive 

understanding of the coupled phase transitions of albite lies in 

the theoretical approach adopted by Salje et al . (1985a ). The 
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satisfactory prediction of the features of a phase transition 

depends upon the accurate modelling of the form of the Gibbs free 

energy of the crystal and from this the determination of the 

derivatives of free energy. Significant steps forward have been 

made recently by the application of Landau theory (Landau, 1937; 

Landau and Lifshitz, 1954) to the problems of mineral behaviour. 

The Landau model expands the free energy of the crystal in terms 

of the degree of long-range correlated order, Q, of the crystal 

structure. This allows a link to be made between the behaviour 

of experimentally measurable physical properties and the 

thermodynamic properties of mineral phases, enabling the 

prediction of phase equilibria. Conversely once the free energy 

has been formulated other unmeasured physical properties may be 

predicted, these predictions can then be used to further test and 

tune the model for free energy. 

In this thesis we shall test the range of applicability of 

the Landau model starting with simple model systems such as the 

binary oxide As2
o

5 
and then moving on to the more complicated 

problem of coupled phase transitions in complex framework 

silicates, such as the plag{oclase feldi~ars, and to other 

coupled processes in minerals, such as translation-rotation - . 

coupling in the rhombohedral carbonates. Before the discussion 

·-·-
of these particular problems, however, we shall outline those 

:>-, 
essential features of Landau's theory of phase transitions 

which are necessary for its application to mineralogy, since at 

present no text bridges the gap between an elementary and rather 

na'!ve treatment .of the theory (e . g . Rao and Rao , 1978) and the 

more advanced physics monographs on the subject (e . g. Bruce and 

Cowley , 1981). 
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1.2 The Essential Features of Landau Theory 

In presenting a brief desctiption of Landau theory we must 

cut some corners and what follows can be thought of as a 

pragmatist's version of the theory rather than a thorough and 

rigorous justification of the useful results. 

.!.d..!..!.. Symmetry . Breaki,l'lg and .9 Landau's description of phase 

transitions uses the concept of the order parameter (Q) to relate 

the changing symmetry of the crystal to its Gibbs free energy (we 

shall only consider the cases where pressure or temperature are 

the extensive variables, when the Landau potential is equivalent 

to the free energy). The order parameter characterizes the 

extent of deviation of the low-symmetry, low-temperature form of 

the crystal from the high-temperature phase (we shall assume that 

on going from high to low .temperature the symmetry of the crystal 

decreases; this n~ed not be so, NaOH (Yoshimitsu , 1986) shows f or 

example an interesting exception, but is true for almost all 

phase transitions). Physically, the order parameter may be 

related to the degree of distortion of the .unit cell from the 

high-temperature cell, or the degree of 'Al/Si order on specific 

crystallographic sites·,, or the dispL,~cement of an- atom in the 

crystal from its position in the high-temperature space group, or 

the resultant magnetic moment of a ferromagnetic domain which 
:,. 

becomes paramagnetic at high temperatures. In fact the physical 

meaning of the order parameter depends upon the specific material 

and the phase transition which is taking place; relating the 

order parameter to the crystal structure is often actually the 

question of interest in the study of a specfic phase transition. 

So the order parameter van i shes to zero in the high- temperature 

space group of the crystal and increases below the transition , 

1 



the increase may be continuous or discontinuous and in this way 

the temperature evolution of the order parameter reflects the 

thermodynamic character of the phase transition. The order 

parameter is dimensionless and is ~efined as unity at absolute 

zero. 

Landau theory describes those phase transitions where the 

space group of the low-symmetry form is a subgroup of the space 

group of the high-symmetry form of the crystal. This means it 

refers only to topotactic phase transitions where the underlying 

crystal lattices of the two polymorphs are topologically similar; 

Landau theory does not apply to reconstructive nucleation and 

growth transformations. The fact that the underlying 

translational symmetry of the high and low temperature forms are 

related gives rise to the mathematical definition of the order 

parameter, which is outlined below. 

The group theoretical foundations of Landau theory are 

detailed in the books of Koci~ski (1983) and Toledano and 

Toledano (1987). They rest on the consideration of the basis 

functions related to the irreducible representations of the space 

groups of the high- and low-symmetry forms of the crystal. The 

basis functions are simply those functions which, when 

superposed, describa the p~riodic structure (the density function 

p(x), which defines the atomic co-ordinates and structure) of the 
:, , 

crystal. Groups of basis functions transform into one another 

under the action of the symmetry operators of the space group of 

the crystal, and these groups of functions form classes described 

by the irreducible representations of the space group. When the 

crystal undergoes a phase transition from a high-symmetry space 

group G0 to a low- symmetr y space group G1 (where G1 is a subgroup 
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of G0 ) some symmetry elements are lost and this change results in 

a change in transformation behaviour of the basis . functions, in 

other words it leads to changes in p(x). That irreducible 

representation in G0 which is not the identity representation of 

G0 but which is invariant under the operations of the symmetry 

elements present in G1 (i.e. becomes the identity representation 

in G1 ) is called the active representation, and it is this active 

representation which relates to the ' features of the crystal which 

change critically at the phase transition. The basis functions 

in the class of the active representation, the active basis 

functions, describe the part of the density function which 

changes through the phase transition, 6p(x), so that the overall 

density function in G1 is given by: 

p0 (x) + 6p(x) {1.1}. 

The coefficients of the active basis functions must be zero in 

G0 giving 6p(x) = 0 in G0 • Below the phase transition 6p(x) I 0 

and the coefficients of the active basis functions similarly 

become non-zero. These coefficients are temperature- and 

p~essure-dependent and are in fact the .-0rder parameters for the 

phase transition. In other words, the order parameter (Q) can 

be thought of as a measure of the amount of the eigenfunction of 

the active repesent~tion pr esent in the -low- temperature subgroup, 

Knowledge of the active representation at a particular phase 

t ransition i s useful since i t def i nes the symmetry and dimens i on 

of the order parameter . In addition it enables the 

identification and prediction of · the physical properties which 

will behave like the order parameter; the frequency of 

9. 



vibrational modes with the symmetry of the active representation 

should, for example, show temperature and pressure dependence 

coupled to that of the order parameter. 

An example of the determination of the active representation 

and active basis function of the point group 422 on 

transformation to point group 222 is given in section 2 . 1 .2 in 

the discussion of the displacive ph~se transition in As2o
5

~ 

1 .2.2 The Landau Potential G(Q,T,p, ••• ) ----- .. 
The assumption that 

Landau (1937) made when he linked the symmetry aspects of a phase 

transition to the thermodynamic description of a _phase transition 

was that the thermodynamic potential of the crystal can be 

expressed as a polynomial expansion of the order parameter. This 

potential, the Landau potential, is a function of Q, and other 
C.OMpe>s~ti.DI", X 

extensive variables such as T, p, and; ~ The minimum of the 

Landau potential (G(Q,T,p,X, ••• )) determines the- equilibrium 

state of the crystal (in terms of, say, Q) and the Landau 

potential can be thought of as a free energy. 

The form of the polynomial expansion of the Landau potential 

can be determined by considering the symmetry properties of the 

order parameters and their coupling to other physical properties 

(again, the form of the coupling is symmetry determined). These 

points will be clarified i~. the discussion below of a Landau 

potential derived from _a simple one-dimensional order parameter, 
~ 

and in the discussion of more complicated real systems described 

in this thesis. We take as a starting point , however , a general 

power series expansion of a scalar order parameter, Q, initially 

including all terms (and ignoring symmetry constraints): 

G(Q , T, p ,X, ••• ) {1 . 2}. 
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Here G
0 

is the Gibbs free energy of the high temperature phase; 

a, A, b, and Bare coefficients which may or may not be dependent 

on material properties of the crystal or extensive variables. We 

shall now go on to consider how such an expansion leads to a form 

of free energy which describes continuous phase transitions. 

L2 .J Continuous Second-Order Tran~i.tions At a continuous phase 

transition Q changes continuously from zero in the high-symmetry 

phase to unity in the low-symmetry phase at absolute zero. The 

Landau potential should describe this equilibrium behavi our of Q, 

. , which is determined by minimization of the series expansion. 

Taking equation 1.2 as our starting point we see straight away 

that some modifications must be made. If the expansion is to 

yield a minimum with respect to Q then dG/dQ = 0 and thus a= O. 

Now we consider the second-order term in the e~pansion: 

G = G + iAQ
2 

+ 
0 

{1.3}. 

If the free energy is to be a minimum for Q = 0 in the high­

symmetry form and for QI O in the low-symmetry form then (taking 

the higher-order terms in the expansion into account) the 

coefficient of l, A, must be positive ·above the phase transition 

and negative below it.' This is achieved if A is temperature 

dependent, and the expansion for free energy is modified to: 

G G + .la(T-T )q2 + 3bQ3 + tso_4 · + 
0 2 C · ~ 

{1.4}, 

where T is the temperature at which the pha$e transition takes 
C , 

place, the critical temperature. Now, however, at T the . C 

condition dG/dQ ~ 0 is met not only at Q = O· but also at Q 

-b/B. This contradicts our starting premise: that Q changes 

continously from zero to one, and for this reason the third-order 

11 



coefficient b = O, similarly all other odd-order coefficients are 

zero. Finally we see that the inclusion of the potential G
0 

plays no part in the description of the phase transition and may 

be omitted. Thus, we arrive at the Landau potential to describe 

the e xcess free energy at a continuous second-order phase 

transition: 

G 
2 4 6 ia(T-T )Q + tBQ . + fcQ + ~ ••• 

2 C {1.5}. 

The expansion is obviously infinite and there is no proof of its 

convergence, however it is normally limited to only two or three 

terms since it is found that this adequately describes 

the excess free energy for the purpose of comparison with 

experiment. That the Landau expansion often works well, even 

r 
using only two or three terms, is rather s~prising~ Landau 

formulated his expansion in the belief that it would only be 

valid for small Q, but in fact the Landau expansion can be useful 

for the description of phases even when Q increases to near unity 

(see the case of NaNo
3

, chapter 6). , Landau theory actually fails 

not when Q is large, but when Q is small and dynamical 

fluctuations of the order parameter bec·ome larger than the mean 

amplitude of -Q itself '(i.e. in the Ginzburg interval: Als-Nielsen 

and Birgeneau, 1977; Ginzburg, 1960; Ginzburg et al., 1987). We 

shall discuss- some of the factors which 1 nfluence the breakdown 

."' of Landau theory in more detail in cnapter 2. 

Excess quantities arising below T other than the free 
C 

' 
energy may be derived from equation 1.5. For stability of the 

low-temperature phase a and B must be positive, the temperature 

dependent form of the Landau potential is shown in Figure 1.2. 

Now the equilibrium behaviour of the order parameter as a 

12 



function of temperature can easily be determined by solution of: 

dG 
0 dQ 

= a(T-T )Q + BQ3 
C 

(and d 2G -1 > o) dQ2 = X { 1 • 6} 

=> Q = 0 

.l. 
Q = ±la/8

1

• ( T -T) 2 
. C 

T > T 
C 

T ~ T 
C 

{ 1 • 7} 

and since Q=1 at T=O 

T B = 
C a 

{1 .8 } . 

It will be ~een that many qaantities dependent on the phase 

). 
transition behave as (T -T) where). is a critical exponent. 

C 

Each quantity is assigned a particular critical exponent, the 

critical exponent for Q is usually termed a so we have the result 

that for a second-order phase transition J3 = t. The equilibrium 

behaviour of Q is shown in Figure 1.3. 

6.G 

Q 

Figure 1.2 Temperature dependence of the Landau potential 
at a continuous second-order phase transition. 
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Figure 1 • 3 Temperature dependence of the ord·2r parameter ( Q) be 1 ow 
a second-order (solid line) and tricritical (dashed line) phase 
transition at Tc. 

Substituting the result of equation 1.7 back into the Landau 

expansion (up to fourth order) we obtain a simple temperature 

dependence for the excess free energy: 

G - a2(T-T )2 
4B c 

{1.9} . 

' Other excess thermodynamic propert ies are derived from the 

Landau potential. The excess entropy due to the phase 

transition is given by: 

s dG 
dT T ;S T 

C 

and the excess heat capac ity is obtained from : 

C p 
a2 
213T 
0 

T :ii T 
C 

T > T 
C 

{1 .1 0} 

{1.11} . 

The advantage of such a simple form for free energy as 

equation 1.5 is seen here. All thermodynamic quantities relating 
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to a second-order phase , transition can be determined once a and B 

are known. Thus a single experiment which measures the 

transition temperature, T, and a thermodynamic quantity at one 
C 

other temperature leads to a full description of the energetics 

of the mineral over a wide temperature interval. 

1.2.4 Discontinu9us Fir;,t-Order Transitions Although Landau 

first intended his theory for the description of continuous phase 

transitions it .also works for first-'order phase transitions which 

are nearly continuous. In particular the same supergroup~ 

subgroup relation m~st exist between the two phases . We will see 

that equation 1.4 can lead to a discontinuous phase transition 

(where there is a jump in Q at T ) in two ways. Firstly if b in 
C . 

1.4 is zero a first-order transition occurs if a is positive and 

Bis negative, and secondly if the symmetry of the order 

parameter allows a third-order term in the expansion 1.4 this 

leads to first-order behaviour. We shall take each of these in 

turn. 

a) B negative. The first des9ription of a discontinuous 

phase transition is based upon a Landau expansion of the excess 

free energy in even powers of Q, as giYe;fl by equation 1.5. If a 

is positive and B negative then we must also include the sixth­

order term for stability of the low-temperature phase, and c must 

be positive. · _ The temperature dependent -form of the Landau 

potential is shown by Figure 1.4 . Mi':ricimization of 1. 5 gives : 

dG a(T- T ) Q + BQ3 + 5 
0 = ' cQ = dQ C 

{1.12} 

(82 
.l 

=> Q2 -B ± - 4ac(T-T ) ) 2 

2c {1.1 3} 

( ignoring the tr i vial solution Q 0) . 
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~G 

T=Ttr 

Tc>T 

Q 

Figure 1.4 Temperature dependence of the Landau potential 
for a first-order phase transition with B<O, 

Notice that in a first-order phase transition the form of Q 

cannot be easily ~xpressed by a simple critical exponent, and in 

this case Sf 1. The stability of the phase depends only on Q 

sitting in a lodal minimum of the potential, and from Figure 1.4 

it is clear that on cooling the high-symmetry form will remain 

stable until T<T c' and on heating the idw-symmetry form remains 

stable until T>T'. By ' considering the second derlvati ve of 1.5 
C 

we find 
·-

T' T 
B2 

{1.14} + ~ C C 4ac 

and the interval T to T' corresponds to the hysteresis loop 
C C 

characteristic of first-order phase transitions. Between T and 
C 

T' the low- and high-temperature phases can exist metastably 
C 

either side of the true thermodynamic transition temperature. At 

the transition temperature, Ttr' the potential of both high- and 
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low-symmetry phases are equal , and this temperature is found to 

be: 

82 
T = T + (3/16)~ 
tr c ac {1.15} . 

At Ttr the order parameter jumps from zero in the high-symmetry 

form to Q in the low- symmetry form: 
0 

{1.16} 

and the size of this jump is an indication of how first-order the 

phase transition is. The more negative Bis, the greater the 

difference between Tt and T and the larger the first-order step r C 

at Tt , Q. The equilibrium behaviour of Q is shown in Figure r o . 

1.5. Other thermodynamic quantities may be derived from equation 

1 5 th d 1 d . t 1 t t h t t . 1 t )2 t T • , e mo e pre 1c s a a en · ea propor 1ona o ~o a tr 

and other discontinuities as expected at a first-order phase 

transition . The forms of entropy and enthalpy are listed by 

Carpenter (1988) . 
1.2:4-~_._~...l..-~-"--~.L--~ ....... __.~ ......... ~--'-~--'-~-'-~---~-r 

a -

' o. 2-

0 

Temperature 

Figure 1. 5 Temperature dependence of Q at a first-order transition . 
The solid line represents behaviour due to B<O, the dashed line 
corresponds to a symmetry-driven .first-order transition . 
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b) Th i rd-order term present . A first-order phase transition 

also occurs when the symmetry of the order parameter leads to a 

cubic term in the Landau expansion (1.4}. The Landau potential 

now becomes asymmetric (Figure 1.6) but shares many of the 

features outlined in case (a) above. When a cubic term is 

present the condition for stability for Q is : 

=> 

dG . 2 3 
~ = a(T-T JQ + bQ + BQ = 0 dQ C 

Q 
-b ± (b2 

- 4aB(T-T ))1 
C 

2B 

{1.17} 

(1 . 18} 

and again there is a region of metastable equilibrium for the 

low-symmetry and high-symmetry phases upon heating and cooling . 

LiG 

- -"' Fi gu re 1.6 Temperat ure dependenc~ ·of t he Landau pot ent i al 
when there is a cubic t erm in t he expansion . 

The phase transition now occurs at a Ttr given by: 

b2 
Tc + (219\8 

18 
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, 

where the order parameter steps to a value 

Q
0 

= - (2/3)~ { 1 • 20} • 

Whereas previously the magnitude of B determined how strongly 

first-order the phase transition is (when there is no cubic term 

in the expansion), now the first order character is regulated by 

the size of b, a measure of how muc~ of the odd-order basis 

function pervades the structure. Comparison of equations 1.13 

and 1 .18 shows that although originating from the same basic 

theory, the two types of first-order phase transition described 

by Landau theory have quite different order parameter behaviour, 

and are distinct in a number of ways (the equilibrium behaviour 

of Q for both cases of first-order transition are compared in 

Figure 1.5). The first-order transition due to B < O arises 

simply from the dependence of the sign of that coefficient on p, 

T and material related properties, whereas the first-order 

transition due to b I O is a direct result symmetry aspects of 

the phase transition. The transition from hexagonal to 

orthorhombic cordierite is a mineralogical example of such 

symmetry-driven first-order behaviour (see McConnell (1985) and 

Salje (1987a) for discu-ssions of the ·symmetry aspects of 

hexagonal-orthorhombic corQierite). 

1.2.5 Tricritical Behaviour We have seen that equation 1.5 
~ 

yields a continuous phase transition when a> O, B > 0 and a 

discontinuous phase transition when a> O, B < O, c > o. There 

is a special case when B = O; the phase transition is then termed 

11 tricritical 11
• The tricritical phase transition, therefore, 

corresponds to the situation when the transition is on the 

boundary between first-order and second-order behaviour. It is 
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often thought of as the point on a line of phase transitions (in 

say pressure-temperature or temperature-composition space) which 

terminates the line of continuous phase transitions and heralds 

the switch to discontinuous behaviour . The term "tricritical" 

may be somewhat confusing since the transition remains one 

between two polymorphic phases, and a tricritical point should 

not be confused with a triple point \ Rather, tricritical is a 

special form of a normal critical point (an ordinary second- or 

.first-order .phase transition); one that can be thought to result 

from the special values of three parameters applied to the 

crystal, for instance T, p and the field conjugate to Q (e.g. a 

magnetic field acting against Q when Q is the spontaneous 

magnetization below the Curie temperature at a ferromagnetic 

phase transition). 

With B = 0 the expansion (equation 1.5) must be taken up to 

sixth-order with c- > 0 for stability of the low temperature 

phase. So the Landau expansion for eicess free energy is: 

G {1.21} 

which gives the solutions for the equilibrium order parameter 

behaviour in the usual manner: 

Q 0 T > T-
C 

( a , .l 
Q ± -(T -T)j" T ~'-T 

C C C 

{1.22}, 

and 

T 
• a 

C C 
{1. 23} . 

The pathway of Q·thr ough the phase t r ansition is continuous , as 

i n the second- order phase transition (section 1. 2 . 3) , and the 

transition occurs at T. Now, however, Q depends on the fourth 
C . 
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root of the temperature below T in contrast to the result of 
C 

equation 1.7. In other words, the critical exponent S changes 

from S = i when B > 0 at a second-order transition to S =tat a 

tricritical phase transition (when B = 0). The behaviour of Q at 

a tricritical phase transition is shown in Figure 1.3 where it is 

compared with that at a second-order transition. 

The excess heat capacity at th~ tricritical transition may 

easily be derived since the entropy still behaves as - iaQ
2 

(as in equation 1.8) and hence 

C 
p 

TdS 
dT 

T ;£ T 
C 

{ 1 • 24} 

which is quite distinct from the form given by equation 1.9. The 

critical exponent describing the temperature dependent form of C 
p 

is usually given the symbol a with C proportional to (T -T)-a. 
p C -

Hence, we see that for a tricritical phase transition a= i 

whereas for a second-order phase transition a= O. The form of 

the heat capacity described by equation 1.24 diverges (without a 

latent heat) at T and i& similar to the form often described as 
C 

a lambda anomaly. In this way the he~l ~apacity as well as the 

order parameter reflec~s the 'boundary' nature of the tricritical 
, 

transition, displaying aspects on the verge of first-order but in 

fact remaining contfnuous. ·- In real crys.tals defects and 

imperfections cause a 'smearing-out' ·:of C near T and 
p C 

interpretation of C data can be rather more difficult than 
' p 

simple Landau theory suggests (Aleksandrov and Flerov, 1979). 

Tricritical phase transitions may at first appear rather an 

oddity and the result of exceptional circumstance since they 

depend upon the fourth-order term in the Landau expansion being 

zero . In actual fact tricritical transitions are rather more 
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common than this reasoning suggests and have been observed in a 

number of systems, examples include anorthite (chapter 3; Redfern 

and Salje , 1987), calcite (Dove and Powell, 1989), lead 

phosphate-arsenate (Bis~ayer and Salje , 1981), and ND4Cl (Yelon 

et al ., 1974). This is because the coefficient of the fourth­

order term , like the other coefficients in the Landau expansion, 

is not necessa.rily a simple constant, but may itself be a 

function of coupling between processes in the crystal~ in 

particular coupling between lattice strains and Q. For this 

reasonwe will outline some aspects of phase transitions where 

the strain and the order parameter are coupled , or indeed 

identical. 

1.3 Ferroelastic Phase Transitions The major benefit of 

Landau's theory of phase transitions is that a single simple 

concept can be applied to a wide variety of seemingly unrelated 

transformation processes . So far we have not considered in 

detail the real systems which Landau theory describes , and have 

not dwelt upon the specific physical meaning of the order 

parameter in terms of macroscopic measurable quantities . It is 

possible , however , to categorize transitions in c~ystals 

according to the physical process of change (rather than the 

temperature dependence of that change, as the categories second-
' ·-..._,_ 

order , first-order and tricritical appfy) in other words in terms 

of the property which directly reflects Q. Sbme of the first 

real systems in which Landau theory was tested involved 

ferroelectric and ferromagnetic phase transitions, where a 

spontaneous magnetization or polarization below T corresponds to 
C 

the order parameter . In these cases it is easy to see that the 
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symmetry relations between the paramagnetic (or paraelectric) 

phase and the ferromagnetic (or ferroelectric) phase are 

restricted to certain space groups in which a magnetic moment (-Or 

electric dipole) may arise from zero. It is also conceptually 

easy to see how the Landau potentiil may be linketj to the 

potential of a dipole ordering in a double-well potential in the 

mean field of a lattice, and so the theory was readily applied to 

these systems. Another class of phase transitions (forming the 

theme of this thesis) more widespread and of greater general 

importance in rock-forming minerals, however, is that encompasing 

distortive transformations -0f the crystallographic unit-cell. 

How does Landau theory relate to these? 

l.:l:..!. Ferro.ic Distortive Tra,nsi tions Phase transitions which 

involve a change in point group of the crystal are termed ferroic 

transitions. Ferromagnetic and ferroelectric crystals are the 

examples of ferroic phases mentioned above , are there equivalent 

ferroic phases linked to distortive phase transitions? 

The physical property representing .the main peculiarity of a 

distortive phase transition is the strain of the low-symmetry 

unit-cell with respect to the high-symm~try unit-cell. This is a 

second-rank tensor pro~erty of the lqw-sym.~etry crystal and is 

analogous to the tensor properties magnetization and polarization 

which spontan~ously arise at ferromagnetic and f erroelectric 
:-----, 

transitions . Since this strain (which is additional to linear 

effects such as normal thermal expansion) arises spontaneously 

below the transition it is called the spont aneous strain and this 

type of ferroic distortive transiti on is usuilly term~d 

"poten ti ally ferroelastic". The spontaneous strain below a 

ferroelastic phase transition is the macroscopic order parameter , 
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the idea of strain as order parameter for a distortive transition 

was discussed by Boccara (1968) and earlier by Idenbom (1960). 

The spontaneous strain must always be taken with respect to the 

high-symmetry or para-phase , and unlike polarization or 

magnetization the para-phase symmetry must be defined if the 

strain is to be measured. 

The first systematic analysis of possible symmetry allowed 

ferroelastic crystallographic space groups was made by Aizu 

(1969) who went on to formulate the spontaneous strain expected 

in these~erroic groups with respect to possible paraphase 

symmetries (Aizu, 1970). A ferroelastic phase transition induces 

a modification of the crystallographic unit cell, and for a pure 

proper ferr oelas tic this limits the possible supergroup-subgroup 

relations. Transitions must be between groups in di.fferent 

crystal syst~ms (where the . trigonal and hexagona! system are 

counted as one, haying the same unit cell). The strain at a 

particular ferroelastic phase transition itself has a defined 

symmetry, which reflects the symmetFy of the order parameter. 

Using this relation Toledano and Toledano (1980) list the form of 

the Landau free energy for each of the possible ferroelastic 

phase transitions. The_ general princ _iples of ferr-oelastic phase 

transitions are discussed by Toledano (1979) and reviewed at 

greater length by Wadhawan (1982). 
> , 

1.3.2 Physical Charactersitics of Ferroelastic Phases When 

strain behaves like the order parameter at a distortive phase 

transition the low symmetry phase may exhibit a number of 

f eatures characteristic of ~uch a transition.· The str~in 

corresponds to changes in unit cell shape (and hence anomalous 

thermal expansion measurable by lattice parameters) , is 
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accompanied by excess birefringence through the elasto-optic 

effect as well as changes in the polarizability tensor 

(measurable by Raman spectroscopy), and may induce the formation 

of twin domains. In addition certain of the elastic constants at 

a ferroelastic phase transition should change critically, this 

can be thought of as the trigger mechanism for the transition 

since it causes structural instability of either the high- or 

low-temperature phase with respect to certain applied forces. 

This feature can be detected by Brillouin scattering or 

measurement of full phonon dispersion curves by inelastic neutron 

scattering experiments. 

The relationship between twin domains and ferroelasticity in 

minerals was disOussed in a general fashion by Newnham (1974) 

when he reviewed several types of ferroic twinning. Again, 

symmetry is the determining factor for a number of features of 

twinning. The sym~etry constraints on orientation of domain 

walls in ferroelastics, derived by Sapriel (1975), follow the 

same principles as for ferroelectric domains (Fousek and Janovec, 

1969). The origin of ferroelastic twin boundaries has been 

considered in the framework of Landau theory by Barsch and 

Krumhansl ( 1984). They, find that dom_ain walls can be described 

mathematically by solitons (mobile solitary waves) in the crystal 

lattice at temperatures near T. The shapes of domains and c. 
-::--.-., 

interactions of domain walls have also been considered 

theoretically (Salje et al. 1985b) and are ea~ily observable by 

transmission electron microscopy: examples recently studied 

include ferroelastic twins in leucite (Palme~ et al., 1988) as 

well as in high-T superconducting materials (Kawamata et al., 
C . 

1988 ; Schmid et al ., 1988). Ferroelastic twins are thought t o 
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have an important influence on the superconducting properties of 

these materials through their control of correlation lengths 

(Smith and Wohlleben. 1988). More important mineralogically, the 

presence of ferroelastic twin domains is one of the most easily 

identifiable features of a low-temperature ferroelastic phase and 

these domains may be used to characterize a sample in terms of 

its transition behaviour (wh.ich can ~be useful petrogenetically if 

the equilibr.ium thermodynamics of the material are known). 

Lattice parameters feflect directly the behaviour of the 

spontaneous strain, and in turn the order parameter. In the next 

chapter we will see how the lattice parameters of As
2
o

5 
may be 

used to determine the temperature evolution of Q at a 

ferroelastic phase transition. Powder X-ray diffraction at high 

temperatures is an essential tool for the characterization of 

such transitions. Figure 1.7, for example, demonstrates the 

sensitivity of this technique to the cubic-tetragonal transition 

in leucite where diffraction maxima of {hOO} type planes in the 

cubic phase split into {hOO} and {OOh} maxima in the tetragonal 

phase. The experimental details of th-is technique will be 

discussed later. 

Changes in birefrfngence at ferr-oelastic phase transitions 

present the opportunity fo~ -one of the most sensitive and 

accurate measurements of spontaneous :l~rain and Q. This 

technique is revi ewed by Glazer (1988) and the important result 

for prope'r ferroelastic phase transitions is that the morphic 

birefringence ( the excess birefringence, whic_h vani shes in the 

high-temperature phase) is directly proportional to the order 

parameter as long as the indicatrix axes are not rotated by the 

transition. Complications can arise, however, if the low-
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temperature phase is optically active, or the transition is not 

pure ferroelastic, and care must be taken in establishing the 

relation between the measured birefringence and the order 

parameter. 

Figure 1.7 
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leucite (KAtSi 206) powder, together with Si internal 
The cubic-tetragonal transition at around 660°C leads to 

spontaneous strain indicated by the significant peak 
in the low-temperature te~ragonal phase. 

The magnitude of the spontaneous strain, determined directly 

from lattice parameter~, is typically found to vary from around 5 

-3 
x 10 in anorthi te .at room temperature (Redfern and Salje, 1987) ·-. 
to around 55 x 10 - 3 in sodium nitrate at room temperature (Reeder 

>,., 

et al., 1988). This leads to an excess elastic energy 

contribut,ion in the low-temperature phase given by 2Cije:ie:j where 

C . . are the elastic constants and e:
1
. are the spontaneous strain 

lJ 

components. Using t ypical values of these constants the elastic 

strain due to a ferroelastic transition can correspond to an 

excess energy of around 2 kJ.mol-l (as found in NaNo
3 

at room 
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temperature; Reeder et al., 1988). Although the elastic energy 

contribution may in other cases be much smaller (only a small 

fraction of the total excess internal energy below a transition) 

its importance remains undiminished: the overall influence of 

spontaneous strain is most obviously seen when its r6le in 

coupling order parameters is considered. 

1.3.3 Strain anq. Order.,.Pari;lmeter Cqup):ing So far we have 

discussed only those phase transiti6ns which are pure 

ferroelastic, in other words which have as their only order 

·parameter the spontaneous strain and which involve a change in 

crystal system . The interesting aspect of lattice distortion in 

many mineral systems, however , is the interaction of strains with 

other processes (for example Al/Si order). 

Suppose a crystal undergoes two symmetry-breaking 

transitions each described by a separate order parameter (Q
1 

and 

Q2 ), then the Landau expansion for the crystal must incorporate 

both order parameters. It is possible that , if the active 

representations of Q1 and Q2 are id~ntical, they will couple 

directly (i . e . have a direct influence on one another) as has 

b~en discussed by Oleksy and Przystawi.{~983). Other types of 

2 2 coupling , for instance . direct biquadrat ic (via a Q1 :Q2 
term in 

the Landau e xpansion ; Imry , 1975) may still be allowed even if 

the two activ~ representations are diffEWent. Even if allowed by 

symmetry , however , direct coupling be:cween ordering processes may 

be inapplicable if Q1 and Q2 have totally un~elated physical 

origins . On the other hand, if both of these processes induces a 

strain (either directly by collapse of the structure due to an 

elastic instability, or indirectly through the effect the 

ordering process has as the lattice relaxes in r esponse to it) 
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then the two order parameters may now influence one another 

through the strain as has been pointed out by Salje and Devarajan 

(1986). This form of indirect coupling between Q
1 

and Q
2 

is 

especially relevant in minerals since most silicate frameworks 

show quite large lattice strains in response to cation ordering 

as well as displacive transitions . Gufan and Larin (1980) 

discussed the influence of order parameter coupling on the 

topology of the phase diagram, demonstrating that significant 

changes can be expected if the coupling is sufficently strong. 

Coupling cannot , therefore, be ignored since it can affect the 

relative stability of phases and can change the chaiacter of Q
1 

or Q
2 

from continuous to discontinuous or vice versa. 

In describing a system with two order parameters and 

coupling between each order parameter and the form of strain­

coupling must be determined. Strain could couple to Q, to Q
2

, o3 

and so on . Usually only the lowest order coupling is considered 

since this generally describes the system sufficiently 

accurately . Coupling between strain, E, and the order parameters 

2 is symmetry determined and introduces terms like dQE or eQ E into 

the Laridau expansion , where d and e ari . 6oupling constants 

representing the strength of the coupling . In order to minimize 

the free energy with respect to strain we must also incorporate 

- 2 the elastic energy, r epresent ed below by fE 

>---. 
Thus we arrive at 

a Landau e xpansion to describe a crystal under going two ordering 

processes (1 and 2) coupled to one another via bilinear and 

biq; uadratic coupling to a common strain ( E) : 

{ 1 • 25} 
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where A, B, care Landau coefficients, d and e are strain 
an 

coupling terms, and f corresponds to,,\ elastic constant ,. In 

addition there may be direct coupling terms in the expansion , of 

2 2 the form gQ1Q2 or hQ1Q2 where g and hare coupling constants , if 

such coupling is symmetry allowed. 

The implications of strain-induced order parameter coupling 

for plagioclase feldspar will be dealt with in the course of this 

thesis. For the moment therefore we will not go on to derive the 

results for Q1 and Q2 from equation ~:25 (furt~er discussion is 

given by Salje and Devarajan, 1986), but rather present it as an 

example of how the Landau potential may be formulated for a case 

more complicated than those given in section 1.2. 

An interesting aspect of strain-order parameter coupling is 

that if such coupling exists a strain will arise below T for Q 
C 

analogous to the spontaneous strain at a ferroel'astic phase 

transition , even if the symmetry of the phase transition does not 

correspond to one of Aizu's (1970) classes of pure ferroelastic 

transitions. Since the strain couples to the order parameter it 

may conveniently be taken as an experimental measure of the order 

par ameter, although it may not be the order parameter itself . 

There are two cla~ses of elastid transition in whi ch the 

spontaneous strain i:s no t the order para_EJeter, but where the 

strain may still arise below Tc. The::---rirst is termed improper 

ferroelastic, at these phase transitions the symmetry change must 

induce a spontaneous strain , but that strain does not fully 

account for the order parameter . Any phase transition between 

crystal classes which also changes the size of the unit cell 

(i.e. due to a critical point on the Brillouin zone boundary) may 
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be improper-ferroelastic , these are sometimes referred to as 

anti f errodistortive transitions . For most improper ferroelastic 

2 
transitions the spontaneous strain couples to Q (Janovec et al., 

1975; Tol~dano and Tol~dano , 1980), although higher- order 

coupling is sometimes possible . The second class of phase 

transition in which strain coupling causes a spontaneous strain 

at a non-ferroelastic transition is known variously as co-elastic 

or pyroelastic . At a co- elastic tran sition there is no change in 

crystal system, so the high-temperature phase is not a true 

paraphase for the low-temperature phase . The transition is due to 

some non-elastic phenomenon , but the relaxation of the lattice in 

response to this ordering process induces a strain. In some 

cases the spontaneous strain at a co-elastic transition can 

nonethless be very large (e:g : caco
3

; see Dove and Powell, 1989) 

and the elastic energy associated with the strain can be a 

significant part of the excess energy below T . Since strain 
c . 

coupling is such a prevalent feature of phase transitions in 

minerals we shall investigate its ezfect on some specific 

examples . The I1-P1 transition in anorthite and the R3c-R3m 

transition in Caco
3 

and NaNo
3 

show co-elasti c behaviour which 

wil l be discussed in tne course of thi s thesis. 8-efore tackling 

the relatively complex issue of coupled order parameter behaviour 

in minerals we shall ' first expand on the- concepts laid out in 

section 1. 2 and 1. 3 . 1. - In particular:,--., chapter 2 will investigate 

the applicability of Landau t heory t o the decription of 

ferroelastic phase transitions in framework structures, using the 

example of As2o
5 

as a simple 'model' compound. 

31 . 



CHAPTER 2 

FERROELASTIC BEHAVIOUR IN ARSENIC PENTOXIDE 

2.1 Introduction 

Arsenic pentoxide is a simple binary oxide with a framework 

crystal structure. In this chapter, arsenic pentoxide is used as 

a ' model compound' to test the applicability of Landau theory at 

ferroelastic transitions in such structures . Before presenting 

the results of this investigation we shall briefly outline the 

salient features of this material, in particular those relating 

to the ferroelastic phase transition it displays. 

~ Struct1,1re, · Symmetry and Previou::; Investigatioo The stable 

oxide of arsenic at room temperature and pressure is As
2o

3
, but 

using high oxygen .pressures this can be oxidised to As
2o

6 
which, 

when subsequently sublimed, yields an interesting oxide, As
2o

5 
(Jansen, 1978) . The structure of arsenic pentoxide, As

2o
5

, can 

be described in terms of chains of corner-linked AsO . octahedra 
l:) 

running parallel to the z-axis, with the chains connected to one 

.another by Aso
4 tetrahedra around a screw-tetrad in the high­

temperature tetragonal phase (Figure 2~1). The high-temperature 

structure distor ts at lower temperatures so that at room 

temperature the tetrad 'has been lost ·and the symmetry is reduced 

to orthorhoml:>ic. Th'e room -temperatur!:) s_tructure was first 

reported by Jansen (1978) by single-cJ:-Ystal X-ray structure 

determination and found to be space group P2
1
~

1
2

1 
(or o: in 

SchBnflies notation) . The transformation to tetragonal symmetry 

occur s at T = 578 K (Jansen , 1979) . The high- temperature space C 

group was assumed t o be P4
12

12 (D~) on the bas i s of Jansen ' s 

comparison of high-temperature X-ray powder diffract i on 
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intensities to a postulated high-temperature structure derived 

from an average of two orientations of the low-temperature 

twinned structure. No further study was carried out by Jansen to 

test this postulated para-phase symmetry, however, although Raman 

and morphic birefringence behaviour are consistent with a phase 

transition between these two space group symmetries (Bismayer et 

al., 1986; Salje et al., 1987). It appears that the transition 

involves distortion of the polyhedral framework by polyhedral 

tilts so that the polyhedra themselves remain relatively 

undistorted and may be regarded as rigid units. The maximum 

displacements of the arsenic atoms resulting from the transition 

are only around 5 pm (at room temperature relative to the high­

temperature structure) with maximum displacements of about 20 pm 

Figure 2.1 A projection down the z axis of the corner­
linked polyhedral framework of As205. 
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for the oxygen atoms . No other structural phase transitions of 

any variety are observed in arsenic pentoxide and so it seems 

reasonable that a single non-coupled order parameter be adopted 

to describe the tetragonal-orthorhombic transition. 

The symmetry relation between high- and low-temperature 

structures indicates the low-temperature form is a possible pure­

fe r roelastic aGcording to the nomenclature of Aizu (1970), in 

which case the order parameter should transfofm as the 

spontaneous strain. The first study of the order parameter 

behaviour as a function of temperature in As
2
o

5 
was carried out 

by Bismayer et al. (1986) using Raman spectroscopy. They 

described the driving free energy for the transition in terms of 

a Landau expansion of the order parameter, the elastic energy, 

and direct coupling between the order parameter and the 

spontaneous strain (they did not assume the strain was the order 

parameter itself). The thermodynamic potential thus described 

is: 

G 
2 4 

1aQ + ibQ + {2 . 1} . 

Here the single order parameier Q is li~~arly coupled to the 

strain via the constant A. If the transition is ihdeed that of a 

pure proper ferroelastic then it can be described by the critical 

behaviour of the strain£ • In this case the free energy is 
s 

>--,. 
minimised for any value of Q by applying the condition: 

dGI = 0 {2. 2} dQ . 
Q 

=> Q = A 
{2 . 3} - -.£ + 

a s 

Substituting equation 2. 3 back into 2.1 we see that the elastic 

2 constants enter a general£ term. Representing the sum of the s 



appropriate elastic constants by C the free energy can now be 

rewritten: 

G 
2 4 4 i(C+(A 2 /a))E + fb(A/a) E + 
s s {2. 4} 

which describes a pure ferroelastic system in which the 

structural instability arises from critical behaviour of the 

temperature dependent elastic constants, inducing a macroscopic 

lattice distortion E • In this case Q is approximately 
s . 

proportional to the strain. 

If, however, there is some other process in As
2
o

5 
driving 

the transition (Bismayer et al., 1986, postulated a driving 

sublattice distortion which they link to Q) then Q, the order 

parameter itself, is used for the description of the transition 

with the temperature dependence of the potential (2.1) arising 

froo the prefactor a. This arises from the cond{tion that the 

crystal is free of stress at any teoperature: 

dG I 
dE 

S E 
s 

0 {2. 5} 

In the description resulting from condition 2.5 the strain is 

again coupled to the or~er parameter ~nd again we ixpect 

temperature dependent elastic constants. 

-The two approaches (application of condition 2.2 or 
~------, 

condition 2.5) represent two seemingly indistinguishable driving 

mechanisms for the phase transition in arsenic pentoxide, we 

shall attempt to unravel them and discuss the implications of 

these two approaches towards the end of this chapter. 

In either case symmetry allows coupling between Q and Evia 

A. This coupling may itself give rise to the transformation if A 
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is temperature dependent. Bismayer et al. (1986) point out that 

it is pos~ible to distinguish between this third mechanism and 

the first two by considering the temperature dependence of the 

elastic constants. Furthermore their Raman observations reveal 

that softening of optic modes occur9 without full recovery in the 

high-temperature phase. This may indicate that the structural 

phase transition shows aspects of relaxational or order-disorder 

behaviour in addition to the pure displaci ve behaviour expected 

at a proper ferroelastic .phase transition. Their measurements 

showed that within experimental resolution the temperature 

dependence of Q, which they related to an unspecified sublattice 

distortion, follows that predicted by the Landau model (equation 

2.1 with condition 2.5) for a second-order phase transition 

between T and room temperature. 
C . 

The temperature evolution of the optical birefringence of 

As 2o
5 

has also been studied within the scope of Landau theory 

which again was shown to apply between room temperature and 

T - 5 K, where T = 578 K (Salje et, al., 1987). They found no 
C . C 

evidence of crossover behaviour between order-disorder and 

displacive transition character. 

Although the optic modes (and sublattice distortion) and the 

morphic birefringence have been studied in much detail, nothing 

is known about the basic fe"rroelastic parameter in As 2o
5

: the 

spontaneous strain. In this ·chapter we consider the temperature 

evolution of the spontaneous strain and the coupling between 

softening of elastic constants and softening of optic modes at 

the phase transition . The strain is measured. by X-ray powder 

diffraction, which also yields information regarding the 

variation of correlation length through the transition. 
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2~1.2 Spontanequs Strain and the Twin Law Before describing the 
~ ---~ ---- ---
experimental results from the investigation of As

2
o

5 
we shall 

first outline the process by which the form of the spontaneous 

strain and order parameter symmetry at a phase transition between 

known symmetries may be predicted. 

The transition from the high-temperature space group P4
1

2
1

2 

to the low-symmetry subgroup P2
12

12
1 involves no loss of 

translational symmetry and must be d:ue solely to the critical 

behaviour of phonons associated with the centre (r point) of the 

Brillouin zone. The representation tables ·of the high- and low­

temperature point groups are given in Table 2.1. The active 

representation of the high-temperature symmetry is that which 

transforms to the identity under the operation of the low­

temperature symmetry elements (diads parallel to x, y, and z). 

The characters transforming as the identity are shown circled in 

Table 2.1 and we see that the active representation of the order 

Low Temperature 

~22 
o. C1 C1 C1 

o, .f,100)[010][001] 

A, 
A, 

A, -1 -1 

@ 0 -1 0 0 -1 

B, -1 -1 
8 

xy 

e, -1 -1 z, Rz 

e, -1 -1 y, R y 

E 2 0 -2 0 0 (x,y) (Rx,Ry) (xz,yz) 
B, -1 -, x, R 

X 

x' • y•. z• 

xy 

xz 

yz 

Table 2.1 Representation tables for point groups 422 and 222 
showing the correlation between symmetry operators and demonstrating 
that 81 is the active representation for the phase transition. 



parameter corresponds to B
1 

in the supergroup P4 1212~ The 

spontaneous strain must also transform according to this active 

representation, in other words the symmetry adapted strain is 

proportional to x2 -y 2 (the basis function for this 

representation). Hence the form of the spontaneous strain is E 
s 

forms of the scalar spontaneous strain for all proper 

ferroelastic phases with appropriate~constants of proportionality 

and according to his scheme the scalar spontaneous strain for 

orthorhombic As2o
5 

is given by: 

{2.6} . 

There are two orientational states of the ferroelastic P212121 

structure with respect to the high-symmetry para-elastic phase. 

These are denoted Sand S' by Aizu and correspon~ to the two 

possible twin domains observed in As 2o
5 

at room temperature, 

which must have equal and opposing strains . 

Applying the approach of Salje et al. (1985b), it is now 

possible to determine the twin law for the ferroelastic domains 

in As 2o
5

~ The spontaneous strains for the two adjacent domains 

are given by the second-_rank tensors (Nye , 1957): 

0 

:1 
-E 1 _l 

s 0 E22 - . ( E 1 Ez 0 0 '(}-, 0) { 2 . 7} 

0 0 oJ 

- E11 0 0 

S' 0 - E22 0 ( - E1 - E 2 0 0 0 0) { 2 . 8} . 

0 0 0 
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At the domain boundary all strain components must be equal. 

Adopting the arguments of Sapriel (1975), the domain wall is the 

plane defined by 

0 {2.9} 

which leads to the condition that x=y or x=-y at the domain 

boundary. The twin planes are therefore of the form {110}. 

According to David (1983), this implies that any soft acoustic 

modes associated with the transition propagate in the <110> 

directions. The role of acoustic softening will be more fully 

discussed in section 2.3. We would also expect the formation of 

needle domains and related twin interactions in As
2o

5 
as has 

recently been described in the symmetrically similar tetragonal­

orthorhombic ferroelastic transition in the 1-2-3 oxide high-T 
C 

superconductors (Wadhawan, 1988). 

The spontaneous strain is a measure of the distortion of the 

unit cell and may be calculated from the lattice parameters 

measured by X-ray powder diffraction (Figure 2.3). The strains 

£ 1 and £ 2 are given by 

a 
1 £1 - -ao 

b 
1 £2 -

bo 

{2. 1 0} 

{2 . 11} 

where the subscript O refers to those parameters expected by 
>--,. 

extrapolation from the high-symmetry para-phase to the 

ferroelastic phase . For the transition considered here 

a 0 =b 0 =(a+b)/2 , hence, applying equation 2. 6 , £ is given by 
s 

£ = rz1a-bl 
s a+bj {2 .1 2} . 

Thus , we see that the form of the s pontaneous strain at a 
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ferroelastic transition is constrained by symmetry, and as we saw 

in chapter 1, this also constrains the expected form of the 

Landau potential. Having explored the implications of the 

symmetry of the transition, E (and in turn Q) can now be 
s 

determined experimentally from lattice parameter measurements 

through the transition. 

2.2 E~perimental Details 

Arsenic pentoxide is extremely hygroscopic; the samples used 

for this study were grown in a dry atmosphere at the University 

of Hanover and generously provided by Dr M Jansen. 

2.2.1 Lattice Paramet.er Mea.surements Lattice parameters were 

measured by X-ray powder diffraction using Guinier geometry. The 

Guinier camera has several advantages over standard Debye­

Scherrer geometry. The principal advantage of the focussing 

geometry is high-resolution, allowing accurate l~ttice parameter 

determination . In . addition, the intensity of the focussed beam 

enhances the observation of weak reflections. Film methods are 

also superior to standard counter detection if absolute intensity 

data are unimportant since film is a more efficient X-ray 

detector over usual exposure times. 

As2o
5 

powder was i9aded into 0·3~m diameter silica glass 

capillaries, and sealed under dry argon to prevent sublimation of 

the samples atiove around 100°C. Diffraction experiments were 
>--. 

carried out using a Huber 632 heating Guinier powder camera 

configured to record transmission powder patterns. CuKa 1 was 

selected from a bent quartz monchromator . A Huber 633 

temperat ure controller allowed relative temperature stability 

better than K, as measured by a chromel/alumel thermocouple 
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positioned within 1 mm of the sample. Exposures were made under 

isothermal conditions, the controller allowing automatic film 

~ovement and temperature variation between exposures. The 

absolute temperature scale was calculated and correction 

facilitated by measuring known transitions in the temperature 

range 370 K to 700 K. Care was taken to avoid errors arising 

from fluctuations in thermal gradient through the furnace by 

ensuring draught-free conditions in ~the vicinity of the apparatus 

and keeping the sample position within the furnace fixed. 

Further details of the temperature calibration of the high­

temperature Guinier camera furnace are given in appendix 1. The 

film-lift device of the Huber high-temperature Guinier camera 

allows consecutive exposure of diffraction patterns at preset 

temperatures to be made on a single film. This allows a single 

0 o_ 
0 - -o- -o 

~ 
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I 
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:"'-o, 

Figure 2.2 Continuous movement high-temperature Guinier diffraction 
pattern of As 2o5 powder . Lines in the tetragonal phase are indexed , and 
splitting in the low-temperature orthorhombic phase corresponds to the 
onset of spontaneous strain. 
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shrinkage and zero correct-ion to be made for exposures at several 

temperatures and eliminates cumulative errors arising from film 

shrinkage correction and zero-errors which would arise if each 

pattern was recorded on a separate film. 

Figure 2.2 shows a photograph obtained from a continuous 

heating experiment, which is effectively a plot of line position 

with temperature. The large spontaneous strain is evident from 

the obvious peak splitting of pairs uf reflections 1n the 

orthorhombic phase. Lines showing no peak _ splitting correspond 

to those with equal muitiplicites in the orthorhombic and 

tetragonal phases. 

Diffraction patterns taken between room temperature and 

770 K were measured using an Enraf-Nonius Guinier film viewer. 

Rather similar to a standard microfilm reader, the film viewer 

enables the alignment of a cursor to each line; the line position 

may then be read off from a Vernier scale to witnin 0.01 °2 8. The 

film cassette holder incorporates two radioactive marker lines 

which generate fine marks at accurately fixed positions at the 

top of each deyelop~d film against which measured line positions 

were corrected f or film shrinkage. The . zero-2 8 position was 

obtained by short exposure of the incident X-ray beam. 

Cell parameters were calculabed oy least squares refinement 

of about twenty measured and corrected r~flections at each 

temperature using the program "CELL " ~ .veloped from a general 

least squares regression program . Typically lattice parameters 

were obtained with one standard deviation error of around 

0 . 0014 ~ i n a and band 0 . 0007 2 i n c . The measured cell 

par amete r s of As2o5 ar e presented i n Table 2. 2 . The t emper atur e 

evolution of these lattice parameters is shown in Figure 2.3. 
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Table 2.2 

~ .. 

B.1 

8.6 

~ 85 
i: 
0 
c. 

8.4 

4.6 

Figure 2.3 

---

Ar se nic Pen t oxide 

'f(K) a (.Ill b (.ll) C {Jl) volume strain 

293 8 .4 5281 8 . 64919 4.62863 338.399 0 . 0162 
308 8.45429 8 . 64675 4.6286S 338.364 0 . 0159 
323 8.45731 8.64390 4.62890 338.392 0 . 0154 
338 8.45980 8 . 64220 4.62970 338 .4 54 0 . 01Sl 
353 8.4649 3 8.64262 4.63034 338.752 0 . 0147 
368 8.46546 8.64037 4.63041 338. 690 0 . 0145 
383 8 . 47034 8 . 63989 4 . 63187 338.963 0.0140 
398 8.47608 8.63577 4.63238 339 . 079 0. 0132 
413 8 .47773 8.63277 4.63020 331;3.868 0.0128 
413 8.47846 8. 63161 4.62870 338.741 0 . 0127 
430 8.48537 8. 63127 4.62897 339.023 0.0121 
440 8.48902 8.63049 4.63031 339 . 236 0. 0117 
450 8.49410 8.63153 4.63135 339.558 0 . 0113 
460 8.49662 8.62897 4.63066 339.506 0 . 0109 
476 8.50125 8 . 62512 4.63258 339.681 0 . 0102 
491 8.50499 8.62140 4.63146 339.602 0.0096 
506 8 . 50890 8 . 61455 4 . 63171 339.506 0 . 0087 
522 8.51260 8 . 61119 4.63216 339.554 0 . 0081 . 
537 8 .517 37 8 . 60739 4-. 63268 339.632 0.0074 
552 8. 52891 8 . 60079 4.63186 339.772 0 . 0059 
567 8.53588 8. 5878S 4.63218 339.561 0.0043 
S82 8 . S702 4.6318 340.204 
S97 8.S693 4.6293 339.947 
S97 8. 5715 4.63 29 340.382 
612 8 . 5674 4.6301 339 . 849 
612 8.S716 4.633S 340.436 
626 8. S713 4.6333 340.393 
626 8.5667 4.6299 339.787 
641 8.5693 4.6304 340.026 
655 8.5688 4.6303 3.39 . 977 
669 8 ; 5714 4.6308 340.212 
684 8 . 5725 4 .6318 340.382 
699 8 . 5733 4 . 6323 340.481 
713 8.5733 4 . 6332 340.548 
727 8.5740 4.6328 340.580 
742 8.5738 4 . 6333 340 . 591 
756 8.5735 4 . 6335 340 . 579 
771 8 . 5741 4 . 6333 340.616 

High-temperature lattice parameters of As 2o5. 

b 

C 

300 400 500 600 700 800 
· Temperature (Kl 

Temperature dependence of the lattice parameters of As 2o5• 



2.2.2 Line Profiles -- The exposed films were scanned using a 

Joyce-Loebl microdensitomet~r to obtain line profiles of 

diffracted peaks. Five densitometer scans were superimposed for 

each exposure at each temperature to reduce the influence of 

statistical effects arising from film grain and average the 

noise. The resulting densitometer traces shown in Figure 2.4 

demonstrate the splitting of the strong tetragonal 411 reflection 

into the orthorhombic 411 and 141 reflections through the 

transition, and show the behaviour of the 222 reflection, which 

is unaffected by the transition. 

so 
Scattered angle, 28 (deg} 

Figure 2.4 Densitometer traces .of diffraction patterns of As 0 
through the tetragona 1 to -orthorbotilbii: transition. The 411 pea~ Kear 
48° 2e splits to 411 and 141 in the orthorhomoic phase. 

2.3 Critical s·ehaviour in Arsenic Pentoxide 
:""'.. 

2.3.1 Order Parameter Behaviour from Strain It is now 

straightforward to derive the strain behaviour from the lattice 

parameters given in Table 2 . 2 by applying equation 2.12 . The 

calculated scalar spontaneous strain , ES' is given i n the last 

column of Table 2 . 2 . The variation of the spontaneous strain , 
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Figure 2.5 Temperature dependence of the scalar spontaneous .strain in 
As O. Error bars represent ±2cr. The solid line indicates the behaviour 
ex~e2ted below a second-order phase transition, predicted from Landau 
theory. 

E , with temperature is shown in Figure 2.5. We noted in section s . . 

2.1.1 that the spontaneous strain is linearly coupled to the 

order parameter, hence the strain shown in Figure 2.5 may be 

directly correlated to Q. The full curve shows the strain 

predicted by a Landau potential with critical exponent 8=1 

(equation 1.7 ) and linear coupling between Q and E • We see that 
s. 

the spontaneous strain follows second-order Landau behaviour 

within the limit of error. The coupling constant is easily 

determined, and we arrive at: 

Q {2.13}. 

The temperature dependence of the sponta~eous strain in 

As
2
o

5 
is in agreement with that expected from Landau theory of 

the structural phase transition. The excellent agreement with theory 

may be related to the restricted directions of propagation of the 

critical acoustic phonons. The acous tic mode softening is 
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limited to waves in the <110> directions in the tetragonal phase 

at the Brillouin zone centre, as the elastic constants c
11 -c

22 
go to zero. The polarization vector associated with these 

transverse phonons is perpendicular to the wavevector and within 

the (001 ) plane. In these respects the phase transition in As
2o

5 
is analagous to those found in Teo

2 
(Peercy and Fritz, 1974) and 

DCN (Mackenzie and Pawley, 1979). This type of displacive phase 

transition has been considered theoretically by Folk et al. 

(1976) and Cowley (1976). Cowley (1976) points out that in such 

cases (which he denotes as type I) a continuous phase transition 

may be expected to occur. Deviations from Landau behaviour 

result from fluctuations in the order parameter near T • As 
c. 

fluctuations become more pronounced and comparable with the value 

of Q itself, and if they extend over distances corresponding to 

the correlation range~. then the Ginzburg criterion is no longer 

fulfilled and Landau theory breaks down. In the case of type I 

structural instabilities, however, fluctuations of the acoustic 

phonons are restricted to cones aroupd the two perpendicular 

directions of wave propagation ink- space (Figure 2.6), and thus 

a Landau model can be expected to be obeyed even at temperatures 

close to T. In addition to the restricted directjons of C 
, 

acoustic softening (and thus restricted directions ink-space of 

associated or~er parameter fluctuations) ~ the framework structure 

of As2o
5 

allows correlated distortions' -Over long distances in the 

structure, further reducing the volume of phase space in which 

fluctuations might occur . There is no exper i mental evidence for 

deviations from a Landau model due to either fluctuations or 

other coupling effects. In this respect As
2
o

5 
may be described 

as an ideal ' model ' ferroelastic material. 
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X 

Figure 2.6 The wavevectors· (q) and polarisation vectors (~) 
~f ~he criti:al transv~r~e acoustic m~de in As 2o5. Cones 
indicate regions of critical fluctuations. 

2.3.2 Critical Linewidth and Susceptibility In addition to the 

onset of spontaneous strain, the phase transition is also 

reflected by a singularity in the wiuth of those powder 

diffraction lines which split in the orthorhombic phase. Figure 

2.7 shows the temperature evolution of the line width r of such 

reflections, namely the orthorhombic 141 and 411 reflections, 

which merge to 411 in the tetragonal phase. Linewidths were 

measured directly from densitometer traces of the Guinier films. 
·:,. 

The observed increase in r does not occur for reflections whose 

Bragg angle does not depend on the order parameter, for example 

222, as can be seen in Figure 2~4. Above T we observe 
C 

significant but decreasing line broadening of . the tetragonal 41 1 

peak, corresponding to the increasing correlation length of 

fluctuations beyond that seen by X- rays. The linewidth of the 
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Figure 2.7 
0
The absolute linewidth of the tetragonal 411 

reflection ( 2e) as a function of temperature in As2o5• 
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Figure 2.8 The reciprocal of the corrected linewidth of the 
tetragonal 411 and orthorhombic 141 and 411 reflections as a 
function of temperature in As 2o5• 
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411 peak falls to that of the original low temperature 

orthorhombic peaks. The possible order-disorder behaviour 

i nfer red from the non-recovery of the softened raman mode 

observed by Bismayer et al. (1966) should lead to broadening of 

lines in the tetragonal phase, which we do not observe. The 

broadening may be explained solely in terms of spatial 

fluctuations of the order parameter near T : the linewidth 
C 

increases due to inhomogeneous varia~ions of the spontaneous 

strain, and lines which are independent of the order parameter 

remain, sharp. The physical origin of such spatial variation of 

the order parameter could be ascribed to the possible variation 

of twin domain size below T. It is anticipated that 
C 

observations of the domain pattern of As2o
5 

would reveal an 

increasing number and decreasing size of twin domains as T is 
C 

approached from below. The correlation length of the spatial 

fluctuations (which might be thought of in our model as twin 

walls) increases as T is approached from below, and becomes 
C 

comparable and then greater than the correlation length of the X-

rays. The linewidth , in this case , is therefore directly 

proportional to the susceptibility x o~ the order parameter. 

Landau t heory pred i cts that , at a second-order phase transit i on , 

the susceptibility shows- the following- temper ature dependence; 

X cc {2 . 1 4} 

- 1 and the slope of x _ against T below T is twice that above T . 
C C 

-1 been plotted i n Fi gu r e 2 . 8 for r . close to T and 
C 

it can be seen t hat t his r elati onship between the slopes above 

and bel ow T i s f ol lowed . Thi s corr esponds t o t he c r i ti cal 
C 

exp onent Y = as expected for a phase transition following 
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Landau theory. Hence the line broadening is entirely consistent 

with Landau theory, and results from the expected variation in 

correlation length of fluctuations of the order parameter near 

T • 
c . 

Softening of the <110> transverse acoustic phonons at the 

zone centre might be expected to lead to dynamical broadening of 

the powder lines, but this diffuse scattering would affect all 

Bragg peaks and we have not been abl~ to observe such an effect. 

Nevertheless such a phonon instability, resulting in softening of 

the mode near q=O as T is approached, may be used to describe 
C 

the driving order parameter. At the analagous transition in DCN 

(Mackenzie and Pawley, 1979), phonon dispersion curves have been 

measured by neutron scattering and are observed to soften. 

Similar acoustic softening has been observed in s-triazine (Dove 

et al. 1983), where the ferroelastic transition at 198 K is 

accompanied by significant changes in the dispersion curves above 

T • 
C 

2.3.3 Coupling Between Acoustic and Optic Modes 

' 

Consideration 

of the symmetry change P4
12

12 - P2 12
12; indicates that Bragg 

reflections (OOt), 1 4n + 2 are prohibited in the high symmetry 

phase but may appear in the low symmetry distorted structure as a 

result of conversion of the 41 axis to- 21: Schmahl and Redfern 

(1988) presented the results of x~ray critical scattering studies 

of the (006) reflection which further probed the nature of the 
·::--. 

phase transition and tested the validity of the proposed high-

temperature space group . 

The theory of X-ray scattering intensities of critical 

superlattice reflections at displacive phase transitions is well 

established and considered by Bruce and Cowley (1981 ). For soft 
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mode transitions the structure factor can be expanded 1n terms of 

the normal mode mean amplitudes <Q.> which become non-zero below 
j 

the transition temperature. In As2o
5

, however, the phase 

transition is driven by acoustic mode softening along <110> for 

jqj tending to the Brillouin zone centre . These acoustic phonons 

with vanishingly small wave vector correspond to a homogeneous 

deformation of the crystal and the phase factors, exp(-i§ ~r k) , 

for waves scattered from atoms at rk~ to the reciprocal lattice 

point with scattering vector Sare invariant. Hence the pattern 

of systematic extinctions is not affected by the acoustic mode 

softening and critical superlattice reflections are not expected 

to arise, since in itself a q=O (r-point) instability does not 

lead to broken translational symmetry. 

The symmetry change in arsenic pentoxide however implies 

there is a change in the screw periodicity of the structure along 

the z-axis (due to the loss· of the 4
1 

axis) at the phase 

transition. Atoms within one unit cell are displaced 'out of 

phase' parallel to the z-axis in the low temperature structure, 

breaking the tc periodicity and giving rise to reflections of the 

type (001), 1 = 4n + 2, below T • Thu~ the cooperative q=O 
c. 

atomic displacement pattern responsible for the temperature 

evolution of the (006) r~flection is of optic character rather 

than acoustic. Jansen (1979) discussed the relationship between 

the high and low-temperature structures, and consideration of the 
">-. 

differences between twin-related orthorhombic cells suggests the 

displacement pattern which is shown in stylized form in Figure 

2.9. Octahedral tilts around axes within the (110} planes lead 

to atomic displacements with a component parallel to z and we can 

see from Figure 2.9 that these are of optic character breaking 

51 

11 

I 

,111 
'1 
I 



/ 

/ 
Figure 2.9 A schematic diagram showing the atomic displacements 
in the orthorhombic phase of As2o5 away from the positions in the 
tetragonal phase. Fine~arrows 1naicate the projections of the 
polyhedral tilt axes whieh lie in the {110} planes. 

the 41 symmetry~ 

Schmahl and Redfern's (1988) measurements of the temperature 

dependence of the integrated intensity of the (006) reflection 

2 demonstrate that 1 006 behaves as Q below T • This implies the 
C 

amplitude of the atomic displacement pattern, <Q.>, is coupled 
J 

linearly to the order parameter for the transition, and hence 

linearly to E • s 
The measurements of super.lattice intensity are 

consistent with the strain data presented here, and- furthermore, 

they confirm the postulated high-temperature space group symmetry 

(41212)~ 

The Raman-active optic phonons mea"'sured by Bismayer et al. 

(1986) soften appreciably as T is approached from below but do . C 

no t recover above T and none is a true soft mode . The primary C 

order parameter for the transition is , therefore , not an optic 

phonon. The atomic displacement pattern considered by Schmahl 

and Redfern (1988) results from a combination of the acoustic and 
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optic modes associated with the transition. Rae (1982) has 

described the proper ferroelastic transition in s-triazine 

similarly. The eigenvectors of the displacement pattern <Qj 0> do 

not , therefore, correspond to those of the soft acoustic mode or 

any optic mode, but to a combination of them all. Because of 

their low frequency the acoustic modes make only a small 

contribution to the free energy available to drive the 

transition, but the incomplete softeding of the optic distortions 

coupling to them is more significant energetically. In this 

sense although the driving order parameter itself is the acoustic 

shear (the softening of c
11

-c
12

) the synergetic influence of the 

acoustic-optic coupling is most important~ 

2.3.4 Implications fol" the GrUneisen Relation The incompletely 

softened optic modes and the cooperative distortion <QjO> have 

the same irreducible representation as the spontaneous strain, 

and the lowest order coupling between the optic distortion and Q 

is linear. This linear coupling is responsible for the 

observation by Bismayer et al. ( 1986 t that the low temperature 

2 excess frequency, 6w, is proportional to jT -Tj. The softening 
C . 

of the hard-mode raman lines observed by- Bismayer et al. (1986) 

thus arises from direct . coupling between the acoustically driven 

spontaneous strain and the optic modes. The spontaneous strain 

behaves as the . order parameter, and is proportional to the shift 

in the hard mode frequency (6w): 

{2.15} 

These dependences obviously violate the Grtlneisen relation: 

{2 . 16} 
w 

53 



where V is the molar volume and w is the hard-mode frequency. In 

the orthorhombic phase the cell volume is given by axbxc, and the 

lattice parameters a and b can be expressed in terms of the 

extrapolated tetragonal parameters a 0 and b0 (a 0 = b 0 ) as: 

a = ao - a( T -T) 112 
C . 

b bo + a(T -T) 112 
C . 

=> V = Co(aobo - a. 2 
( T -T)) C 

=> 6w cc 6V cc ( T -T) cc £ 
2 

C s 

{2. 1 7} 

{2.18} 

{2. 1 9} 

which conflicts with the observed result: 6w cc£ • Hence the 
s 

GrUneisen relation is not obeyed in the ferroelastic phase of 

As2o
5

, where the dilation along b counteracts the contraction 

along a in the expression for volume. 

2.4 Summary, Conclusions, ~nd Consequences 

It is apparent that the Landau model for free energy 

successfully predicts a number of features associated with the 

ferroela: stic phase transition in As
2o

5
~ In particular we have 

seen that the spontaneous strain in As
2

o
5 

behaves like the order 

parameter exactly according to the model· for a second-order phase 

transition, even for qu_ite large values of Q (when the power 

series expansion might be expected to become invalid) as well as 

very near T (where dynamical fluctuations of Q might be expected 
C 

">.... 
to become important). The strict adherence to Landau theory is 

attributed to the long length scale over which correlated 

ordering can operate in the framework structure. It seems that 

Landau theory is best appli~d to the description of f~rroelastic 

and r elated phase transitions . This argument has a significant 
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bearing on the expected behaviour of framework silicates 

undergoing ferroelastic and co-elastic phase transitions. The 

success of Landau theory in the example of As2o
5 

in this way 

>C>I 

jusitfies the application of this same theory to the description 

of displacive phase transitions in minerals with framework 

structur.es. 

Although the orthorhombic-tetragonal phase transition in 

As
2
o

5 
at first appears quite simple ~with no evidence of a 

crossover or coupling to other phase transitions in the 

structure, and describable by a single component order parameter) 

we have seen that even in this 'model' case there are 

complicating subtleties that must be considered if the transition 

mechanism is to be fully understood. The role of coupling 

between the driving acoustic mode softening to optic mode 

softening appears very important energetically, but is not an 

essential feature of the Landau description. Thus we see that in 

a particular case (no matter how apparently straightforward) the 

full description of a phase transition may depend on the 

application of a variety of experimental methods . Nonetheless, 

in a ferroelastic or co-elastic phase transition . the spontaneous 

strain is seen to provide a sensitive measure of the transition 

behaviour. 
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CHAPTER .2. 

CO-ELASTIC BEHAVIOUR AT THE IT-PT TRANSITION IN ANORTHITE 

3.1 Introduction 

The behaviour and thermodynamic properties of feldspars are 

of fundamental importance to Earth scientists because together 

this mineral family comprises some 60 % of the Earth's crust. The 

structure of feldspar was first sol ved by Taylor (1933) in 

Cambridge during his study of sanidine. It consists of a three ­

dimensional framework of Al0
4 

and Si0
4 corner-linked tetrahedra, 

with larger cations (Ca in anorthite, Na in albite, and Kin 

orthoclase) occupying cavities within this framework (Figure 

3.1). The unparalleled complexity in the sub-solidus phase 

relations of feldspars is due to the interplay of the state of 

Figure 3.·1 The crystal structure of feldspar projected almost 
parall~l to the y-axis. Each aluminosilicate tetrahedron is corner­
linked to four others. The large circles represent alkali-earth 
cations. 
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order of the Al and Si atoms with displacive transition~ of the 

framework as a whole. The recent application of Landau theory to 

the feldspar system (Salje, 1985; Salje, 1987b; Carpenter, 1988) 

has allowed a start to be made at understanding this complex 

behaviour as a function of temperature and sample 

characteristics. In this chapter and chapter 4 the behaviour of 

Ca-rich plagioclases at the I1-P1 displacive phase transition 

will be investigated. The influence~of the degree of Al/Si order 

(represented by Q
0
d), sample composition ~nd homogeneity, and 

increased pressure as well as temperature will be discussed 

within the framework of Landau theory for the free energy. 

The example of the displacive primitive to body-centred 

transition in anorthite (CaA1
2
Si

2
o

8
) and calcium-rich 

plagioclases (Ca Na 1 Al 1 Si
3

. 0
8

) is interesting since it 
X -x +x -x 

denonstrates the potential importance of strain-induced order 

parameter coupling in problems of mineral behaviour. We shall 

see that the phase transition is sensitive to both the chemistry 

and the thermal history of the particular plagioclase studied. 

It has already been observed that framework structures exhibiting 

ferroelastic phase transitions often (6Uow Landau-type models 

fairly closely over large temperature intervals (e~g. As 2o
5 

(see 

chapter 2 and Redfern and Salje, 1988), quartz (Salje et al., 

1989), alkali,-feldspars (Salje et al ., 19.85a) , leucite (Pal1:Jer et 

al., 1989), cordierite. ( chapter 5 and -J(.utnis et al. , 1987)) , and 

we shall see that the plag i oclase feldspars p~ovide another 

example where the Landau approach works well. This has been 

attributed to the long distances over which the order parameter 

is correlated in framework struct ures, and the consequent 

reduction in the region over which fluctuations are important 
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(Cowley, 1976). 

In calcium-rich plagioclases the interplay (via strain) of the 

processes of ordering of Al and Si on the tetrahedral sites and 

the substitution of Na for Ca on the alkali sites with the 

displacive I1-P1 transformation of the framework results in 

changing transition behaviour. Therefore before turning to the 

displacive transition we shall briefly consider the process of 

Al/Si ordering in calcium-rich plagi~clases. 

1:.l.!.l The cT-IT Al/Si Ord~ring Transition End-member anorthite 

has the composition CaA1
2
Si

2
o

8 , and the 2:2 ratio of Al:Si allows 

it to order these tetrahedral cations so that (in the fully 

ordered state) each Si tetrahedron is surrounded by four Al 

neighbours, and vice-versa. This ordering of Al and Si on the 

tetrahedral sites in the plagioclase framework results in the 

lowering of symmetry from C1 (disordered) to 11 (order ed ) and a 

unit cell with a 14 ~ repeat along the z-axis. The phase 

transition is accompanied by the loss of superlattice reflections 

(termed 'b' reflections: h + k odd, t odd; see Bown and Gay 

(1958) for a description of the plagioblase reciprocal lattice 

geometry) which are observable by electron diffraction of 

quenched samples (Carpenter and McConnell, 1984). The 

superlattice intensities- decrease continuously as the transition 

is approached from below and the transition temperature is 

strongly composition dependent. Extrap~lation of the delineation ... ,,.. 

of the phase boundary as a function of composition and 

temperature yields a T somewhere between 2000 Kand 2250 K at 
C 

the pure anorthite end-member (Carpenter and McConnell, 1984) and 

although this is above the melting point we can expect a steady 

increase in Al/Si order (defined by the order parameter Q
0

d) in 
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anorthite cooled in equilbrium below the Melting ppint . The 

process of Al/Si ordering is slow, however, since it depends upon 

diffusion of Al and Si cations through the tetrahedral framework. 

Equilibrium values of Q
0

d are only obtained in crystals held at 

reasonably high temperatures for long periods of time~ 

Plagioclase crystallised from glass or from the melt may show 

quite low degrees of Al/Si order even at room temperature, since 

the kinetic barrier hinders ordering. The 11-Pf transition is 

rapid and reversible; however, so Q
0

d can take a wide range of 

values at the I1-P1 low temperature transition depending upon the 

thermal history of the crystal. 

The process of Al/Si ordering induces a strain which 

Carpenter (1988) observes is proportional to the change in cosY, 

as in albite (Salje et al., 1985a). Unlike the Al/Si ordering 

process in albite, however, the Cl-11 transition in anorthite is 

associated with a critical point at the Brilloui0 zone boundary 

(equivalent to the 'b' Bragg reflections in diffraction 

experiments) and so the strain due to Al/Si order cannot couple 

directly to C but instead couples ~uadratically, to Q
0

2
d (we ·act 

shall later see that this coupling between Al/Si ordering and 

strain has important consequences for the rf-pf transition) . In 

addition to the excess ·~train there is an excess enthalpy due to 

the order-disorder transition which has been measured as a 

function of composition in plagioclases by Carpenter et al. 

(1985) . The measured excess enthalpy and derived T may be used 
C 

together to determine the coefficients of Q
0

d in a Landau 

expansion for free energy, and Carpenter (1988) shows that the 

experimen;a1 data are consiitent with a tricrl tical L~ndau model 

for the C1-I1 transition . A possible equilibrium phase diagram 
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of the plag ioclases as a f unction of t emper at ur e is s hown in 

Figure 3 . 2 . 
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Figure 3. 2(a) The phase diagram for plagioclase , after Carpenter (1988) . 
The low-temperatu re ' e ' structures at i ntermed i ate composit ions_ar§ _ 
omitted ' and the diagram shows the predicted seque~ce of C2/m-Cl - I1 - Pl 
for ano rthi t e. 
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figure 3,2(bT Schemati'c @-T curves for feldspar. Small arrows indicate 
phase transitions. C2/m-Cl is the only ferroic transition, the others 
involve high-symmetry phases which are not the true paraphase . 
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3.1.2 The IT-PT Transition in Pure Order~d Anorthit.e The room - - . - -- --- ___ .__ 

temperature phase of anorthite has triclinic symmetry with space 

group Pl. The crystal structure wa s determined by Ke~pster et 

al. (1962) and refined by Wainwright and Starkey (1971), by Czank 

(1 973) and by Kalus (1 978). The displacive phase transition from 

primitive to body-centr~d anorthite with increasing temperature 

was first described by Brown et al. (1963). It results in the 

disappearance of low temperature 'c 1
·', (h + k even, t odd) and 'd' 

(h + k odd, £ even) primitive superlattice reflections which had 

been observed earlier by Laves and Goldsmith (1954) and which are 

associated with an anti-phase domain texture observable by dark 

field TEM (Laves et al., 1970; Czank et al., 1973; Mliller et al., 

1973). The 'c' and 'd' superlattice reflections correspond to 

the Zand Z' points on the boundary of the 11 Brillouin zone, 

which become r points in the P1 phase (Figure 3.3). The 

supergroup-subgroup relation between these two space groups 

indicates that the transition could be continous. In fact the 

first experimental studies (Brown et al. 1963) indicated that the 

phase transition is continous and reversible with T ~ 510 Kin 
C 

pure metamorphic anorthi te (i.e . highly .Al/Si ordered, low Na 

content) from the Val Pasmeda locality . 

The equilibrium transition temperature T has since been 
C 

determined from DSC ~easurements and is, ~ndeed, 510 K according 

to Wruck (1986) . The understanding of::, the mechanism of the phase 

transition was, for some time, muddled. Material related 

anomalies in the diffuseness of the 'c' and 'd' critical 

r ef lections had been observed by Laves and Goldsmith (1954) and 

attributed to orde~ing of Ca domains. Much speculation about the 

transition mechanism led to confusion, and Laves et al.(1970) and 
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Figure 3.3 The Ii (enclosing) and Pl (shaded) Brillouin zones 
of Val Pasmeda anorthite , constructed from cell param~ters at 510 K. 
The critical Zand Z1 points become r points in the Pl phase. 

Czank (197 3 ) reported that the symmetry-forbidden reflections (in 

the If phase) still exist up to 1500°C. Fait and Peacor (1973) 

interpreted their high-temperature single-crystal X-ray data in 

terms of a primitive structure. This conflicted with the high-

27 temperature Al UMR measurements of the transition by Staehli 

and Brinkmann (1974), who found that the Al-site in the framework 

displayed a distinct and reversible sy~netry change to 11 above 

approximately 241 °c, A clear distinction between the effect of 

dynamical and static X-~ay and neutron scattering was, at last, 

made by Frey et al . (1977) , however. The ~e authors clearly showed 

that a phase transition takes place n~ar T =510 Kand that •. ,. C 

residual scattering intensity at T>T is due to elastic 
C 

scattering in fully Al/Si ordered anorthite. Their results on 

t he temperature evolution of the scattering intensities at T<T 
C 

are in full agreement with the findings presented here and also 

with those of Adlhart et al . (1980a) . 
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Adl hart et al. (1980a) carried out the first quantitative 

investigation of the phase transition when they measured the 

i ntens ities of superlattice reflections as a function of 

temp erature by neutron and X-ray diffraction. They followed the 

behavi our of both the sharp and diffuse components of 'c' and 'd' 

type reflections and found that the intensity of the sharp part 

of the r eflection, Ik, is a continuous and reversible function of 

temper ature . The contribution to i 6tensi ty due to diffuse 

scattering increases near T and arises from dynamical 
C 

fluctuations of the oraer parameter for the transition, Q, in 

this region. Ik is proportional to <Q> 2
, the average correlated 

order (Bruce and Cowley, 1981; Schmahl and Redfern , 1988), and 

Adlhart et al.'s (1980a) ~ata indicate that I~ o:(Tc - T) (Figure 

3.4a) . This is the first hint that the transition in Val Pasmeda 

anorthite is tricritical since it implies Q o:(T -T)S with O = .1. C µ 4• 

16 
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i' .... = = 
t> 
b .... 6 
-e­
..!, 

40 
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Q-1-------..---------,,-=---' 
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Figure 3.4(a} Temperature variation of the square of the intensity of 
elastic scattering of the 025 reflection in Val Pasmeda anorthite (data 
of Adlhart et al., 1980a). 
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Figure 3.4(b) The specific heat anomaly at the IT-PT phase transition 
in Val Pasmeda anorthite (from Wruck, 1986, with permission). 

Measurements of the heat capacity C through the transition p 

in Val Pasmeda anorthite were made by ~ruck (1986) (Figure 3.4b). 

A lar 6e A-shaped anomaly is observed near T and the excess heat 
C 

capacity below T due to the structural phase transition is found C 
-.l 

to be of the form T.(T - T) 2
, thus the critical exponent a= t 

C 

which again ihdicates that the Il-Pl transition with temperature 

in Val Pasmeda anorthite is tricritical ~ 

It has long been realized that the displacive t r ansition in 

anorthite exhibits featur es characteri s tic of ferroel astic 

behaviour despite the · fac.t that the symme~ry relations between 

the I1 and Pl phases do not require th~ .development of a 

spontaneous strain . Newnham (1974) points to plagioclase as a 

mineralogical example of f erroelastic- type behaviour and 

mechanical t wi nn i ng i n anorthite had been demonstrated much 

earl i er by MUgge and He ide (1931 ) . I t shoul d , t herefor e , be 

possible to observe the behaviour of the elastic parameter, the 
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spontaneous strain, arising below the phase transition and li nk 

t his t o t he order-parameter behaviour. 

In t his chapter , further experimental evidence for the 

predicted tricritical behaviour of the phase transition is 

presented, based on the observation of the temperature evolution 

of t he spontaneous strain. The understanding of these 

observations rests on the theoretical approach of Salje (1987b) . 

There it is shown that the phase tr~nsition is entirely related 

t o a critical behaviour of symmetry equivalent Zand Z' points on 

the Brillouin zone boundary . In fact it is interesting to note 

that anorthite is the only end -member feldspar to show a zone 

boundary instability . The transition is of special interest in 

that it is an example of co-elastic behaviour, and the transition 

mechanism cannot simply be due to the ordering of Ca in a double 

po tential (as this would not give r ise to the spontaneous strain 

which is observed). 

The description of t he t hermodynamic behaviour requ ires the 

use of t wo biquadratically coupled order parameters. One, 

corres ponds to the rapid lattice distortion at the phase 

(' 0 "' , 

transition itself , the other, Qod' corresponds to the degree of 

'frozen i n' Al/S i order arisi ng from the high temperature Cl- Il 

symmetry reduction. Coupling between , these t wo order parameters 

is strain-induced. The influence of Q d exp lains the dependence . 0 

of the I1-P1 transition on thermal history; annealing and 
·:.----.. 

. quenching an anorthite will change the value of Q d" 
0 . 

Extrapolation of the data of Carpenter and Ferry (1984) indicates 

that the C1-I1 transition occurs near 2100 K which is over 400 K 

above the melting point (see Figure 3.2) . Since the Al/Si 

disorder is an order parameter coupled to the I1-P1 transition , 
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this lower-temperature transition may be used as a tool for the 

study of the otherwise inaccessible high-temperature transition. 

In addition the sensitivity of the transition to Na and other 

impurities, and to thermal history indicates the potential 

usefulness of the 11-Pf transition for the thermodynamic 

characterisation of phases. 

In order to understand the modifications of the 

transformation behaviour due to Al/S1 disorder and Ca/Na 

substitution it is necessary to understand the critical behaviour 

of fully ordered, end-member anorthite. It is shown by Salje 

(1987b) that the transition temperature for pure Ca-feldspar 

depends explicitly on the degree of Al/Si order. The phase 

transition would occur at a temoerature T f or fully Al/Si • C 

disordered anorthite (Q
0

d•O) and is renormalized to an observed 

value T* in partly or fully Al/Si ordered anorthite. Therefore C 

in this chapter we confine ourselves to the study of pure 

CaA1
2
Si

2
o

8 , and focus on the behaviour of Q0 in the 'ideal' and 

simplest case. The discussion of the effects of albite in solid 

solution and the transition behaviour at high pressure is to be 

found in chapter 4. The results of laf;ice para~eter refinements 

from X-ray powder patterns taken over a temperatur~ range of over 

1 OOO K across tl,e transi'tion are presented, and from these the 

temperature dependence of the spontaneous_ strain and its 

corresponding representation surface ~a. calculated. The order 

parameter Q0 is calculated for the temperatur~ range considered 

and computed values of the coupling constants are given. 
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3.2 Experimental 

Pure end-member Ca anorthite from the Val Pasmeda 

locality, South Tyrolia, obtained from the Harker Mineral 

Collection (number 3774) was used for this study. This is the 

sa;ne material as has been studied by Gay ( 1953), Wainwright and 

Starkey (1973) , Frey et al. (1977) and more recently Carpenter et 

al . (1985), Wruck (1986), and Kirkpatrick et al. (1987). The 

anorthite content determined by electron microprobe varies 

between 99.5% and 100% An. This metamorphic anorthite is well 

ordered and is exactly the same specimen as that characterised by 

Carpenter et al . (1985), where details of the preparation and 

separation of the pure powder are given. 

3.2.1 High-Resolution Powder X-ray Diffraction The anorthite 

was ground by hand under acteone in an agate mortar and mounted 

as a t hin film pressed in a platinum loop in the furnace of a 

Huber 632 heating Guinier powder camera. A bent quartz 

monochromator selected CuKa
1 radiation and reduced background 

intensity. Heating was controlled by a Huber 633 temperature 

controller . A chromel/alumel thermocouple was used, and 

throughout the whole temperature range its position relative to 

the sample remained constant. This allowed a relative 

temperature stability of better than 1 K, although absolute 

accuracy was i -ess . -Any systemat ic error was linear however, and 
·, 

a correction was facilitated using the· ' value of T* from Wruck 
C 

(1986) and other known transition temperatures as fixed point . 

The controller allowed automatic film movement between each 

exposure. Further details of the measurement -of high-temperature 

lattice parameters are given in appendix 1. Low-temperature 

lattice parameters were determined from similar Guinier 

67 · 



diffraction patterns carried out with the kind permission of 

Professor W Prandl at the low-temperature camera at the Institut 

fUr Kristallographie, Universit~t TUbingen . The details of the 

low temperature experimental procedure are presented in section 

6.2.1. 

An internal Si standard was used to correct for film 

shrinkage. Powder lines were measured using an Enraf-Nonius 

FR508V Guinier viewer , allowing measurement to within 0.010°26. 

Cell parameters were calculated by the least squares refinement 

using program 'CELL' with about forty reflexions, and indexed 

with the help of the calculated powder patterns of Borg and Smith 

( 1969). 

3.2.2 Lattice Parameters and Thermal Expansion The temperature 

evolution of the lattice parameters of Val Pasmeda anorthite is 

shown in Figure 3.5, and listed in Table 3.1. The data scatter 

gives an indication of the standard error, although the quoted 

standard error of the least squares refinement was less than this 

scatter. Above 600 K changes appear ~inear, and can be modelled 

by a simple linear thermal expansion. This thermal expansion has 

been extrapolated by least squares line~r -r egression of the data 

- -above 600 K from the hign-temperature 11 phase to the Pl low-

temperature phase . These s t r ~ght 5olid · lines correspond to the 

lattice par amet~r s to be expected in the absence of spontaneous 

strain arising from the transition, but ·:we see that the phase 

transition induces anomalous thermal expansion behaviour of 

certain of the cell parameters . The dashed curves show the 

significant deviations of b , B, and Y which are_ observed below 

the transition temperature . It is remarkable that only the 

excess functions for these three lattice parameters show a 
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measurable temperature dependence, whereas the excess functions 

for a, c, and a are close to zero. This behaviour is not related 

to any particular symmetry constraints of the symmetry change at 

the phase transition process, rather it appears to be the result 

of the structural behaviour of the complicated anorthite 

lattice. These results for the lattice parameters are now 

interpreted in terms of the spontaneous strain which couples with 

the order parameter, of the transjtion. 
VAL PASHEDA ANORTHITE 

T(K) a (A) b CK) c CK) alpha beta gamma alpha* beta* volume 
1, 100 8,170 12.863 14.163 93.161 --115.929 91.253 85.873 63.945 1334.856 128 8.169 12,867 14.164 93.174 115.906 9L245 85.865 63.968 1335.313 155 8.168 12.870 14.170 93.148 115.908 91.256 85.887 63.966 1336.050 184 8.172 12,870 14.166 93.165 115.900 91.249 85.872 63.974 1336.494 242 8,172 12,866 14.171 93.172 115.873 91,258 · 85.862 64.000 1336.885 254 8.176 12,871 14.173 93.167 115.838 91.272 85.862 64.034 1338.635 293 8.177 12.871 14.171 93.lll 115.902 91,270 85.922 63,974 1337.858 354 8.181 12,878 14.171 93.106 115.866 91,270 85.930 64.010 1339.637 372 8.183 12.877 14,173 93,106 115.859 91.285 85.923 64.015 1340.117 390 8.186 12,880 14.178 93.115 115.872 91.287 85.911 64.002 1341.270 408 8.186 12,879 14.175 93.116 115.853 91,302 85.904 64.020 1341.219 426 8.Ia5 12.818 14.171 93,119 115.847 91,301 85.901 64.026 1340.461 445 8.187 12,881 14.171 -93.119 115.850 91.297 85,903 64.023 1341.035 463 8.187 12.876 14,174 93.110 115.831 91.301 85.913 64.042 1341.052 469 8.189 12,881 14.171 93.092 115.819 91.339 85.915 64.053 1341.735 475 8.188 12.880 14.173 93.089 115.795 91.335 85.921 64.077 1341.964 481 8.188 12,880 14.175 93.071 115.795 91.353 85.933 64.076 1342.158 487 8.189 12.881 14.176 93,083 115,779 91.363 85,916 64.091 1342.531 493 8.192 12 .. 877 14.180 93.077 115.776 91.341 95 ; 932 64.096 1343.201 499 8.192 12,878 14,180 93.0.93 115.771 91.338 85.917 64.101 1343.318 499 8.192 12,878 14.177 93.104 115. 741 91.368 85.892 64.128 1343.305 511 8.194 12,878 14.179 93.089 115.735 91.391 85.898 64.134 1343.900 524 8,194 12,877 14.174 93,075 115.689 91.429 85.898 64.177 1343.684 536 8,193 12.877 14,171 93.040 115,675 91.434 85,934 64.193 1343.673 560 8.193 12,878 14.172 93.040 115.671 91.432 85.935 64.195 1343.828 566 8.197 12,882 14 . 176 93.034 115. 701 , 91.455 85.930 64.166 1344.854 572 8,199 12.883 14.182 93.056 115.692 91.434 85,916 64.175 1345.959 578 8.199 12,886 14 . 182 93.048 115.703 91.420 85.931 64.165 1346.232 584 8.198 12,883 14,176 93.052 115.675 91.413 85.932 64.194 1345.534 584 8,198 12.886 14.182 93.036 115.710 91~440 85.935 64,158 1346.000 590 8.198 12,883 14,180 93.049 115.703 91.~26 85.927 64.165 1345.648 596 8.198 12.882 14,179 93.042 115,711 91.431 85.932 64.157 1345.227 608 8,196 12.880 14,175 93.035 115.689 91.418 85,947 64.170 1344.897 633 8.200 12,879 14,179 93.047 115 . 703 91.367 85,959 64.172 1345.310 657 8,203 12,878 14,181 93.047 115,715 91.321 85.980 64;163 1346,070 681 8.199 12,881 14.186, 93,062 115.692 9-1.342 85.954 64.182 1346.319 705 8.202 12.883 14.185 93.043 115,707 91,347 85.972 64,167 1346,820 730 8.202 12,883 14.185 93.069 115.712 91.321 85,955 64.162 1346.755 754 8,204 12,880 14,186 93.061 115.723 91.304 85,972 64,153 1346.997 778 8.204 12.884 14 ; 100 93.042 115.728 91.284- 85.992 64.149 1347.973 802 8.208 1-2.887 14,186 93.036 115,717 91.278 86,012 64,163 1348.256 827 8.210 12,887 14 . 184 93,032 115.709 91 . 248 86,032 64.173 1348.570 851 8,211 12,888 14,189 93.028 115.701 91-:-242 86.040 64,181 1349.490 875 8.211 12.887 14,187 93.023 115.701 91,212 86.059 64.184 1349.289 875 8.212 12,887 14.186 93.008 115.705 91.231 86.067 -64.179 1349.179 911 8,214 12.895 14,190 93.019 115.713 91.228 86,056 64.171 1350.603 948 8.216 12,894 14,189 93.009 115.711 91.204 86.080 64.173 1350.822 984 8.217 12.896 14 . 190 93,009 115. 702 91.182 8.6.090 .64.186 1351.512 1021 8.218 12 .898 14,193 92 . 982 115.712 91 , 170 86 . 124 64 , 167 1352 . 136 1057 8,222 12,901 14 . 200 92.976 115.723 91.124 86.153 64,169 1353.673 1093 8.222 12 . 901 14 , 201 92 . 969 115,724 91.136 86.155 64,168 1353.591 1130 8.225 12.905 14.197 92.963 115.731 91.143 86 . 158 64,161 1354.020 1166 8 , 224 12,902 14.195 92.982 115.728 91,094 86 . 161 64 , 166 1353. 591 1202 8 . 230 12.911 14.206 92.962 115 , 747 91.097 86.180 64 , 148 1356 , 300 

Table 3.1 Lattice parameters of Val Pasmeda anort hite between 100 K and 1202 K. 
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3.3 The Spontaneous Strain of the Phase Transition 11-Pl 

The concept of spontaneous strain was first introduced into 

the description of structural phase transitions in feldspars by 

Salje (1985) and Salje et al. (1935a,b). As Tol~dano and 

Tol~dano (1980) have already pointed out, we can expect 

ferroelastic phase transitions to constitute the major part of 

the ferroic phase transitions inferred possible in Landau theory, 

and elastic transition behaviour is ~ery common in minerals. The 

description of the high symcietry paraelastic phase is important 

in ferroelastic and co-elastic phase transitions, since the 

spontaneous strain must be measured relative to the lattice 

parameters of the paraelastic phase. Thus, by careful 

measurement of the lattice parameters in both the high-symmetry 

paraelastic phase and the low-symmetry elastic phase the 

evolution of the spontaneous strain may be det ermined. 

The spontaneous strain at the P1-I1 transiti on must now be 

calculated from the lattice parameters. For experimental 

purposes the spontaneous strain is best defined in a Cartesian 

coordinate system R. (1=1,2,3) where the deformation in the low-
1 . 

temperature phase transforms a point ai~.Ri to ri ~ith an elastic 

displacement vector u .=r.-R .• The components u . ca_n be expressed 
l , l l . l 

' as a function of the initial coordinates in a Lagrangian form, 

and the state of defo~matioti of the body Gan be characterised by 

the symmetric polar second-rank tensor ·:{.Bhagavantar:i 1966 , Nye 

1957). This linear Lagrangian strain tensor i~ defined as 

{3.1}. 

The underlying Cartesian coordinate system used for 
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triclinic feldspars is chosen for compatibility wi th the 

definition of the coordinate system in monoclinic feldspars 

(Salje et al., 19d5b) and with the earlier work on elastic 

constants of plagioclase by Ryzhova (1964) to be: 

R2 parallel to the crystallographic b axis 

R3 parallel to the er ys tallograph ic c* axis 

Rl perpendicular to both. 

The lattice parameters are related to the linear Lagrangian 
spontaneous strain tensor elements by the equations (Schlenker et 
al. 1978): 

a.sinY 
1 E 1 = E 1 l -a 0 .sinY 0 

(3. 2} 

b 
1 E 2 E 2 2 -

bo { 3. 3} 

c • s i nc(. sin 2, * - 1 E 3 E 3 3 c 0 .sino. 0 .sinbi {3.4} 

1E4 E23 
J.l c.cosc. b.COSC. 0 2 c 0 . sin~ 0 .sin~i b 0 .sinu. 0 . sinpi 

' 
+ . :~S5~ , . la.COSY - b.cosYQ) 

s1n~ 0 .s1n( 0 . a 0 bo ) (3. 5} 

1Es E: 1 3 
.1.( a.sin'r.cos6~ c.sina.cos~* . = - . . . -*) 2 a 0 .sinY 0 . sin~i c 0 .s1na 0 . s1n p0 

{3. 6} 

1c:6 = E12 = .1.( a.cosY ,_ b.cosY 0 ) 2 a 0 .sinY 0 b0 .sinY 0 
{3.7}. 

Where the subscript O denotes those parameters expected at 
-::,.. -low temperature by extrapolation of those in the 11 phase. 

The. temperature dependence of the six tensor . elements 

E 1 E 6 is shown in Figure 3.6. Since strain is a symmetric 
tensor it may be referred to its principal axes , giving th~ 

principal strains. Each of the strain tensors calculated and 
shown in Figure 3. 6 was diagonalised to give a matrix of 
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eigenvalues and a matr i x of ei genve c tors using the Pascal program 

' STRAINS' following the method of Jacobi in Ralston and Wilf 

(1960) (a listing of the source code is given in appendix 2) . 

The thr ee principal strains, e 1 , e 2 , and e 3 are along the 

principal a xes: the three mutually perpendicular directions which 

remain perpendicular during deformation. These diagonal strain 

elements are shown in Figure 3 , 7, Within the limits of the 

exper i mental er ror e 2 remains zero below the transition 

temperature , whereas e 1 and e 3 oppose one another . 

The representation surface defined by the equation 

x .. R.R. {3,8} 
lJ l J 

is a hyperboloid of revolution. Although the orientation of the 

strain ellipsoid defined by the equation 

2 2 . r ) 
l 1 +~ 

l 

r2 . 2 
+ ( 1 +~ ) 

3 

{ 3. 9} 

could be an e xpli c i t function of temperature the e xperimental 

results presented here clearly indicate ' that its principal a xes 

remain constant. The P1 cell is in a state ~f plane strain with 

respect to the 11 cell , approximating to a ~ure shear along the 

direction of e 2 • Transferr_ing the Cartesian coordinate system 

back onto the crystallographic a xes the average Eigenvector of 

e 2 , t he a xis of mi nimal strain , cor responds to appro ximately 
:"'-. 

[236] in the crystal and hardly changes with temperature. 

Structurally, this behaviour indicates that the cr ystal structure 

of anor thite in its 11 phase is not only changed in such a way as 

to give ri s e to the doub l ing of t he unit cell i n ·p1 at T<T* but 
C 

also t o shear of the structure along roughly t he [236] di rection . 

This orientation does not change with temperature a lthough there 
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are no sym:netry constraints to prevent it from doing so. This 

indicates t ha t t he coupling constants between Q0 and the strain 

are temperature independent, since the fact that the orientation 

of the strain elli pso id is unchanged (and only its magnitude 

varies with temperature) implies that the relative proportions of 

each strain tensor element remain constant. 

3.4 Thermodynamic Ca;l.culations and Dfscussion 

The experimental results are now interpreted in terms of the 

type of order parameter treatment presented in chapters 1 and 2. 

3.4.1 The Landau Free-Energy Expansion ---c -- ----- _____ ....... ____ ------- The Landau potential for 

a Ca-rich plagioclase. for the excess free energy due the I1-P1 

transition is (Salje, 1987b): 

6G 

+ E, n Q 
od Ao od {3 . 10} 

where nAb is the mole fraction of albite in solid solution and Tc 

is the critical temperature of the 11-Pl · transition, which 

becomes renormalized to .T~ = Tc+YnAb where Y is a constant 

representing the magnitude of (dTc/dnAb). A. and s. are coupling 
l l 

constants link!ng the strain, E., to the order parameters Q0 and 
l 

Q
0

d respectively. Cik are the elastic >constants, and come into 

the elastic energy term of the free energy expansion. E, is the 

direct coupling constant between Q0 and Qod' since direct 

biqudratic coupling is permitted by symmetry, and E, . represents 
00 

the direct coupling effect whereby albite substitution for 

anorthite necessarily increases the degree of Al/Si order (by the 
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, 

coupled substitution Na+ Si= Ca+ Al). 

This expression for free energy reveals that because the 

order parameter coupling in anorthite and Ca-rich plagioclase is 

biquadratic then this coupling, together with the influence of 

stress fields due to Na substitution and Al/Si disorder, changes 

both the critical temperature T and the fourth-order term of the 
C 

expansion. This latter renormalization implies that Al/Si 

disorder and Na substitution change the order of the phase 

transition as well as the transition temperature (since the sign 

of the fourth-order term determines the transition character). 

3.4.2 Strain B~haviour and Transition Character The variation 

of the strain parameters is explained in terms of strain induced 

coupling between the order param~ter of the I1-P1 transition, Q0, 

and the order parameter of the C1-11 Al/Si ordering transition, 

Q
0

d (see equation 3 in Salje, 1987b). This leads to the 

expression for strain in terms of both order parameters given by 

Salje ( 1987b): 

i , 2 
+ SEQOdJQOd + ( .. t:," + 'o" .-t."J .. Q + Si Qo2 0 i4 4 10 6 Od EQ {3.11} 

2 Here the term in Q
0

d is due to the coupl~ng arising from the 

high-temperature C1 - I1 transition, with a 'frozen in' degree of 

order Q
0

d~ This transition occurs at around 2100 K according to 

Carpenter and Ferry (1984). The term in Q
0

d is the additional 

strain due to the monoclinic-triclinic ~\ransition to be expec~ed 

above the Cl-11 transition, of the same form as at the C2/m-C1 

transition in albite (Salje et al. 1985a). The final term in the 

expression arises from the strain coupl ing to the 11-P1 order 

parameter Q0, where strain is proportional to Q02 • 

Val Pasmeda anorthite is highly ordered material with small 
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f l uctuat i ons i n t he degree of Al /S i order . We find that for this 

mi nera l Q d ml , and withi n the t emper atur e range studied t h is 
0 ' 

value of w
0

d i s f rozen i n and remai ns constant (due ~o the 

ki net i c barr i ers t o Al/Si orderin~) . Thus the only temperature 

dependent term i n equation 3 . 11 is s~
0

Q
02

• In other words , the 

effects observed in the behaviour of spontaneous strain through 

t he t r ansition reflect directly the beha viour of the order 

paramet er f or t he I1-P1 trans i ti on, Q~, and c . ~Q02
• It it 

' l ' 

impor tant to note , however , that this behaviour is not 

encounter ed f or volcan ic anorthite , or crystals containing Na , or 

for anorthites at high- pressure (see chapter 4) . The critical 

exponent , b, of the order par ameter may thus be obtained from the 

behav iour of the strain . Since Q0 ~(T* - T) 8 
C , then E ~(T* - T) 28 • 
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Fi gure 3 .8 Varta!i o~ with_ temperature of the square of the spontaneous 
strain below the Il-Pl phase tra nsition in Val Pasmeda anorthite. The 
linear dependence reflects the tricritical nature of the phase transition . 
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Here E is the scalar spontaneous strai n defined in the form s 

adopt ed by Aizu (1970). Thus 

E 
s 

hE~ 
l l {3.12} 

Any physical property which transforms as E. will show the . l 

same critical dependence including the diagonal strain elements 

with e = /Ee~ which is proportional to (T*c-T) 2~. The s l l 

relationship between e and T is s hown in Fi gure 3.8 where a s 

linear depende nce is evident. Since e 2 ~( T* -T) the critical 
S C 

exponent 8 is t which indicates the tricritical nature of the I1-

P1 transition in Val Pasmeda anorthite. This result is in 

agreement with Wruck (1986) whose measurements of excess heat 

capacity on the same material also show a tricritical behaviour. 
50 

• 
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Figure 3.9 The linear dependence of spontaneous strain on scattering 
intensity of a critical reflection (data of Adlhart et al., 1980a). · This 
results from a shared proportionality to the square of the order paramete r. 
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Further evidence for tricritical behaviour is found in the 

neutron and X-ray scattering data of Frey et al. (1977), and 

Adlhart et al. (1980a). The internal consistency of the data of 

Adlhart et al. (1980a) and the findings presented here is 

demonstrated in Figure 3.9 where the .linear correlation between 

the spontaneous strain and the intensity of the 025 reflexion 

(which both reflect the same temperature evolution of Q02 ) is 

shown. 

At a tricritical point the fourth order term in the Landau 

expansion for free energy becomes zero. For Val Pasmeda 

anorthite exhibiting tricritical behaviour the order parameter 

below T* for the 11-Pl transition becomes 
C 

.l 
Q O = ( ~ ( T* - T ) )'' 

C C 

Therefore, if we know T* we are able to calculate the 
C 

{3.13}. 

order parameter at any temperature. The value for T* determined 
C 

by Wruck (1986) is 510 K, which is in agreement with the results 

of Adlhart et al. (1980a), Frey et al ~ (1977), and Staehli and 

Brinkmann (1974). Since Q0 = 1.0 at T = 0 K 

and 

C 

a 
T* 

C 
510 K 

( 1 - T /51 0 j 

which gives the final temperature dependence of . Q0• 

{3.14} 

{3 .15} 

The coefficients S~Q in equation 3.11 have been calculated 

from the slopes of E . against Q02 , allowing the. determination of 
l 

E. at all temperatures if Q dis known: l 0 
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E: 1 f i ( Qod) - 0.765x10-3Q0 

E: 2 f2(Qod) + 1. 381 x10-3Q 0 

E: 3 f3(Q . ) - 2 , 90 7 X 10 - 3 Q O 
oa 

E: .. f.,(Qod) + 2.062x10-3Q 0 

{3.16} 

E: 5 fs(Qod) - 3.471x10-3Q0 

E: 6 f5(Qod) + 4.072x10-3Q0 

where in each case 

fi(Qod) = ( 1i . + Si )l + ( ' t:,." + 0.,6.g)Qc:: 1 e:Qod od 0 i4 4 10 0 
{3.17} 

Similarly the diagonal strain elements may be described in 

terms of a function of Q0 and Q
0

d analogous to equation 3.11 

giving the following dependence on Q0 

F 2 ( Q . ) + 0.771 x10-3Q 0 

oa 

F (Q .) - 7.223x10-3 Q 0 
3 oa 

where in each case 

{ 3. 18} 

{3.19}. 

Using these equations it is now possible to determine the 

value of Q0 in fully ordered anorthite end member feldspars at 

any temperature. Further studies of anorthites with varying 

degrees of Al/Si order will allow determination of the other 

coupling constants between the strain and Q ., and in a oa 

following chapter we discuss the influence of Al/Si disorder on 

the values of f . (Q d) . 
1 0 . 

The application of Landau theory is thus seen to explain the 

behaviour of the spontaneous strain in anorthite below 510 K, 

predicting the observed tricritical behaviour and allowing the 
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determination of quantitative relationships between the strain 

and the order parameter. 

3.4.3 Strain Energy of the Transition Now the strain behaviour 

at the transition is determined it should be possible to 

calculate the strain energy this contributes to the free energy 

of stabilisation of the Pf phase, and compare this with the 

measured excess free enthalpy of the transition. The total 

enthalpy of Val Pasmeda anorthite and the excess heat capacity 

has been measured by Wruck (1986). The baseline enthalpy of the 

high temperature phase is calculated from integration of Wruck's 

(1986) heat capacity measurements between 390 Kand 699 K: 

H0 0.369xT - 42.4105xlnT + 107.973/T j~~~ 

= 85.35913 
-1 

kJ .mol . {3.20} 

and Wruck's (1986) value of the measured enthalpy ~t 390 K is 
-1 86.7056 kJ . mol . , thus the excess enthalpy is 6H = H - H 0 = 

-1 1.3465 kJ.mol . at this temperature. 

.l 'i' The excess energy due to strain i§ ~iven by zlCikEiEk, 

Values for Cik for Val Pasmeda anorthite at 390 K are not 

available , but the measurements of Ryzhova · (~964) on Ab44 An56 at 

room temperature may be u·~ed as a first estimate. The values of 

-4 E. at 390 K are, approximately: E1 = -4x10 , l 
-4 11x10 , 

-4 
- 13x10 , E '+ 

. . -4 
1·8x10 , E5 

-4 - -4 - 30x10 , and E6 = 32x10 • These 
·::-,..... 

values imply a strain energy at 390 K due to the I1-P1 transition 
-1 . of approximately 56 J .mol. , or only about 4% of the total excess 

enthalpy at this temperature due to the transition . This is less 

than the strain energy associated with some other co-elastic 

t r ansitions , for e xample in NaN0
3 

(chapter 6 , Reeder et al . , 

1988). Although t he s pont aneous stra i n may not , at first glance , 



appear particularly significant in terms of the energy it 

releases, strain is nonetheless very important since it provides 

a mean s of coupling other processes which themselves can be most 

si gnificant energetically . 

>. 
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CHAPTER 4 

CHANGING TRANSITION CHARACTER IN Ca-RICH PLAGIOCLASES 

4.1 Introduction 

The application of Landau theory has proved successful in 

the thermodynamic treatment of the calcium end-member anorthite 

(chapter 3 and Redfern and Salje (1987)) • . In this chapter the 

influence of Na incorporated into the anorthite structure by 

solid solution with albite shall be considered. In particular 

the effect of compositional change as well as state of Al/Si 

order on the order-parameter behaviour at the I1-P1 will be 

discussed. Indications that plagioclase composition has a 

significant bearing on the structural proper ties of feldspars 

were brought to li ght some time ago: the dependence of twinning 

on the composition and degree of Al/Si order was outlined by 

Starkey (1967) and Borg and Heard (1969). The correlation between 

structural effects and composition has commonly been used for 

determinative purposes: extensive st~dies of the lattice 

parameters and optical indicatrices of plagioclases have proved 
... 

their worth as measures of the structural; and compositional state 

of the material (Kroll, . 1983; Stewart and Ribbe, 1983). As yet, 

there has been no unified approach to the interpretation of these 

data, and the _situation appears somewhat mudd led by the shear 

wealth of information on these aspect&' 'E)f plagioclase behaviour. 

We shall see that the consideration of the underlying co-elastic 

nature of feldspars draws together the observations made, since 

the spontaneous strain associated with the di~placive transitions 

is directly relate6 to twin , indicatrix , and lattice parameter 

properties . The relationships between structural state and these 
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measured physical properties may then be considered in terms of 

the coupling between the ferroelastic phase transitions and Al/Si 

ordering processes occuring in plagioclases . 

So far we have only considered the end-member anorthite from 

Val Pasmeda. By selecting a natural anorthite which contains 

slightly more sodium and has a different thermal history the 

influence of sodium content and Al/Si disorder on the I1-P1 

transition can be investigated. Th~ diffraction experiments, 

heat capacity, and lattice parameter measurements which had been 

made with Val Pasmeda anorthite have been repeated on samples of 

volcanic anorthite from Monte Somma which contain some albite in 

solid solution. 

Adlhart et al. ( 1980b) again measured intensities of 'c' and 

'd' superlattice reflections in Monte Somma anorthite, observing 

that the sharp reflections get continuously weaker and become 

spread out near T~. The behaviour of Ik with (T~-T) is nearly 

linear unlike that seen in Val Pasmeda anorthite. Wruck's (1986) 

measurements of C for Monte Somma anorthite reveal a smeared out p 

transition with no A anomaly, but instead a second-order step in 

C at T • These results indicate that- the 11-Pl transition with P c _ 

temperature in calcium r ich plagioclases away from the end-member 

anorthite is second-order with critical exponents $ = i and 

a = O. T~ ap~ears lower than in the end-:member anorthite, and 

the smearing out of the transition ca~~pe related to the 

inhomogeneity of sodium content in the crystals . It is thus 

apparent that changing sodium content affects both T and the 
C 

thermod ynam i c character of the transition. 

The changing t ransit i on charact er will be e xplained in this 

chapter in terms of s train-coupl i ng: coupl ing be tween phase 
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transitions in feldspars appears to be effected by strains which 

are able to operate over long correlation lengths as they are 

transmitted through the framework structure. Hence the Al/Si 

order (described by the order parameter Q
0

d) inherited from the 

C1-I1 transition may influence the IT-PT transition (described by 

the order parameter Q0
) by strain-c6upling between the order 

parameters. 

Salje (1987b) has already predicted that disordering of the 

Al and Si over the tetrahedral sites and substitution of Na for 

Ca (which itself reduces Al/Si order by coupled substitution) 

should renormalize the transition temperature T* and alter the 
C 

thermodynamic character of the I1-P1 phase transition. The 

studies by Adlhart et al. (1980b) and Wruck (1986) tend to 

substantiate the model proposed by Salje (1987b). In this 

chapter, the temperature evolution of one of the essential 

thermodynamic parameters of. the I1-P1 displacive _transition, the 

spontaneous strain, is described in Na-bearing anorthites. The 

temperature evolution of this strain is interpreted in terms of 

coupling to the other phase transitions occuring in Ca-rich 

plagioclases 

4.2 Strain Behaviour in Monte Somma Anorthite 

4.2.1 Measurement of Lattice Parameters The anorthite used for 

this study was obtained from the Harker mineral collection and 

originates from the Monte Somma localf.ty in Italy ; it was found 

in rapidly cooled limestone ejecta at Vesuvius .• This is the same 

volcanic sample as characterised by Carpenter et al. (1985), and 

the composition of single crystals from this sample ranges from 

An
97

Ab
3 

to An
100 

and the average composition of a powder is 

around An
98

Ab2 : Despite its thermal history, the sample is still 
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relatively well ordered (Angel et al. , 1989a). Separated powder 

was ground and mixed with silicon as an internal standard . High­

and low-temperature lattice parameters were measured between 2 K 

and 1100 K using a Guinier powder camera by exactly the same 

method as is described in chapters ·2, 3 and 6 and appendix 1. 

'rable 4.1 
1299 K. 

MONTE SOMMA ANORTHITE 

T(K) a (1) b (I) c (X) alpha beta 

23 
53 
69 
90 

110 
137 
165 
193 
305 
317 
330 
342 
3!>,~ 
354 
366 
378 
390 
402 
414 
426 
440 
450 
463 
475 
475 
487 
493 
499 
499 
505 
511 
517 
523 
523 
530 
536 
542 
548 
548 
554 
560 
566 
572 
596 
621 
645 
669 
669 
693 
693 
717 
717 
742 
742 
754 
814 
875 
936 
996 

1057 
1117 
1178 
1239 
1299 

8 . 164 
8,165 
8 .164 
8.165 
8 , 166 
8 . 167 
8.168 
8,173 
8 . 181 
8,181 
8 . 182 
8.184 
8.185 
8.184 
8,186 
8,187 
8,186 
8.190 
8.185 
8,187 
8.187 
8.187 
8,189 
8.191 
8,196 
8.191 
8.192 
8.19i 
8.198 
8.192 
8 . 192 
8. 192 
8 ,196 
8.198 
8 .191 
8 .193 
8,194 
8 . 195 
8.199 
8,195 
8 , 196 
8 , 195 
8 . 202 
8.202 
8.203 
8.204 
8.205 
8.207 
8.207 
8 . 209 
8.207 
8.210 
8 . 208 
8.211 
8 .214 
8 .216 
8.217 
8.218 
8.222 
8 .225 
8 , 229 
8.233 
8 . 234 
8.240 

12.863 
12.868 
12.871 
12.870 
12.871 
12.873 
12.873 
12.877 
12.879 
12.881 
12.883 
12 . 886 
12.885 
12.882 
12.881 
12.883 
12.882 
12.881 
12.883 
12,881 
12.881 
12.883 
12.881 
12.880 
12.882 
12.881 
12,880 
12 .882 
12.883 
12,885 
12.884 
12.882 
12 . 884 
12 . 882 
12 , 887 
12.887 
12 . 887 
12 . 887 
12,881 
12.889 
12 , 889 
12,882 
12.885 
12.886 
12.888 
12.889 
12.885 
12. 892 
12.888 
12.892 
12 . 888 
12 .895 
12 . 891 
12.895 
12.892 
12.894 
12.898 
12.899 
12.901 
12.906 
12 . 905 
12 . 909 
12.912 
12,915 

14.162 
14.162 
14.162 
14.166 
14.168 
14.170 
14.168 
14 , 167 
14 , 180 
14.180 
14 . 181 
14.181 
14.185 
14.177 
14 . 178 
14 . 181 
14 . 182 
14.180 
14.178 
14.178 
14.181 
14.182 
14.182 
14.179 
14.178 
14.177 
14.176 
14.180 
14.182 
14.180 
14 . 179 
14.186 
14 . 181 
14 . 182 
14.186 
14,187 
14 .189 
14.188 
14.181 
14.191 
14 ,192 
14, ~85. 
14.179 
14 .18'2 
14.183 
14 . 186 
14 . 184 
14 .188 
14.184 
14.191 
14 .190 
14.192 
14.191 
14.194 
14.195 
14.195 
14.197 
14.200 
14.202 
14.201 
14.205 
14 . 212 
14.214 
14.219 

93 . 113 
93.125 
93 . 119 
93.118 
93.122 
93.145 
93 . 118 
93 . 125 
93 .130 
93.144 
93.145 
93,108 
93.120 
93.162 
93.138 
93.146 
93.155 
93 .118 
93.141 
93.141 
93.126 
93.122 
93.121 
93,103 
93.099 
93 . 120 
93.100 
93.110 
93.109 
93.117 
93.130 
93 .139 
93 . 124 
93 . 109 
93.098 
93 .110 
93 .116 
93 . 108 
93.109 
93.134 
93.147 
93 .112 
93.067 
93.066 
93 . 055 
93.070 
93.071 
93.059 
93 . 078 
93,066 
93.051 
93.050 
93 .051 
93.037 
93.033 
93.055 
93.045 
93 . 041 
93. 041 
93.028 
93.031 
93 . 036 
93.035 
93 .018 

115.940 
115.937 
115.94:1. 
115.939 
115.940 
115.942 
115.934 
115.908 
115.903 
115.897 
115.893 
115.888 
115.892 
115.846 
115.845 
115 .843 
115 .833 
115. 831 
115 .801 
115,799 
115. 778 
115,780 
115. 771 
115. 760 
115. 735 
115. 738 
115. 734 
115 . 728 
115.742 
115 . 717 
115. 704 
115 ,718 
115. 699 
115. 733 
115. 691 
115 . 721 
115 . 707 
115. 698 
115 . 718 
115,694 
115.699 
115 . 707 
115. 739 
us. 728 
115. 726 
115. 729 
115 , 752 
115.747 
115. 737 
115. 755 
115 .757 
115. 736 
115.744 
115. 743 
115. 741 
115.739 
115. 740 
115. 721 
115. 730 
115 . 742 
115 . 756 
115.731 
115. 727 
115 . 736 

gamma alpha* beta* volume 

91.285 
91. 275 
91.273 
91.278 
91. 276 
91. 262 
91.268 
91. 252 
91. 257 
91. 265 
91.255 
91 . 296 
91. 272 
91. 280 
91,271 
91.275 
91. 281 
91. 296 
91.289 
91. 300 
91.305 
91.316 
91.346 
91. 358 
91. 342 
91. 345 
91. 372 
91. 352 
91. 328 
91 . 345 
91,331 
91.316 
91. 305 

. 91. 320 
91. 370 
91. 338 
91. 319 
91. 333 
91; 288 
91. 303 
91.277 
91 , 308 
91.318 

· 91.306 
91. 297 
91 . 277 
91. 256 
91. 276 
91.237 

-~l.257 
"9t.236 
91. 254 
91. 234 
91. 247 
91 . 235 
91 .203 
91.184 
91.166 
91.130 
91. 071 
91.017 
90.994 
90,984 
90.955 

85.910 63.934 
85,902 63.937 
85.910 63 . 934 
85 . 909 63.935 
85,905 63.934 
85,886 63 , 932 
85.914 63.941 
85 . 915 63 . 967 
85.907 63.972 
85.889 63.978 
85.892 63.982 
85.914 63.985 
85,912 63 . 982 
85.863 64.026 
85.895 64.029 
85 . 884 64.030 
85.872 64.039 
85.906 64.042 
85.885 64.071 
85.880 64.073 
85 . 895 64.094 
85.894 64,091 
85 . 882 64.099 
85.896 64.110 
85.911 64.137 
85 . 885 ' 64.131 
85.896 64.135 
85.894 64 .143 
85 . 905 64.130 
85 . 890 64.153 
85 , 883 64 . 166 
85.880 64 .153 
85,902 64 , 174 
85 . 909 64 . 139 
85.900 64.178 
85.901 64.151 
85.903 64.165 
85 . 907 64,173 
85.926 64.156 
85 . 893 64 . 178 
85.891 64.175 
85.903 64 , 168 
85.957 64 . 136 
85.965 64.148 
85.982 64.151 
85 . 975 64.149 
85 . 982 64 . 126 
85 . 986 64 .131 
85 . 985 64 . 143 
85 .987 64 .123 
86 .013 64.124 
86 . 008 64.144 
86 . 015 64 .137 
86 . 025 64 .138 
86.035 64 . 141 
86.026 64.144 
86. 046 64.145 
86 .061 64.166 
86.078 64.159 
86 .120 64.151 
86 .142 64 ,141 
86.149 64.168 
86.154 64.172 
86 .188 64.166 

1333.540 
1334.331 
1334.478 
1334.823 
1335.231 
1335 . 832 
1335.907 
1337.357 
1340. 053 . 
1340,392 
1340.978 
1341.684 
1342.085 
1341.195 
1341. 637 
1342.247 
1342 , 222 
1342.532 
1342.217 
1342.301 
1342.833 
1343.005 
l343.326 
1343.427 
1344.619 
1343.514 
1343,521 
1344 . 283 
1345.219 
1344.592 
1344 , 575 
1344. 875 
1345.473 
1345.414 
1345.510 
1345 . 673 
1346.222 
1346.421 
1345.558 
1346 . 810 
1347,167 
1347.470 
1346 . 198 
1346,569 
1347.108 
1347.763 
1346 , 926 
1348 . 401 
1347.811 
1349.035 
1348 , 245 
1349. 749 
1348. 944 
1350. 184 
1350.407 
1351. 115 
1351.808 
1352,631 
1353,544 

· 1354.415 
1355.335 
1357.408 
1358 . 155 
1359.783 

Lattice parameters of Monte Somma anorthite between 23 Kand 
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Figure 4.1 The lattice parameters of Monte Somma anorthite from 23 K to 
1299 K. Solid lines show the Il lattice parameters, gotted lines serve as 
a guide to the eye of the deviations from Il in the Pl phase . 
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The l a ttice parameters of Monte Somma anorthite are 

presented in Table 4.1 and temperature evolution of these lattice 

parameters is shown in Figure 4.1. In each case the solid line 

shows the linear least squares fit to the high temperature 11 

lattice parameters above 600 K. Deviations from the low 

temperature extrapolation of this line in the Pl phase are 

indi cated by the dotted line . As observed for Val Pasmeda 

anorthite (chapter 3) the displaciv~ I1-P1 transition in Monte 

Somma anorthite results in marked deviations in the thermal 

expansion of some lattice parameters. The thermal expansions of 

Monte Somma anorthite and Val Pasmeda anorthite are not identical 

however; the former shows larger deviations of a, c and a in the 

Pl phase and the slopes of$ and Yin Monte Somma directly below 

the transition are smaller than the equivalent slopes for Val 

Pasmeda anorthite. These observations may be explained in terms 

of the theory of spontanedus strain and order pgrameter coupling 

at the I1-P1 transition introduced in chapter 3. 

4.2.2 Spontaneous Strain and the Order Parameter in PT Anorthite 

The anomalous behaviour of the lattice parameters in the Pl phase 

arises from the distortion associated -with the displacive phase 

transition P1-I1 , as seen in Val Pasmeda ano r thite (Redfe r n and 

Salje , 1987 ; chapter 3)'. Applying tne same analysis as described 

in detail in section 3. 3 the si x element~ of the spontaneous 

strain tensor have been calculated in>--~onte Somma anorthite at 

all temperatur es below T*. Each of these strain tensors has c . 

been diagonalised to give the three pr incipal strain elements of 

the strain quadr i c; e 1 , e 2 and e3 • The temperatur e e volut i on of 

t hese principal strain e lement s f or Monte Somma anorthite is 

shown in Figure 4. 2 . 
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Figure 4.2 _ T§mperature evolution of the principal spontaneous strains 
below the 11-Pl phase transition in Monte Somma anorthite. 

The temperature dependent behaviour of the principal 

strains in Monte Somma anorthite is quite different from that 

observed in Val Pasmeda anorthite (chapter 3), The magnitudes 

and directions of these three strain elements are different in 

the two anorthites. We again observe, however, that as in Val 

Pasmeda anorthite the strain quadric o~ Monte Somma anorthite 

does not change orientation as the temperature changes, although 

it is a different orientation to that ·in Val Pasmeda anorthite . 

This again indicates that the deformation pattern is independent 

of temperature and only the deformation amplitude increases as 
....... , .. 

the square of the order parameter . The strain quadric is 

intimately linked to the refractive index indicatrix via the 

elasto-optic effect. It is not suprising to see a dependence of 

its orientation on .chemical composition ; such a dependence of 

optical indicatri x orientation has long been known (see for 
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Monte Somma 

Val Pasmeda 

e,out of paper 

Figure 4.3 The structure of anorthite (refinement of Kalus, 1978) projected parallel to the principal axes of the strain ellipsoids for both Monte Somma and Val Pasmeda anorthite, demonstrating the dependence of strain tensor orientation on Na-content, and its complex relationship to the crystal structure. T-0 bonds only are shown. 

example Smith, 1958). 

The strain quadrics of both Monte Somma anci Va l Pasmeda 

anorthite are shown projected onto the anorthite structure in 

Figure 4.3. In this figure , the crystal. structure of anorthite 

has been plotted using the program ORTEP in an ori9-ntation which 

coincides with the princi al strains . This is achieved by 

referring t he structural data of Kalus (1 g78 ) to the same 

cartesian coordinate system as that of>t,he strain tensor and then 

ro tating the structure about these axes by ang+es corresponding 

to the direction cosines given in the matrix of Eigenvectors for 

the principal st rains. Any relationship between the strain 

orientation and crystal structure is not obvious, but the 

variation in orientation between the two anorthit es studied is 
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apparent. 

The behaviour of the lattice parameters and spontaneous 

strain may be understood in terms of the thermodynamic behaviour 

of plagioclase feldspars by considering the Landau model for the 

free energy of plagioclase feldspars outlined in chapter 3. The 

importance of the spontaneous strain lies in its role in 

providing a coupling mechanism between the degree of Al/Si order, 

Qod' and the essential thermodynamic parameter of the 11-Pl 

transition, Q0
• Coupling between these two order parameters is 

biquadratic through the spontaneous strain. Since the strain 

couples to Q02 it provides an indirect measure of the behaviour 

of Q0 and in chapter 3 the spontaneous strain was used to 

determine the temperature dependence of Q0 for Val Pasmeda 

anorthite. The spontaneous strain may be expressed in terms of 

both order parameters in the manner given in equation 3.11. The 

observed temperature evolution of the strain is gue solely to the 

temperature dependence of Q0
• Other anorthites with different 

values of Q
0

d would, however, be expected to show different 

strain behaviour due to the quadratic coupling between E. and 
. l 

Q
0

d~ This scalar spontaneous strain has been calculated for 

Monte Somma anorthite and is shown in Figure 4 . 4 . Within 300 K 

of T* the strain E is ·a linear function of temperature. Thus E C S ' - . S 

(T*-T) and the critical exponent S = t as is expected for a C . 

second-order ~hase transition obeying Landau theory . In contrast 
>--. 

tricritical behaviour was observed in Val Pasmeda anorthite, with 

$ = t (chapter 3; Wruck, 1986) . This indicates that the 

increased Na content and the lower degree of Al/Si order in Monte 

Somma anorthite have effectively altered the fourth order 

coefficient Beff ' renormalizing it to more positive values in 
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Figure 4.4 Temperature evolution of the scalar spontaneous strain (e) 
in Monte Somma anorthite. The linear dependence above 200 K reflects the 
second-order nature of the transition. 

equation 3,10 above, and the thermodynamic behaviour has moved 

from being tricritical for Val Pasmeda to seconct~order for Monte 

Somma. The change in Beff has an additional effect on the 

thermodynamic behaviour at the 11-Pl transition since it leads to 

renormalization of T* . The spontaneous strain behaviour 
C 

indicates that the transition temperature for Monte Somma 

anorthite is 530±10 K compared with T* 
C 

anorthite. 

510 K for Val Pasmeda 

4.2.3 Comparison with Val Pasmeda and safuration The 

>.. thermodynamic behaviour of the P1 phase of Val Pasmeda and Monte 

Somma anorthites can be compared directly by considering the 

temperature evolution of Q0 for each material. This order 

t . d' tl t · 1 t 112 . h l d parame er 1s 1rec y propor 1ona o E:s wh1c we have area y 

determined. The relevant normalized order parameters have 

therefore been calculated from the strain behaviour and are shown 
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in Figure 4.5 where the order parameter is plotted against 

reduced temperature t = (T*-T)/T*. The steeper increase of Q0 

C C. 
.l 

near t=O for Val Pasmeda (where Q0 ~t 4
) compared with Monte Somma 

.l 
(where Q0 ~t 2

) is apparent. The order parameter in Monte Somma 

anorthite only foliows .the behaviour predicted by Landau theory 

down to around 250 K, below which it saturates to a value of 

around 0.75. Saturation in the Val Pasmeda anorthite is not as 

obvious. This is not surprising, however, since should it occur 

at similar temperatures to Monte Somma the order parameter would 

already be around 0.9 due to the tricrtical behaviour followed in 

Val Pasmeda anorthite. Saturation of the order parameter must be 
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Figure 4. 5 Norma 1 i zed order parameter behaviour of Mon.te Somma (triangles) 
and Val Pasmeda (circles) anorthite derived from spontaneous strain data. 
Val Pasmeda anorthite behaves according to a tricritical model (dotted line) 
whereas Monte Somma anorthite follows second-order behaviour (dashed line) . 
Order parameter saturation is apparent for Monte Somma anorthite at t>0~6 
(corresponding to T<200 K) . 
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expected since the gradient term dQ/dT must be zero at OK by 

simple thermodynamic considerations. Similar order parameter 

saturation has been observed in other co-elastic materials; in 

chapter 6 flattening of the spontaneous strain in NaNo
3 

below 

70 K is reported and the effects of order parameter saturation 

are discussed in greater detail. It is not immediately obvious, 

however, why the spontaneous strain should satufate at 

temperatures as high as around 200 K0 in anorthite. Local strain 

fields associated with heterogeneities in Si/Al order and Na 

'point defects' may interact with the macroscopic strain 

preventing further distortion at lower temperatures. As such the 

Na point defect would act either as a local defect perturbation 

to the order parameter, or if the Na distribution were 

appropriate it may act as an effectively homogeneous field 

conjugate to Q0
• The role of defects and their influence on 

displacive phase transitions is further considered in the 

discussion of K-bearing cordierites in the next chapter (and 

Redfern et al. 1989a). For the moment we may simply postulate 

that the plagioclase framework structure cannot tolerate the 

relatively high degree of distortion that. the Landau model 

predicts would arise as . 0 K is approached. 

4. 2 . 4 Magnitude of Coupling to other Transitions In addition to 

the study of t~e structural distortion in- the P1 phase we might 

also speculate about the role of Al/Si>ctisorder on the lattice 

parameters of the high-temperature 11 phase . According to 

equation 3 .11, we find that the spontaneous strain taken with 

respect to the highest possible symmetry of the feldspar 

structure, which is C2/m, is described by two terms. The first 

term is proportional to Q
0

d (that is (6 14 ~4 + 616 ~6)Q
0

d) and is 
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related to the symmetry change C2/m-C1. The second term is 

described by the first part of equation 3.11 (that is 

i 2 (6. +SQ d)Q d) and is related to the hypothetical phase 
l £ 0 0 

transition Cl-11. This part of the spontaneous strain involves 

all six strain components. Experimentally, it is found that the 

major difference between the lattice parameters in the 11 phase 

of anorthite from Monte Somma and Val Pasmeda (comparing Figure 

3.5 and Figure 4.1) is revealed as a · parallel shift of Y by 

almost 0.1°. The maximum strain component is, therefore, £ 6 • 

This experimental result may indicate that the strain induced by 

the C2/m-C1 phase transition is larger than that of the Cl-11 

phase transition. We can then roughly estimate the order of 

magnitude of 66 and 64 if we assume that Q
0

d (Val Pasmeda) is 

close to unity (e:g: 0:95) and Q
0

d (Monte Somma) is reduced to 

approximately 0.8. These values are shown by Carpenter (1988) 

to be reasonable estimates using a tricritical model to 

calculate Qod: Putting these numbers into equation 3.11 we 

find, as orders of magnitude: 

== 0.012 {4.1}. 

Thus the temperature dependent behaviour of the lattice 

parameters not only reveals the character ~f the (relatively) 

low-temperature 11-Pl transition but als.o allows an estimate of 

the coupling constants associated with the higq temperature C2/m­

C1 transition . This is despite the fact that the C2/m-C1 

transition does not occur in nature since melting takes . place in 

the 11 phase. Nevertheless this hypothetical phase transition 

does have a significant influence on the lattice parameters, as 
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indicated here. It is apparent that strain coupling between 

succesive phase transitions plays a dominant r6le in the 

thermodynamic behaviour of plagioclase feldspars at high­

temperature. 

4.3 The IT-PT Transition at High-Pressure 

Recent work (Angel et al., 1988) has demonstrated that the 

I1-P1 phase transition in anorthite which has been reported in 

this thesis at high temperature and 1 bar also occurs at room 

temperature and elevated pressure; above 26 kbar the Pl structure 

of Val Pasmeda anorthite undergoes a first-order transformation 

to a structure with 11 symmetry. In anorthites with up to 16 

mol % albite component in solid solution, the behaviour at 

pressure is also first-order, whereas we have seen that at 

elevated temperature the transition is second-order for such Ca­

rich plagioclases away from end-member anorthite. We shall now 

demonstrate that these observations are entirely consistent with 

the Landau model for the phase transition, and that the 

tricritical behaviour in pure anorthite described in chapter 3 

represents the boundary between a set of second-order transitions 

in Ca-rich plagioclases at atmospheric pressure (a~ described in 
' -

section 4.2 above and Redfern et al ., 1988), and a set of first-

order transitions in plagioc lases at high-. pressure and room 

temperature . 

The structure determination of the high-pressure phase 

(Angel , 1988) has shown that it has the same I1 symmetry as the 

high-temperature phase of anorthite. Indeed , thermodynamic 

arguments (Angel and Ross, 1988) suggest that the two structures 

are the same phase. At this high-pressure displacive phase 
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transition, Q0
, is again coupled to the spontaneous strain, E, 

arising as a result of the transition. Angel et al. (1989b) 

therefore, used the spontaneous strain as a thermodynamic 

parameter to chart the order parameter behaviour in exactly the 

same manner as was first used on anorthite in this thesis. As we 

have observed in the phase transition at elevated temperature, 

one of the principal strains in anorthite at high-pressure is 

close to zero; the low symmetry P1 structure is approximately in 

a state of plane strain with respect to the high symmetry 11 

structure. 

Figure 4.6 
at pressure 
first-order 
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Scalar spontaneous stratn below the IT-Pi phase transition (data of Angel et al., 1989b) demonstrating the strongly 
character of this transition at pressure . 
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The scalar strain of the P1 phase with respect to the 11 

phase has been calculated from the high-pressure data of Angel et 

al. (1989b) for both samples, and Figure 4.6 shows the pressure 

dependence of this scalar strain, which is proportional to Q2• 

The discontinuous and very strongly first-order character of the 

phase transition is obvious in both Monte Somma anorthite and Val 

Pasmeda anorthite. The maximum scalar strain as well as the 

first order step at the transition point is somewhat larger for 

Val Pasmeda anorthite than for Monte Somma anorthite. We shall 

discuss the significance of these observations in the next 

section. 

The compositional dependence of the transition pressure has 

been derived from the reversals of the phase boundary at varying 

compositions. Angel at al. (1989b) found that the transition 

pressure increases with albite content. They also noted that the 

magnitude of the first-order step at the transition decreases as 

we move toward more albite rich samples. Extrapolating the 

composition dependence of this first qrder step, Angel et al. 

(1989b) observed that the step disappears in samples with NAb ~ 

1 6%. 

We have seen that the atmospneric pressure 11-P.1 phase 

transition in pure ~northite is tricritical (chapter 3; Wruck, 

1986; Redfern and Salje, 1987), and in plagoiclases with some 

albite in solid solution the same phasi~ransition is second­

order (section 4. 2; Wruck, 1986; Redfern et al. -, 1988). It may 

at first, therefore, be rather surprising to find such a large 

discontinuity and hysteresis in the order parameter at PTr (the 

transition pressure) through the 11-Pl transition in the same 

anorthites at high pressure , indicative of strong first-order 
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character. Why should changes in Na-content and Al/Si order 

result in such very different transition behaviour in various 

regions of P-T-X space? 

The changing character of the I1-P1 phase transition in 

plagioclases may be fully understood in terms of the 

renormalisation of the relevant coeffi c ients in the Landau 

expansion for free energy, G. The influences of Al/Si disorder, 

Na-Ca replacement, inhomogeneity, and potential at the Ca-site 

may be treated together as a single independent parameter, a 

local stress field. This approach allows the free energy to be 

approxi1nated as a simple function of Q0
, the displacive order 

parameter. In this approximation Salje (1987b) gave the free 

energy as: 

6G(Q 0
) {4.2} 

where B, and care constants, dis a function of Qod' and C 

represents the elastic constants. The coefficient of the first 

term in this expansion, A, vanishes at the phase transition. The 

coefficient of the fourth-order term in the expansion can be 

replaced by Beff which is dependent on Q~~· Na content (degree of 

albite solid solution) and form of the potential at the Ca-site. 

The results of section 4.2 show that decreasing the Na 

content (NAb) at atmospheric press~e cha~ges Beff from some 

positive value to smaller values, until~at An 100 Beff=O (c>O) so 

that the phase transition with temperature changes from second 

order (for NAb>O) to tricritical (at NAb=O) (chapter 3)'. Further 

reduction of Beff would lead to a first-order phase transition 

(Beff<O, c>O), but this is not observed on the temperature ­

composition equilibrium phase diagram since it would correspond 
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to an anorthite with greater than 100% Ca or greater than 100% 

Al/Si order (both obviously unattainable and without real 

physical meaning), or a change in the Ca-potential well (which 

has not been observed). Nonetheless, the tricritical behaviour 

in Val Pasmeda anorthite must mark the boundary between second­

order and first-order behaviour (Landau and Lifschitz, 1954). 

To understand the thermodynamic behaviour of plagioclases 

under pressure and relate it to the existing Landau theory we 

must first consider the form that the order parameter, Q0
, is 

expected to take as a function of pressure. We have already 

seen, from the experimental results of Angel et al. (1989b), that 

since the strain, s, is proportional to Q02 we can chart the 

order parameter experimentally with pressure. With temperature 

as a variable we find that for continuous phase transitions the 

order parameter may be expressed as : 

{4.3} 

If we consider the behaviour of Q0 as a function of pressure at 

constant temperature we expect: 

Q 0 
a: !P-P IP {4.4} 

C 

for continuous transitions. Here the -critical exponent S takes 

the same values as above. In the case of the first-order 

t ransition observed in anorthite at pressure the equivalent form 
>. 

of the order parameter is somewhat more complicated. The 

transition occurs at some PTr which is greater than Pc in the 

case of anorthite , and there is a step in Q0 at the transition 

proportional to 
l. IP -p 12. Tr c . 

The size of this step is indicative 

of how strongly first-order the transition is , in particular we 
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expect the step in Q0 to increase as Beff moves to larger 

negative values. Below PTr we expect Q0 to increase gradually~ 

The form of the order parameter (observed in terms of 

spontaneous strain in Figure 4.6) for both Monte Somma anorthite 

and Val Pasmeda anorthite reflect these features. 

First-order behaviour at the Il-Pl transition in anorthite 

might result from a variety of causes. It would be expected on 

the application of an external shear ·stress parallel to and 

opposing the shear of the spontaneous strain, such a stress acts 

as the conjugate field to the displacive order parameter, Q0
• In 

the absence of an external field first order behaviour would 

result if the fourth order coefficient, Beff' became negative. 

The Ca split position in Il anorthite at atmospheric pressure is 

observed to differ dramatically from the same site in the high­

pressure 11 phase (Angel, 1988); high-temperature Il anorthite 

has a shallow Ca potential we ll with split sites, the high­

pressure phase has a significantly sharper well and Ca sits on a 

single site. The coupling between Q~ and the Ca potential must 

change as the form of the Ca-site changes. Salje (1987b) points 

out that there is coupling between the fast phonon movements of 

the lattice and the slow relaxation of the Ca position. In real 

anorthite crystals the Zand Z' points on the Brillouin zone 

boundary are n9n-equivalent due to inhomogeneity and the order 

parameter Q0 comprises two contributions Q~ and Q~, which may be 

related to the structure factors of the 'c' and 'd' reflections 

(see equation 5 of Salje, 1987b). It is the part Q~ which is 

sensitive to the disorder on the Ca sites, and . it is this part of 

Q0 which will differ in the two cases of ambient pressure and 

high-pressure results. For this reason alone we would expect 
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renormalisation of Beff in equation 4:2 above in anorthite under 

pressure, and a switch to first-order behaviour. In a naive way 

the high pressure structure of anorthite shows those structural 

features associated with an increasing Ca-content, but 

extrapolated beyond the anorthite end-member , and may be 

cons idered simplistically as a 'super-saturated Ca anorthite'. 

The effect of coupling to the monoclinic-triclinic displacive 

transition may also become more impo~tant at high pressure, and 

this would renormalize the fourth-order term in the Landau 

expansion (move B eff to negative values). Thus we should expect 

to find first-order behaviour in some regions of P-T-X space, as 

indeed the resu lts of Angel et al. (1989b) confirm. The boundary 

between first- and second-order behaviour should be a line of 

phase transitions in pressure-temperature-compostion space and 

the tricritical transition in pure anorthite at 510 Kand 1 bar 

is a point on this line . The data of Angel et al. (1989b) show 

that as we increase NAb the step at the phase transition at 

pressure decreases, in other words jP~ -P I decreases, until at -.i r C 

approximately 84 mol% anorthite the transition becomes continuous 

and P =PT • At this point the phase t~ansition changes again C r . 

from first-order to second-order, and this must mar~ another 

point on the line of tricritical phase transitions . We note that 

in both the suite of samples studied by An.gel et al. ( 1989b) and 

in samples studied through the transitten at high-temperature 

(Redfern et al ., 1988) the effect of increasing NAb is the same : 

name l y to make Beff more positive. 
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4. 4 Conclusions: the P-T~X Phase Diagram 

The experimental observations of the I1-P1 phase transition 

in calcium-rich plagioclases show second-order, tricritical , and 

first-order behaviour dependent upon temperature, composition, 

and pressure. It is possible to bring together all the results 

described here and construct a phase diagram for the I1-P1 

transition in P-T-X space (Figure 4.7). We see that the phase 

boundary between primitive and body-centred plagioclase is a 

surface of phase transitions, and the experimental observations 

put some constraints on the locus of this surface. Figure 4.7, 

therefore, can only be said to describe the essential topology of 
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Figure 4,7 Schematic_P-T-X ehase diagram showing the topology of the 
boundary between the Il and Pl Ca-rich plagioclases . The stippled 
surface represents a surface of -second-order phase transitions, the 
hatched area a surface of first-order phase transitions . The heavier 
shaded line between these two areas represents the line of tricritical 
phase transitions . Filled circles show points on the phase transition 
surface determined by experiment (this work and Angel et al ., 1989b). 
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the phase relations; further work must be carried out in high­

temperature high-pressure cells to chart the P-T planes of the 

phase diagram. Despite this, the line of tricritical phase 

transitions must join the two points at (510 K, 100 % anorthite, 

1 bar) and (300 K, 84 % anorthite, 42 kbar) as shown. The P1 

phase occurs in a region near the origin at the anorthite end­

member. As we move away from this origin to higher pressures or 

temperatures we eventually cross the surface of phase transitions 

into the 11 phase. The thermodynamic character of the phase 

transition will depend on where we cross this surface, and the 

geometry of this surface may be simply related to changes in Beff 

which directly affects the form of the empirical Landau potential 

in equation 4.2. This phase diagram for plagioclases is the only 

example the author knows in which a line of tricritical phase 

transitions has been charted in P-T-X space. Tricritical phase 

transitions have been observed in other systems on changing 

composition, pressure and temperature, for example tricritical 

behaviour is found as a function of T,and X in the solid-solution 

series Pb
3

(P 1_xvxo4) 2 (Wadhawan and Glazer, 1981) and as a 

function of P and Tin No 4c1 (~elon et alr, 1974). 

The role of strain-induced order parameter coupling is 

crucial in the understanding of the complex coupled processes at 

phase transitions in feldspars, such as rr:;.P1. We see that such 

co-elastic behaviour leads to renormali-'Zation of certain Landau 

coefficients and changing transition behaviour at the I1-P1 

transition providing the oppor tunity to observe multicritical 

phenomena in a single system . Changes in coupling between the 

displacive order parameter and Ca potential well renormalize the 

fourth-order coefficient of the overall Landau potential leading 
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to a switch from second-order behaviour through tricritical to 

first-order behaviour. These changes in transition behaviour 

with temperature and pressure have significant implications for 

the thermodynamic properties of plagioclase feldspars in the 

Earth's crust. The study of phase transitions in mineral systems 

can thus be seen to yield results which are not only significant 

in the understanding of the stability of geological materials, 

but which also further our awareness of the importance of 

material-related properties and their influence on phase 

transition behaviour. 
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CHAPTER 5 

HEXAGONAL-ORTHORHOMBIC TRANSITION IN Mg-CORDIERITE 

5.1 Mg-Cordierite: a Kinetic Problem 

So far Landau theory is seen to provide a satisfactory basis 

for the description of the thermodynamic equilibrium behaviour of 

As
2o

5 
and Ca-rich plagioclase: We have seen that Landau theory 

is particularly useful for the description of elastic behaviour 

at phase transitions in crystals with a framework structure. Can 

these ideas be extended to the description of time-dependent 

phenomena arising in kinetic experiments? 

The po lymorphic phase transition in Mg-cordierite 

(Mg
2

A1
4si

5
o

18
) has been described within the framework of 

equilibrium Landau theory but studied in non-equilibrium 

metastable samples. The transformation from the high-temperature 

hexagona l structure (P6/mcc) to the low-temperature orthorhombic 

structure (Cccm) is, in two respects, quite different to those 

phase transitions discussed in the p~eceding chapters. Firstly , 

the transition has been studied as a function of time as the 

sarriples approach equilibrium from a non-'Clquilibrium state. 

Secondly, the transition between the high- and low-temperature 

forms must be first-order under equilibrium conditions, since the 

symmetry relations imply the presence of a third-order term in 

the Landau expansion (it is an example -:o"f a symmetry-driven 

first-order phase transition, as described in 1.2 . 4). 

~ Cordierite Structure and Stability The structure of Mg-

2+ cordierite comprises a framework of Al,Si tetrahedra with Mg in 

octahedral coordination. Although not traditionally classed as a 

framework silicate , cordierite may sensibly be described as such 
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since each tetrahedron is corner-lin ked to four near est 

neighbours. Under equilibrium conditions, pure magnesium 

cordi erite is orthorhombic at room temperature and transforms to 

hexagonal symmetry above approximately 1450°C (Schreyer and 

Schairer , 1961; Smart and Glasser, 1977; Putnis , 1980) . The 

he xagonal structure (Figure 5,1) contains tetrahedral sites of 

two types: six T2 sites per formula unit forming six~mernbered 

rings on (001 ) , the rings being connected by T1 linking 

tetrahedra to form channels parallel to the z-axis. There can be 

no long-range Al/Si order in the hexagonal structure; ordering of 

Al and Si on the tetrahedral sites (which become subdivided into 

orthorhombic polymorph (Gibbs, 1966; Meagher and Gibbs, 1977; 

Cohen et al . , 1977; Carpenter et al., 1983), 

Figure 5. 1 The tet rahedral f ramework of hexagonal co rdierite . The 
tetrahedra in the ring sites (• ) are designated T2 , and those outside 
the ri ng (o ) are designated r1. 
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The ordering of Al and Si below 1450°C in cordierite is 

kinetical ly hindered in the annealing e xper iments described 

below, but the study of the temperature-dependent equilibrium 

behaviour of cordierite around this phase transition is 

experimentally difficult because of .the high temperatures 

involved. Most studies have centred on the investigation of the 

ordering process as a function of annealing time in cordierites 

crystallised from glass and annealed at temperatures below T. 
C. 

These studies have revealed that the same phases evolve as a 

function of time (Schreyer and Schairer, 1961) . It is found that 

the first cordierite phase to crystallise from the glass is 

hexagonal, and further annealing leads to the development of a 

modulated structure, which in turn transforms to the true low­

temperature orthorhombic equilibrium phase (Putnis et al., 1987; 

Salje, 1987a; GUttler et al., 1989). It is known from group-

theoretical considerations that under equilibrium conditions the 

latter transition must be first-order (McConnell, 1985; Salje, 

1987a) 

The ordering of Al and Si and the transformation to 

orthorhOmbic symmetry is accompanied by ·oistortions of the unit­

cell parameters, and t he distortion index 6 was i ntroduced by 

Miyashiro (1957) as a measure of the distortion of the 

orthorhombic cell with respect to the hexagonal cell. The 
. ·:,--.. 

orthorhombic distortion was long regarded as analagous to the 

degree of Al/Si order, but we can see that this is only true if 

the degree of Al/Si order and the strain are linearly coupled. 

In this chapter we test the assumption that the 6 index can be 

used as a convenient measure of the degree of cationic order and 

present the results of an investigation into the spontaneous 
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strain behaviour of cordierites (measured by high-resolution X­

ray powder diffraction using the A index) of known degree of 

Al/Si order. It will be shown that previous reports (for 

example, Putnis and Bish, 1983) that the A index varies 

continuously with degree of Al/Si order (despite the first-order 

character of the transition) are misleading and result from X-ray 

diffraction data of insufficient resolution. The high-resolution 

synchrotron X-ray diffractometry reported here leads to an 

improved and different interpretation of the transformation 

mechanism. The results are presented within the framework of the 

coupled order parameter theory described by Salje and Devarajan 

(1986). 

The discussion of pure Mg-cordierite is extended in section 

5.4 where the influence of channel-filling potassium is 

considered. In particular the potassium is considered in terms 

of a defect with an associated stress field on the lattice. We 

will investigate the effect such added potassium has on the 

transition behaviour, on the structure,, and on the form of the 

Landau potential. 

5.1 .2 Landau Theory of Cordierite Before · turning to K-bear ing 

cordier i te let us first consider the phase transition- behaviour 

in pure Mg-cordierite. The theoretical description of the 

P6/mcc-Cccm tran~ition in cordierite has been presented by Salje 

(1987a). Two order parameters may be empluyed for the Landau 

theoretical description: the degree of long-range Al/Si order is 

represented by the order parameter Qod' and the degree of 

macroscopic structural distortion is represented by the order 

parameter Q. Thus the orthorhombic distortion (traditionally 

measured by the A index) is expressed in the Landau expansion in 
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terms of the displacive order parameter, Q, which is zero when 

6 = 0 and increases in the same way as 6 with time in annealing 

experiments. Q
0

d should be zero in the totally disordered 

hexagonal phase. The experimental work presented in section 5.2 

and discussed in section 5.3 probes the nature of the coupling 

between Q and Qod: 

The space group relations imply that the transition is 

associated with the r point of the Brillouin zone and the active 

representation of the order parameters is E
2 

in P6/mcc. This g . 
is a two-dimensional representation with components corresponding 

to monoclinic as we ll as orthorhombic symmetry. Sa lje (1987a) 

expresses the two components as q1 and q2 , and qod,l and qod, 2 
respectively. In addition, each order parameter may be defined 

on a local length scale as we ll as a macroscopic length scale. 

X-ray diffraction experiments would, for instance, probe the 

order parameters on a l ong length scale (a few hu~dred j), 

whereas Raman and infrared experiments can shed light on the 

behaviour of order on a local length scale (a few tens of i). 
The relationships between these various order parameters and the 

possible point-group symmetries of cordierite are tabulated by 

GUttler et al. (1989). For our purposes a description employing 
' just one Al/Si order parameter, Qod' and the orthorhombic 

distortion, q
1 

_ (which we also occasional l y refer to simply as Q), 

will suffice. 

It is now possible to formulate the Landau potential for 

pure orthorhombic Mg-cordierite ignoring local monoclinic 

fluctuations (which are represented by q
2
): Following the 

approach of Salje (1987a), we write this as an excess free 

energy : 
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{ 5. 1 } 

where aid' bod ' cod' a, b, and care the normal Landau 

coefficients for the expansion containing a cubic term and 

including fourth-order. The last term in this expansion results 

from bilinear coupling (Salje and Devarajan, ~986) between q
1 and 

Q d which operates at the hexagonal-orthorhombic transition in 0 . 

cordierite, and A is the coupling constant. This equation 

predicts the first-order behaviour and formation of a modulated 

phase during annealing of originally hexagonal Mg - cord ierite 

(Salje, 1987a). 

5.1.3 The Measurement of ~d and .9. Many of the recent 

experiments have given information concerning the various order 

parameters. In particular NMR has been successfully applied to 

annealed cordierite samples since the local environment of the Si 

atom varies with annealing time and this can be correlated with 

the number of Al-0-Al linkages (Putnis and Angel, 1985) which in 

turn is directly related to Q d (Salje, 1987a). The structural 
0 . , 

order parameter Q can be directly linked to the distortion index, 

/':,.. 

In the hexagonal-orthorhombic transformation the (211) peak 

in the hexagonal structure splits into the (131 ),(421) and (511) 

peaks of the orthorhombic structure. The distortion index ... , ... 

defined by Miyashiro (1957) is given by: 

{5.2}. 

It should therefore be possible to determine all neccessary 

information regarding the structural distortion in cordierite by 
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careful measurement of the time dependent behaviour of the (211) 

hexagonal peak. Comparison of the time dependent behaviour of Q 

with that of Q
0

d should reveal the nature of coupling between Q 

and Q d" 
0 , 

5.2 Experimental Investigation of Mg-Cordierite 

All experiments were carried out on samples prepared from 

stoichiometric Mg-cordierite glass in the manner described by 

Putnis (1980). A suite of crystalline specimens was kindly 

provided by Dr A Putnis. These had been prepared by annealing 

the glass in air at temperatures of 1180°C, 1290°C and 1400°C: 

the details of treatments for each sample are given in Table 5.1. 

These run products were studied using synchrotron X-ray powder 

diffraction. The same samples had previously been characterised 

using T.E.M. and magic angle spinning N.M.R. by Putnis et al. 

( 1 985) . 

5.2.1 Synchrotron X-ray Powder Diffraction: Pure Mg-Cordierite 

The cordierite samples weighing aroupd 20 mg each were ground by 

hand in an agate mortar and loaded into quartz glass capillaries 

of 0.3 mm internal diameter. These capillary samples were 

mounted in Debye-Scher~er geometry on a purpose-built spinning 

goniometer head on the high-resolution Stoe 2-circle 

diffractomete~ at station 9.1 of the synchrotron radiation 

source, Daresbury , England. The spinal11g frequency was 5 Hz and 

the rotation axis of the samples was carefully aligned to 

coincide with the 28 axis of the diffractometer by means of a 

fixed optical telescope . 

Synchrotron radiation of peak energy 3.5 GeV was 

monochromated using a channel-cut Si (111) monochromator and 
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careful measurement of the time dependent behaviour of the (211) 

hexagonal peak. Comparison of the time dependent behaviour of Q 

with that of Q
0

d should reveal the nature of coupling between Q 

and Q d. 
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5.2 Experimental Investigation of Mg-Cordierite 

All experiments were carried out on samples prepared from 

stoichiometric Mg-cordierite glass in the manner described by 

Putnis (1980). A suite of crystalline specimens was kindly 

provided by Dr A Putnis. These had been prepared by annealing 

the glass in air at temperatures of 1180°C, 1290°C and 1400°C: 

the details of treatments for each sample are given in Table 5.1. 

These run products were studied using synchrotron X-ray powder 

diffraction. The same samples had previously been characterised 

using T.E.M. and magic angle spinning N.M.R. by Putnis et al. 

( 1 9 85) . 

5.2.1 Synchrotron X-ray Powder Diffraction: Pure Mg-Cordierite 

The cordierite samples weighing around JO mg each were ground by 

hand in an agate mortar and loaded into quartz glass capillaries 

of 0.3 mm internal diameter. These capillary samples were 

mounted in Debye-Scherrer .geometry on a purpose-buil~ spinning 

goniometer head on the high-resolution Stoe 2-circle 

diffractometer at station 9.1 of the synchrotron radiation 

source, Dares bury , England. The spinning'-.frequency was 5 Hz and 

the rotation axis of the samples was carefully aligned to 

coincide with the 28 axis of the diffractometer by means of a 

fixed optical telescope . 

Synchrotron radiation of peak energy 3. 5 GeV was 

monochromated using a channel-cut Si (111) monochromator and 
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careful measurement of the time dependent behaviour of the (211) 

hexagonal peak. Comparison of the time dependent behaviour of Q 

with that of Q
0

d should reveal the nature of coupling between Q 

and Q d" 
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5.2 Experimental Investigation of Mg-Cordierite 

All experiments were carried out on samples prepared from 

stoichiometric Mg-cordierite glass in the manner described by 

Putnis (1980). A suite of crystalline specimens was kindly 

provided by Dr A Putnis. These had been prepared by annealing 

the glass in air at temperatures of 1180°C, 1290°C and 1400°C: 

the details of treatments for each sample are given in Table 5.1. 

These run products were studied using synchrotron X-ray powder 

diffraction. The same samples had previously been characterised 

using T.E.M. and magic angle spinning N.M.R. by Putnis et al. 

( 1985) . 

5.2.1 Synchrotron X-ray Powder Diffraction: Pure Mg-Cordierite 

The cordierite samples weighing around 20 mg each were ground by 

hand in an agate mortar and loaded into quartz glass capillaries 

of 0,3 mm internal diameter. These capillary samples were 

mounted in Debye-Scherrer ge0metry on a purpose-built spinning 

goniometer head on the high-resolution Stoe 2-circle 

diffractometer at station 9 . 1 of the synchrotron radiation 

source, Dares bury, England. The spinning frequency was 5 Hz and 

the rotation axis of the samples was carefully aligned to 

coincide with the 28 axis of the diffractometer by means of a 

fixed optical telescope. 

Synchrotron radiation of peak energy 3 , 5 GeV was 

monochromat ed us i ng a channel- cut Si (11 1) monochr omator a nd 
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monchromatic radiation of 1 .4725 ~ was used for all measurements. 

The second monochromator crystal was slightly tilted to avoid 

higher order scattering. The excellent mechanical stability of 

the instrument eliminated any significant errors in 28 positions, 

but nonetheless high-purit¥ Si was used as an internal standard. 

The positions of the Si lines were used to verify the wavelength 

calibration of the incident radiation. In addition the peak 

widths of the Si lines served as an indication of the 

instrumental peak profile in the configuration described. 

The monitored primary intensity was 11400 cps (measured by 

flow counter) and was stable to within 0.2 percent during the 

course of the experiments (28 h). As line profile measurements 

rather than absolute intensity measurements were the purpose of 

this investigation, no absolute calibration of the intensity data 

was needed. An energy dispersive EG&G detector was employed with 

a small energy window to reduce background scattering. Since all 

measurements were wavelength dispersive no further use of the 

energy dispersive facility was made. The maximum level of 

background scattering when no sample was in place was found to be 

50 cps with a vertical beam width of aroµnd 2 mm, scattering from 

the quartz capillary increased this to over 300 cps ~ 

The angular resolut1on of the diffractometer was tested by 

scanning the (111) line of the internal Si- standard. The long 28 

arm (specimen to detector distance= 65:.&. mm) and high mechanical 

stability of the instrument at station 9. 1 lead, to a very good 

angular resolution, allowing attainment of line widths (FWHM) as 

small as 0.03°28 (also dependent on sample characteristics). 

This compares with a typical minimum FWHM of around o.07°2e on 

standard two - circle X-ray powder diffractometers. The small 



instrumental line width also means that the instrumental line 

function may, in many instances, reasonably be approximated as a 

delta-function (thus avoiding the need to consider instrumental 

convolution effects). These features make this powder 

diffractometer ideally suited for the study of relative changes 

in line profiles and peak broadening and splitting . In 

particular the experimental determination of small orthorhombic 

lattice distortions in cordierite requires the high-resolution 

diffraction data typically obtainable at a synchrotron source. 

5.2.2 Results from Diffractometry Typical observed diffraction 

patterns of cordierite samples through the transition are shown 

in Figure 5 .2. They clearly demonstrate the good angular 

resolution of the diffractometer and the excellent signal to 

noise ratio. It must further be emphasised that the very narrow 

profiles were encountered for all cordierite samples independent 

of their annealing temperature and times. These findings are in 

complete contrast to earlier reports on line broadening effects 

observed with standard Philips two-circle diffractometers 

(Putnis , 1980; Putnis and Bish, 1983) . 

The observed scattering profile oF~he (211) line of 

hexagonal cordierite (Figure 5 .2a ) is almost identical to the 

instrumental resolution 1unction of the powder diffractometer at 

the Daresbury synchrotron source . This iwplies that the 

correlation length in cordierite is laf~e, even for samples that 

have only just crystallised from glass after very short annealing 

times . The deconvoluted effective correlation lengths were 

calculated by assuming that the silicon standard linewidth 

corresponds to infinite correlation length (that is, all line 

br oadening is due to instrumental linewidth) and then applying 
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013. 
010 
011 
014 

0.22lJ 
0;242 
0;235 

0.228 
0;222 
0;243 
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0;21J7 

0.242 
0;24& 

Table 5.1 Cordierite samples investigated, and di stortion indices 

of orthorhombi c cordierites . 
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Figure 5. 2 Synchrotron X-ray diffraction patterns over a narrow range of 

2e angles. (a) The 211 peak of hexagonal cordierite. (b) The 211 peak of 

modulated cordierite. (c) The 511, 421, and 131 peaks of orthorhombic 

cordi erite . 
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the corrections given by Arora and Umadevi (1982) to the measured 

linewidths. The deconvoluted effective correlation lengths for 

hexagonal cordierites just crystallised from glass are always 

greater than 300 j_ 

In cordierite that has been annealed for sufficiently long 

times a new feature is observed. The spectrum shown in Figure 

5.2b shows the sharp (211) peak of the hexagonal phase superposed 

by a broad scattering profile which is almost symmetric about the 

hexagonal peak. The scattering angles are different from those 

of the orthorhombic form (Figure 5.2c) and cannot be confused 

with a partial transformation of hexagonal cordierite into 

orthorhombic cordierite. The line profile is identical to that 

expected from satellite reflections arising from a modulated 

structure. This "side intensity" may be interpreted in one of 

two ways. It could arise from a range of modulation wavevectors 

without a unique length, but varying continuously from very low 

values (below the resolution of this experiment) to a maximum 

-3 o-1 o value of around 4. 0 x 10 A . (corr~sponding to 0.175 in 28 

space). The corresponding minimum wavelength of the modulation 

is 250 j_ Alternatively in a recent neutron HRPD study of the 

same samples carried out by Dove et al. (1989), the side 

intensity of Figure 5.2b due to structural modulation has been 

explained in terms of the predicted posiCions of twelve satellite 

reflections arising from a modulation -~f single wavelength 385±35 

j_ Either interpretation is possible: it is not possible to 

sensibly differentiate between these two scenarios in the light 

of the evidence from existing scattering experiments alone and 

attempts to measure satellite intensities by TEM have proved 

unsuccesful . The number of free parameters for a fit of so many 
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satellite reflections, which may themselves be composite, to one 

peak profile from powder diffraction is too great to allow a 

unique conclusion to be drawn . In either case it is apparent 

that the structural transformation between hexagonal and 

orthorhombic cordierite is precursored by an intermediate 

structural state diffefent from either. The line profiles of X­

ray diffraction strongly suggest a well-defined structural state 

characterised by a hexagonal matrix with . lower-symmetry 

modulations . 

The I'::. index for each of the annealed orthorhombic samples 

was calculated according to equation 5.2 and is given in Table 

5.1. Although the I'::. index defined by equation 5.2 assumes CuKa 1 

radiation and is dependent on the wavelength of X-rays employed, 

the small difference in wavelength between CuKa 1 radiation and 

the radiation selected at Daresbury does not significantly alter 

the I'::. index values. The diffe~ence in wavelengths leads to a 

difference in l'::.28 of 0.02° at 28.2° 28. The orthorhombic phase 

appears abrubtly as three peaks (131, 511 and 421) in place of 

the hexagonal 211 peak. The annealing tim~ over which the 

modulated structure and the orthorhombic structure coexist is 

very short compared to the time scale of Al/Si ordering at these 

temperatures. The orthorhombic phase appears with an almost 

fully distorted structure and with a distortion index close to 

that of the final equilibrium state. The ~istortion index from 
-~'-. 

these measurements has a maximum value of 0.25, whereas 

orthorhombic cordierites with shortest annealing times give a 

minimum I'::. index value of 0.22 . The distortion index does not, 

therefore , change continuously with time and the previous data of 

Putnis (1980) were presumably of insufficient resolution . The 
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large discontinuity in~ index occurs at all three annealing 

temperatures, in each case suggesting a nucleation and growth 

rnechanism for the formation of orthorhombic cordierite from the 

modulated structure. 

5.3 Coupling Between~ and Al/Si Ordering 

We can see from the synchrotron data that the hexagonal­

modulated-orthorhombic transition in cordierite leads to a 

structural distortion, and this may be used as one measure of the 

transition: the order parameter Q. At the same time the process 

of annealing and transformation leads to increased ordering of Al 

and Si on the tetrahedral sites of the framework. The degree of 

Al/Si order for each of the samples has been determined by 29si 

mag ic-angle spinning NMR (Putnis and Ange l, 1985; Putnis et al., 

1987) which enables the evaluation of the number of Al-0-Al bonds 

per formula unit (N). For total statistical disorder Putnis and 

Ange l (1985) showed that N = 3.3. This corresponds to totally 

diso~dered hexagonal cordierite with Q
0

d = O'. The hexagonal 

cordierites described here are shown (~utnis et al., 1987) to 

have less than half that number of Al-O-Al bonds, and are 

therefore already substantially ordered. Qod is normalized to 

for complete order and O for complete disorder; it has been 

related to N by Salje (1987a), who gives the order parameter as: 

.l. 
<1-(N/3.3)> 2 {5.3}. 

The lattice distortion is defined by the order parameter Q 

which is determined by the spontaneous strain (chapter 1) . The 

distortion of the cordierite structure is described by two strain 

parameters e
1 

(which corresponds to an orthorhombic distortion) 
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and e
2 (which corresponds to a monoclinic distortion); we shall 

assume e
2

=0 in the orthorhombic phase (Salje, 1987a)~ The line 

splitting between the (131), (421) and (511) reflections is 

proportional to the structural deformation along the a and b axes 

of the orthorhombic phase . The hexagonal unit cell can be 

described by equivalent orthorhombic axes with a 0 = l3b 0 , and Y 

90°. If the orthorhombic lattice parameters in the true 

orthorhombic annealed specimens are a and b then the strain e
1 

must be expressed with respect to the super-symmetry hexagonal 

structure. These para-phase lattice parameters (denoted by 

subscript 0) are related to the distorted cell parameters by b 0 

a 0 /l3 ~ ib + i~ 3 so the spontaneous strain can be expressed in 

terms of the orthorhombic lattice parameters alone: 

e 
s 

$ b - ~113 
ab+ 113 

[5.4}. 

The spontaneous strain is proportional to the splitting of the 

powder lines and is therefore also proportional to the distortion 

index~- Thus the~ index, normalized to 1 for~= 0.25 (the 

' 

maximum distortion) may be used as the order parameter Q. The 

distortion index is also convenient to use as the order parameter 

Q because it is a familiar parameter in the cordierite 

literature . 

In thermodynamic equilibrium , cordierite can be expected to 

transform between the hexagonal and orthorhombic forms via 

uniquely defined paths of Q and Q
0

d~ There should be a relation 

between both order parameters. We must now address the question 

of how far the order parameter Q
0

d and Q reflect each other in 

the kinetic experiment described here. To what extent is Al/Si 

ordering, described by Qod ' involved in the structural distortion 



described by Q? Does one or other of the order parameters drive 

the phase transition uniquely, or are they coupled directly? In 

order to answer these questions we must investigate the 

correlation between Q and Q
0

d for all the structural states 

represented in the suite of samples. For each annealing time and 

temperature the order parameters Q, determined from the 

synchrotron measurements, and Q
0

d determined from NMR are plotted 

on an order parameter vector .diagram for the transition (Figure 

5. 3). 

J•J 

1•0 

0 · 8 

0·4 

0 · 2 

J•O 

NAt-AI -2·5 2·0 1•5 1•0 0•5 

~o,...~ 
/ I 

/ I 
/ I 

// I 
/ I 

/ I 
/ I 

006 _...-/ I 
O ~ ~' / I 

~,.,,,,....... u .u :u 

.................... .,,,,....... ~! ~: l~ 
I : I 

,....,....... '1 , , / I: .,,,,....... : , , 
/ I : : 

0• 25 

0•20 

0•15 t 
0•10 

0· 05 

/ I 11 
0 :'o :......----:-'-0.:-2 ------::o.1. .• -----o..l..5~------1o'a--<lole.el_j_-_J 0 

1•0 -Ood 

/),. 

Figure 5.3 The experime'ntally determfoed variation of the order parameter 
Q, defined by the 6 index from X-ray diffraction, plotted against the order 
parameter Q d' defined by the number of Al =O-Al bonds (from NMR data of 
Putnis et a9 ., 1987) during the annealing sequence. Open cir5le represent 
samples annealed at 1400°C, filled

0
circJ~s correspond to 1290 C, stars 

represent samples annealed at 1180 C. The short dashed lines show the 
discontinuities in Q (and t) on transition from modulated to orthorhombic 
cordierite . The long dashed line shows the theoretical behaviour of Q and 
Q

0
d ~f the transition was a bi:inearl{ coupled process w~th id~ntical . 

cr1t1cal temperatures for Al/S1 ordering and framework d1stort1on (SalJe, 
1987a). 
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Salje (1987a) showed that if Q
0

d is the driving order 

parameter and Q is coupled linearly then all data points 

describing the structural states of cordierites should lie on the 

dashed straight line. In this case the critical temperature at 

od which cordierite is expected to fully disorder (T ) and the 
C 

extrapolated critical temperature at which the orthorhombic 

phase would transform to hexagonal (if there were no intervention 

of a modulated state, or melting and so forth) should be 

identical. The results from the X-ray diffraction experiments 

clearly show, however, that although this linear relation holds 

within experimental error for all samples with orthorhombic 

symmetry it is broken by the abrupt transformation of the 

orthorhombic form into modulated cordierite (with decreasing 

Q
0
d). The strongly first-order transformation between the 

orthorhombic phase and the modulated phase is not equivalent to 

the theoretical phase transition between an orthorhombic phase 

and a totally disordered hexagonal phase with Q
0

d = 0 and Q = 0. 

The structural phase transition between modulated and 

orthorhombic cordierite is characterised· by a spontaneous 

increase in Q. The order parameter Qod' -0~ the other hand, does 

not reveal any singularity at the phase transition point. Both 

order parameters Q and Q
0
d show a strong correlation in the 

orthorhombic phase where they follow exactly the predictions of 

Landau theory wi th bilinear coupling. Tte phase transition 
··'-

appears to be triggered by a critical value of Q
9

d which is in 

turn dependent on the particular annealing temperature. The 

temper ature dependence of the critical value of Q
0

d can be 

attributed to the temperature dependence of the elastic constants 

(Salje , 1987a) and thus the temperature de pendence of the 
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critical strain energy needed for the orthorhombic distortion. 

The stepwise behaviour of Q does not imply a stepwise behaviour 

of Qod' which changes continuously from hexagonal, through 

modulated, to orthorhombic cordierite. 

5.4 The Influence of Potassium ---- -
Natural cordierites invariably accommodate additional 

elements within the structure (for a ~ecent summary see Schreyer, 

1985). In most cases H
2
o molecules are present in the large 

channels which run parallel to the z axis, which often contain 

sodium and occasionally potassium. For this reason it was decided 

to investigate the influence of the presence of potassium on the 

structural phase transition in Mg-cordierite. The results of a 

study of the hexagonal-orthorhombic phase transition in a 

synthetic cordierite of the composition K0. 2Mg 2[Al 4 . 2si 4 . 8o18J 

are presented. The addition of potassium directly affects the 

Al/Si ordering behaviour, since the substitution of K+Al for Cl +Si 

which operates here necessarily alters the Al:Si ratio from that 

in pure Mg-cordierite. The phase transition is triggered by a 

critical degree of Al/Si order (Q
0

d) which causes a sudden 

distortion of the structure and breaks the hexagonal symmetry 

leading to the orthorhom~ic structure. Additional effects may be 

introduced by local strains due to the incorporation of 

potassium. The local stress field associated with such a point ::'-. 
defect (in this case a potassium atom in a channel) may act as 

the conjugate field to Q and alter the phase transition behaviour 

and character. 

Using the techniques and theor y .developed to describe the 

transition behaviour of pure Mg-cordierite (as detailed above) 
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let us now address the influence of additional channel~filling 

potassium (and hence changed Al:Si ratio) on the transition. 

Both orthorhombic long-range distortions and the local 

distortions of the structure have been studied as a function of 

annealing time in a suite of K-bearing Mg-cordierites (by 

synchrotron X-ray powder diffraction and hard-mode infrared 

spectroscopy respectively). 

5 . 4 . 1 X-ray Diffraction Experiments The . samples used for this 

study were synthesised at the Institute of Mineralogy at the Ruhr 

University, Bochum and kindly provided by W Schreyer. The 

samples were prepared from cordierite glass of the given 

stoichiometric composition according to the method described by 

Wolfsdorff (1983). A suite of crystalline s pecimens was obtained 

by annealing the glass in air at 1290°C for varying times before 

quenching. Samples annealed for 15 min, 30 min, 1 hr, 2 hr 6 

min, 4 hr 42 min, 10 hr, 20 hr , and 46 hr 48 min were ' selected 

for infrared and synchrotron X-ray investigation. 

Sample preparation was identical to that described in 5 .2. 1 

and powder diffraction patterns were again collected at station 

9.1 of the synchrotron radiation source, Dar~sbury with the 

diffractometer operating in identical geometry . Again the quartz 

capillary samples were rotated in the beam at the axis of the 

instrument and at the same frequency . The onl_y experimental 

differences between data collection on the :~?tassium-bearing 

samples and measurements of pure Mg-cordieri te were that for the 

experiments on K-bearing cordierite the monochromator crystal was 

He~cooled and set to obtain radiation of wavelength 1 .5406 ~-

The incident beam flux was higher due to the incorporation of a 

new wiggler magnet directly before beamline 9 at the synchrotron 
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Figure 5.4 Synchrotron X-ray diffraction profiles of the suite of 
K-bearing Mg-cordierites showing the splitting of the 211 hexagonal 
peak (top) to the 511, 421 and 131 peaks of the orthorhombic phase . 

124 



source . In addition since there was no need for energy­

dispersive measurement, a scintillation counter was employed as 

the detector . These additional measures improved the signal at 

the detector and the counting statistics. Diffraction 

e xperiments were performed at room temperature over a range of 

29 . 25 to 29 . 75°28 by step scan with a step size of 0 . 002°26 and a 

counting time of 5 seconds per step . 

The mea surements of hexagonal K-bearing cordierite yielded a 

211 peak which was fitted with a Gaussian profile to 95% accuracy 

(using the diffraction data handling package 'GENIE' developed at 

Rutherford Appleton Laboratories). The higher incident beam flux 

obtainable with a cooled monochromator crystal leads to improved 

signal-to-background ratio, as can be seen from the experimental 

results (Figure 5 . 4) . 

5.4.2 Hard-mode Infrared Measurements Infrared spectra of the 

powdered cordierite samples were obtained using a 'standard KBr 

pellet technique. All samples were prepared in a similar 

fashion : dried for 24 hours at 100°C before being milled for 30 

minutes in a Spex micromill and mixed in the same mill (without 

the grinding balls) for 30 minutes with ·s_imilarly dried KBr in a 

r a t io of 1:300 sample to KBr . Each pellet weighed 200 mg and was 

pres sed under vacuum in i polished die ~ogive optically 

transparent pellets . Great care was taken_to ensure , as near ly 

as possible , identical conditions fort-~ preparation of each 

sample pellet . 

The spectra were r ecorded a t room temper a ture under vacuum 

on a Bruker 11 3v Fouri er - t r ansform infrared spectr ometer . 

Spectra were measured in t ransmission i n the r ange 1400 to 

400 cm- ~ and in each case were ca l cul ated from 512 sampl e s cans 
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-1 at a resolution of 2 cm using an Aspect 3000 computer. Band-

profile analysis was carried out on the same computer, fitting 

~· Voigt profiles to the measured spectra by least-squares 

refinement. The maximum R-factor of the fitting procedure was 

0.03% giving errors of ±0.2 cm-~ in the linewidths (FWHM) and 

around 10% for the computed integrated intensities. The absolute 

frequency of the absorption bands was obtained to a similar 
-1 accuracy of ~0.2 cm .• 

The use of hard-mode infrared spectroscopy (HMIS) in this 

study follows the same approach as that of Glltt ler et al. (1989). 

In this method the absolute values of absorption frequency are 

dependent upon sample characteristics, but the structural effects 

of the phase transition are characterised by relative changes in 

band frequencies, intensities and half-widths. 

5.4.3 Strain Behaviour from Diffractometry In section 5.3 we 

related the index, 6, directly to Q for the case of pure Mg­

cordierite and found that in this case Q ~ 46 for 6 measured with 

Cu radiation. Using the same approach for the investigation of 

the K-bearing samples described here, the macroscopic strain 

behaviour of K-bearing cordierites is obtained by careful 

measurement of the evolution of the (211) he xagonal peak through 

the suite of annealed samples. 

The observed diffraction patterns between 29.25 and 29.75°28 

are shown in Figure 5.4. At the shorte~t annealing time the .. , ... 
hexagonal (211) peak is sharp and intense (peak intensity of 

25000 cps) and near-Gaussian (by least squares fit to Voigt 

profile). With longer annealing, the (21 1) peak becomes 

noticeably and significantly broadened . This broadening 

corresponds to the development of a modulated phase, analogous 
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with that observed in pure Mg-cordierite. The width of the (211) 

peak corresponding to the modulated phase remains constant upon 

further annealing . 

The modulated phase appears as a precursor to the 

orthorhombic structure of K-bearing Mg-cordierite during the 

course of a kinetic ~xperiment. The orthorhombic phase is 

identified in the X-ray scattering experiments here by the three 

distinct peaks which are apparent in s~mples annealed for 10 h or 

more (Figure 5.4). As has been seen in pure Mg-cordierite when 

the orthorhombic phase first appears it is already almost totally 

distorted with respect to the hexagonal cell. The orthorhombic 

cordierite obtained at the longest annealing time is not much 

more distorted. The distortion index in K-bearing cordierites 

does not change continuously with annealing, but undergoes a 

sudden discontinuity from zero to 0.155 on the transformation 

from modulated to orthorhombic cordierite (as obser~ed on the 

length scale of X-ray experiments). Since the transition from 

modulated to orthorhombic is first-order we expect a limited 

regime of coexistence of phases. This is observed in the spectra 

of the sample annealed for 10 hours shown in Figure 5.4 . 

The distortion indices of the K-bearing cordierites measured 

here show a maximum value of~ 0.17. This is significantly 

less than the maximum distortion index measured in pure Mg­

cordierite of 0.25 (section 5.3, above). The minimum non-zero --~ 
value of the distortion index measured in this suite of samples 

is 0.155 whereas it is 0 .22 in Mg-cordierite. The measured il 

indices for the three orthorhombic K-bearing cordierites studied 

are 0.155 (10 hours), 0 .16 (20 hours), and 0 .1 7 (46 hours 48 

minutes). Hence the structural distortion in K-bearing 
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cordierites is always less than in orthorhombic pure Mg­

cordierite samples. The behaviour, however, follows the same 

trends in both sets of samples. In K-bearing cordierite the 

distortion index changes discontinously at some annealing time 

between 4 and 10 hours. The large discontinuity in distortion 

index suggests a nucleation and growth mechanism for the 

formation of orthorhombic K-bearing cordierite from the modulated 

phase, as in pure Mg-cordierite. 

15' 

30' 

I. 3 1h 

2h6' 

4h42' 

20h 

46h48' 

0.05 

1400 1300 1200 1100 1000 900 B00 700 600 500 

Wavenumbers (cm-1) 

Figure 5.5 Infrared spectra of annealed synthetic K-bearing cordierites. 
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5.4.4 Results from Hard-mode Infrared Spectroscopy Infrared 

spectra of the suite of annealed K-bearing Mg-cordierites are 

shown in Figure 5.5. Additional bands appear with increasing 

annealing time, among others they include one on the high-energy 

-1 
side of the 580 cm. mode. The results from line profile 

analysis of this band are shown in Figure 5 .6. The fit shown 

represents the best agreement with the measured data by 

620 610 600 590 580 570 560 550 

Wavcnumbcrs (cm·l) 

Figure 5.6 Results of absorption - band profile analysis of K-
bearing cordierites crystallised from glass and annealed for 
(a) 15 min , (b) 30 min , (c) l hour , and (d) 46 hours 48 min . 
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simulation using t he minimum necessary component bands. The fit 

of all spectra was identical , in the case where the mode 

intensity of the band near 566 cm-~ could be fitted as zero it 

was omitted from the spectrum fit. Splitting of the 580 cm- 1 

mode is clearly seen in samples annealed for longer than 15 min. 

This splitting results ~irectly from changing selection rules on 

the structural phase transition from the high symmetry P6/mcc 

hexagonal phase to a phase with orthorhombic symmetry (space 

group Cccm). No further splitting or additional bands are 

observed with longer annealing. These results are in essential 

agreement with the results of earlier studies by Langer and 

Schreyer (1969) and GUttler et al . (1989). 
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Figure 5. 7 Ti me ev2~ut ion of the in tegrat ed intensity of t he infra ­
red mode nea r 566 cm in K- bea r ing cordie r ite . 
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-1 
The intensity of the additional side band at 566 cm is 

shown as a function of annealing time in Figure 5.7. We see a 

stepwise increase in intensity of this band, which does not 

change after 30 min. Thus, the hexagonal K-cordierite must have 

changed before this time to the modulated state with orthorhombic 

-1 
symmetry on the length scale probed by the 580 cm . mode. We 

have already seen that on the length scale probed by X-ray 

diffraction the samples at these shor.ter annealing times (up to 4 

hours) appear hexagonal or modulated. In this respect the 

behaviour of this suite of samples is identical to that observed 

for pure Mg-cordierite (GUttler et al., 1989). The stepwise 

transition from hexagonal to modulated cordierite (at the same 

local length scale) is underlined by the behaviour of the peak 

-1 
frequency of the 770 cm. band, shown in Figure 5.8. 
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Figure 5.8 Frequency shift of the infrared mode near 770 cm-l shown 
as a function of log (annealing time) for the suit of K-bearing cordierites . 
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5.4.5 Potassium as a Defect Stress Field The Landau model for 

free energy of Mg-cordierite (section 5.1 .2) describes the 

stability of the orthorhombic form of cordierite in terms of the 

degree of Al/Si order on the tetrahedral sites (Q
0
d), the 

distortion of the lattice away from hexagonal symmetry (the 

spontaneous strain and Q)~ The model may be extended to take 

account of the influence of channel-filling cations such as 

potassium. All of these structural features influence one 

another and couple to each other through the strain that arises 

in the structure as the lattice relaxes in response to them, and 

they may all be incorporated into one expression for the excess 

free energy of the orthorhombic phase with repect to the 

hexagonal phase. 

The experimental results presented in this section indicate 

that the structural states of the potassium-bearing samples are 

essentially the same as in pufe Mg-cordierite (in particular the 

order parameters Q
0

d and Qare non-linearly coupled in modulated 

and hexagonal cordierites, and the 6 index changes 

discontinuously). The two essential differences are: firstly, 

that the highest degree of Al/Si order is lower than in the K­

free material (that is, the maximum value of Q
0

d is l~ss than 

unity) and, secondly, that ' the maximum spontaneous strain is also 

reduced from a distortion index of 0 . 25 to 0 . 17 . There are 

experimental indications that phase mixtures of coexisting ... , .. 

cordierites occur over limited periods of annealing time. The 

10- hour sample shows modulated and orthorhombic cordierite in 

coexistence , and the pea k intensities of the diffr action pattern 

of the 20-hour sample may also be interpreted i n terms of a 

simi l ar phase mi xt ure . I t should be borne in mind, however , that 
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inhomogeneity in K-distribution and grain size would also lead to 

line broadening which could account for the diffraction profile 

of the 20 hour sample. Whatever the extent of coexistence 

actually is, the results seem to imply that the effect of doping 

with potassium cannot simply be described as local defect 

perturbations of the cordierite lattice, as in the Ornstein­

Zernicke formalism (Levanyuk et al ., 1979; Salje, 1988; Strukov 

et al., 1980; Salje, 198.7a). Rather ~ it appears that tl1e defect 

concentration is sufficiently high that the combined local stress 

fields of all the individual potassium atoms act as an 

effectively homogeneous field (rather than a purely local field). 

This is convenient since this homogeneous stress field due to the 

potassium defects may then be treated in the Landau formalism of 

cordierite as a simple homogeneous field, conjugate to the order 

parameter. In this case the Landau potential of equation 5.1 is 

re-written as (Redfern et al., 19 89a): 

+ .laq2 + .lbq3 + 
2 1 3 1 

+ fgod(VQod)
2

·+ 

{5.5}. 

The last four terms represent the proposed coupling with the 

conjugate fields H (conjugate to Q
0

d) and h (conjugate to q
1

) due 

to incorporation of potassium, and the fluctuational Ginzburg 

terms (arising from the gradient energ~_of the order parameters). 

The relative stabilities , microstructures, and kinetic behaviour 

of cordierite depend on the magnitude and spatial homogeneity of 

Hand h. In particular, in the treatment presented here Hand h 

are assumed (as a first approximation) to be homogeneous fields 

opposing Q
0

d and q
1 

(hence the addition of potassium results in 
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reduced Al/Si order and~ index in the orthorhombic phase, 

compared to those values observed in pure Mg-cordierite). In 

other words the addition of potassium hinders the development of 

the orthorhombic phase during an annealing experiment. Comparing 

the diffraction data of the pure Mg-cordierite 1280°C samples 

with that of the 1290°C K-bearing suite, it is apparent that the 

K-bearing sample annealed for 4 . 7 hours is modulated whereas the 

pure Mg-cordierite sample annealed for the same time has an 

orthorhombic distortion index of 0.228. Indeed, spatial 

variation of the conjugate stress fields associated with 

potassium defects can lead to relative stabilisation of the 

modulated form, as has been pointed out by Miche l (1984). The 

interval of annealing times over which modulated cordierite is 

found is expected to increase for K-bearing samples with respect 

to pure Mg-cordierite (Salje, 1987a). In ad~ition the 

equilibrium transition temperature of potassium-bearing 

cordierite can be expected to be lowered if Hand h oppose Q
0

d 

and q
1 . Quantitative assesment of the kinetic behaviour requires 

the experimental determination of Hand h. Indirect evidence for 

the strength of H has still to be obtained from NMR spectroscopy 

which could be used to determine the maximum degree of Al/Si 

order in K-bearing cordierite, allowing the calculation of Hin 

the limit of homogeneous fields. It is, nonetheless, apparent 

that the introduction of defects such a~ potassium within the 
... . ,. 

cordierite structure is a very significant influence on the 

stability and kinet ic behaviour of cordierite . This is a general 

feature of those elastic phase transitions in which the defect 

stress field acts as . the conjugate field to the order parameter . 
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5.5 Synopsis and Conclusions 

The application of high-resolution synchrotron X-ray powder 

diffractometry to the problem of the hexagonal-orthorhombic 

transition in cordierite reveals the weaknesses and faults of 

past interpretation. In particular these new studies of the 

distortion index in cordierite have revealed that A is not a 

sensible measure of the degree of Al/Si order, except in the 

orthorhombic phase (where , in any case, it hardly changes at all) 

sinoe coupling between Q and Q
0

d is highly non-linear during most 

of the ordering process. It seems that at the hexagonal­

orthorhombic transition in cordierite the alumina-silicate 

framework distortion is not the driving order parameter of the 

transition, but is a structural feature triggered by some 

critical degree of Q d' In this sense the nature of the order 
0 . 

parameter coupling in cordierite appears quite different from 

coupling in the plagioclase feldspars. 

The r6le of additional potassium has been considered in 

terms of a 'defect' stress field, and in fact the potassium 

incorporated into the structure has been seen to act as an 

effectively homogeneous stress on the la~tice, opposing the 

transition to orthorhombic symmetry. The transition behaviour, 

studied by X-ray diffraction and hard-mode infrared spectroscopy, 

appears exactiy analagous to that of pure ~g-cordierite in that 

orthorhombic cordierite evolves from h~~gonal via a stepwise 

transition from the modulated structure . The concept of the 

conjugate field to Q and Q
0

d has been introduced to explain the 

observations within the framework of Landau theory . This 

potassium-induced field reduces the ma ximum attainable 

orthorhombic distortion, A, and stabilises (to some unspecified 
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extent) the modulated structure. , 
We see that Landau theory may be applied to the study of 

time-dependent transition phenomena and kinetic experiments by 

the assumption that equilibrium is approached, as a function of 

time , via a continuous sequence of metastable states, which may 

themselves be treated as equilibrium states corresponding to 

higher temperatures. Thus the Landau potential may be used to 

shed 11ght on kinetically driven processes, since the gradient of 

the potential is the driving force for the transformation. This 

approach has recently been investigated theoretically by Salje 

(1989), who shows that such an extension of Landau theory leads 

to the formulation of well known kinetic rate laws. 
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CHAPTER 6 

CO-ELASTICITY AND ORIENTATIONAL DISORDER IN THE CALCITE STRUCTURE -------· . . ------------

6.1 Introduction 

It would be rather limiting if the applications of Landau 

theory in mineralogy were restricted to cationic site ordering 

processes in framework silicates. Although these materials do 

comprise a very significant part of the Earth's crust, several 

interesting and important transition phenomena occur in other 

mineral systems and for this reason it would be instructive to 

apply the concepts discussed in the preceding chapters to a 

problem outside the realm of framework silicates. One such 

problem is the nature and thermodynamic infl uence of the 

orientational order/disorder transition which occurs a t high 

temperature in the calcite structure. We shall see that this 

phase transition has significant implications for the form of the 

calcite/aragonite phase equilibrium boundary, and also that its 

strong co-elastic character enables th~ study of saturation 

phenomena as the mineral approaches absolute zero. The 

orientational order/disorder transition occurs not only in 

ca l cite (Caco
3

) but also .in sodium nitrate (NaNo
3

), an 

isostructural material. The orientational order/disorder phase 

transition in ca_lcite occurs at around 9800.·c which is above the 

decarbonation temperature at atmospheri 2 ' co
2 

pressures , and the 

study of this transition is not without practical difficulties. 

In contrast, the orientational order/disorder transition in NaNo
3 

occufs at the more managea ble temperature of around 280°C. For 

thi s reason, NaNo
3 

is used as a model analogue compound in the 

study of this phase transition and in this chapter we shall 
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investigate the spontaneous strain behaviour at low temperatures 

below the phase transition in NaNo
3 

in order to explore the basic 

character of the transition. Following this , we shall 

investigate the thermodynamic influence of the analagous 

transition in Caco
3 

by direct measurement of the excess enthalpy 

of ordering in calcite at high temperatures through the 

transition. 

6.1.1 Orientational Order/Disorder in Sodium Nitrate The 

structural phase transition in NaNo
3 

at 549 K was first observed 

by Kracek (1931) and attributed to some manner of rotation of the 

N0
3 

groups around the 3-fold axis (Kracek et al., 1931). Since 

that time considerable effort has been expended trying to 

characterise the nature of the transition utilising numerous 

techniques, including vibrational spectroscopy (Brehat and Wynke, 

1985), specific heat measurements (Reinsborotigh and Wetmore, 

1957), and X-ray and neutron diffraction (Stre5mme, J 969; Paul and 

Pryor, 1972 ; Terauchi and Yamada, 1972). General agreement still 

prevails that the transition involves different states of 

' orientational ordering of the N0
3 

groups'. 

The low-temperature form of NaN0
3 

is isostructural with 

calcite (space group R3c), and the primit i ve unit cell is an 

acute rhombohedron containing two NaNo
3 

formula units (Figure 

6.1). At room temperature, No
3 

grotips in adjacent layers are 

re lated by 180° rotation around the 3-fold axis, and so the 
>. 

relevant pair correlation is perfectly antiparallel. Based on 

diffraction evidence (Stre5mme, 1969; Paul and Pryor, 1972; 

Terauchi and Yamada, 1972), the space group of the high-

temperature form is R3m, with a primitive rhombohedral cell 

containing one formula unit of NaNo
3

'. In the hexagonal 
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Na 

Figure 6.1 The .rhombo~ed~al cell of ~a~o3 (isos~ructur~l with 
caco3. Closed circles indicate Na positiOQS (Ca in calcite) . The 
heavy outline shows the high-temperature R3m unit cell. 

description used throughout this chapter, the unit cell of the 

high-temperature form is halved in length along the c-axis. 

Several authors suggested that in the high-temperature phase 

No
3 

groups are randomly distributed between the two low­

temperature orientations (for example, Paul and Pryor, 1972; 

Terauchi and Yamada, 1972). The precise structure of the high­

temperature phase was not established however. Although it 

seemed clear that the perfectly antiparallel pair correlation is 

lost in the transition, the details remained obscure. Moreover, 

the years of intensive research failed to ~etermine whether the 

transition was continuous or discontinU§lJ.l.S until the experiments 

of Reeder et al. (1988) and other related studies attempted to 

determine a consistent set of critical exponents associated with 

the transition. 

In section 6.2 the results of low-temperature X-ray 

diffraction experiments are reported and the magnitude and 



temperature dependence of the spontaneous strain below room 

temperature are determined. The coupling of strain with the 

macroscopic ord~r parameter is discussed. Related results of 

optical birefringence (Poon and Salje, 1988), specific heat 

measurement s (Wruck and Salje, 1987), hard-mode Raman 

spectroscopy (Poon, 1988), high-temperature lattice 

parameter measurements (Reeder et al., 1988), and X-ray critical 

and diffuse scattering (Schmahl, 1988) for the same material are 

reported elsewhere . 

6.1 .2 Orientational Order/Disorder in Calcite The initial 

interest in NaNo
3 

stemmed from its isostructural relationship to 

Caco
3

'. The temperature- and pressure- dependent behaviour of 

Caco
3 

is of fundamental geological and chemical significance, 

involving as it does several intriguing polymorphic phase 

transitions as well as the much studied calcite/aragonite phase 

boundary . Attention has focu~sed on the slope of this phase 

boundary which Johannes and Puhan (1971) found to be continuously 

var ying with a significant change in slope between the low­

temperature low-,pressure part and the high-temperature high­

pressure regime. Previous war k has at tempted to e xplain this 

change in slope by invoking a possible phase t rans ition within 

calcite which could lead tb the required- changes in thermodynamic 

parameters. 

The first indications of the existe:1~e of such a high­

temperature phase transition came from Boeke (1912) who noticed 

changes in the heating and cooling curves of calcite at 975°C. 

This anomaly was confirmed by Eitel (1923) and further 

investigated by Cohen and Klement (1973) whose careful OTA work 

placed the transition near 985°C at atmospheric pressure, 
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increasing to around 1000°C at 5 kbar. This is undoubtedly the 

same transition as Chang (1965) observed by X-ray diffraction 

during his study of the Caco
3
-srco

3 
and caco

3
-saco

3 
systems '. 

Chang (1965) recorded the gradual disappearance of 113 Bragg 

peaks which relate to the transformation from the low-temperature 

space group R3c to the high-temperature form of calcite, space 

group R3m (termed a-calcite by Boeke (1912)). This loss of the c 

glide plane is a consequence of rotational -disorder of the co
3 

groups , as evinced in the single crystal X-ray study of Markgraf 

and Reeder (1985). Their high-temperature structure refinements 

demonstrate increased thermal motion due to rigid body motion of 

the co
3 

groups '. These results confirm the temperature dependent 

de crease of r
113

, as do the X-ray data of Mir wald (1979). Most 

recently Dove and Powell's (1989) high-temperature neutron 

scattering experiments on pure calcite have shown that the 

temperature evolution of r
113

, of r 211 and of the spontaneous 

strain follows tricritical Landau behaviour with T 
C 

987±5°C. 

The order parameter, Q, for the transiti on which is a measure of 

the degree of orientational order in calcite, is expected to 

follow the behaviour shown in Figure 6.2 and -i.s proportional to 

Cl 
~ .. -.. 
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Fi gu r e 6 .2 Th e equ ili bri um t emperature- gepe!Jdent behav i our of the 
orientational order parameter be l ow the R3rn-R3c t r ansition in calcite 
acco rding t o a tricritica l model . 
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Salje and Viswanathan (1976) first suggested that 

gradual orientational disordering in ca l cite wo~ld give rise to 

the observed curvature of the calcite/aragonite boundary. This 

is because the tricritical behaviour at the R3c-R3m transition 

implies gradual and continuous ordering of calcite below T 
C 

(Figure 6.2) and thefefore a cont i nuous increase in the stabilit y 

of calcite with respect to aragonite with increasing temperature . 

In section 6.3 it will be argued that the well ·known curvat~e of 

the calcite/aragonite phase boundary in the P/T diagram is, 

indeed, the result of orientational disorder in calcite . 

The situation became somewhat confused, however~ when 

Mirwald (1979) reported a second high-temperature phase 

transition in calcite at 800°C giving rise to a third, 

intermediate, phase which he denoted calcite IV. The OTA 

experiments which Mirwald (1976) described by no means provide 

unequivocal evidence of such a transition. In fact the X-ray 

diffraction data of Mirwald (1979) are inconsistent with such a 

transition and more obviously indicate the behaviour of the order 

parameter Q associated with the R3c-R3m ~hase transition at 

987°C. Reinterpretation of Mirwald's (1979) c lattice parameter 

data in terms of the spontaneous strain arising below the R3c-R3m 

transition shows they ire~ntirely consistent with those expected 

from continuous disordering rather than a second transition at 

800°C (see Dove and Powell, 1989). It seems that Mirwald's 
~ ..... 

(1976, 1979) observations relate more consistently to the 

increased disorder of the co
3 

groups within the still R3c calcite 

above 800°C but below T (987°C). In other words calcite IV is 
C . 

not a true phase, and calcite retains R3c symmetry until the 

phase transition first reported by Boeke (1912) . 
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Experimental results relating to the structural changes in 

calcite near 987°C are sparse, probably due to the practical 

difficulties arising from the significant decomposition of 

calcite above around 700°C under the co
2 pressures characteristic 

of ambient conditions. Single crystal neutron diffraction is, 

however, currently being carried out by Dove and co-workers. The 

transition at 987°C is beyond the upper temperature limit of 

operation for a conventional differential scanning calorimeter. 

This, coupled with the problems associated with the high 

temperature reaction Caco
3

(s) = CaO(s) + co
2 (g)' has precluded 

direct measurement of the heat capacity of calcite through the 

postulated orientational order-disorder transition. Low­

temperature heat capacity measurements were made by Stavely and 

Linford ( 1969), however, and further extended to 775 K by Jacobs 

et al. (1981). Here we present the results of direct 

measurements of the enthalpy of calcite by transposed­

temperature-drop calorimetry up to 1325 K. These data enable 

quantitative determination of the enthalpy changes associated 

with the process of orientational disorder, and we investigate 

the direct influence of this additional enefky contrib0tion on 

the calcite/aragonite phase boundary. 

6.2 Strain in Sodium Nitrate at Low Temperature 

Before turning to the influence of ori~Qtational disorder on 

the cal cite/aragonite phase boundary let us first consider the 

effect such disorder has on the lattice parameters in the calcite 

structure, even a very long way below the phase transition 

temperature. We shall address this effect through the study of 

the lattice parameters o.f sodium nitrate below room temperature. 
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This study will also yield information on the nature c:if order­

parameter saturation in the calcite structure . 

6.2.1 Materials and Methods The NaN0
3 

used for the study of 

strain behaviour at low temperatures was generously provided by 

Prof. Patrick J. Herley of the State University of New York at 

Stony Brook . The clear single crystals occur as cleavage rhombs 

up to several centimetres, which were grown from seeds in aqueous 

solution at 50°C using reagent grade chemicals . Uniform growth 

conditions were maintained throughout, resulting in high-purity 

crystals with few imperfections. X-ray topography has shown that 

the material is homogeneous with low dislocation densities (P . J . 

Herley, pers. comm.). 

Low-temperature lattice parameter measurements were carried 

out using assymetric transmission Guinier X-ray powder 

diffraction geometry at the Institlit flir Kristallographie, 

Universit~t Tlibingen, by kind permission of Professor W Prandl. 

The details of the low-temperature Guinier camera developed at 

Tlibingen are given by Irhinger (1982). Silicon was used as an 

internal standard. The NaNo
3 

was crushed and ground by hand with 

the silicon under acetone in an agate mortar. The sample was 

deposited as a powder on silicon grease spread thinly on an 

aluminized Mylar foil held in a circular disc and in good thermal 

contact with the cold finger . The specimen qisc was rotated 

within the beam during all exposures by mE}~ns of a magnetically 

coupled motor. A liquid helium circulating cryostat with CTI 

Cryogenics model 21 SC cryocooler refrigerator was used to obtain 

stable temperatures down to 22 K. The thermal contact between 

the cold finger and the sample is improved by around atm 

pressure of helium gas. Temperature measurement was carried out 
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by means of a calibrated Si p/n junction located on the cold 

finger near the sample. A 6 kW Rigaku rotating-anode Cu X-ray 

source was used with a bent germanium monchromator selecting Ka 1 

radiation. 

The powder diffraction patterns were recorded on single­

emulsion film held in the film cassette of the camera . The 

sample temperature was first set to 22 K, and when stabilised the 

exposure was made as the sample slowly retur.ned to room 

temperature at a constant heating rate whilst the film cassette 

moved synchronously. Positions of 11 lines ranging from 23 to 

58° 28 were determined on an Enraf-Nonius film reader with an 

estimated precision of 0.01° 28. Corrections for film shrinkage 

and any other systematic errors were made using the line 

positions of the internal standard. Corrected line positions 

were used to refine by least squares the hexagonal cell 

parameters at each temperature . Precisions calculated Trom 

least-squares method are approximately 1 part in 25000. 

Table 6. 1 

T a (~) C (~) V (~3) 

22 K 5 . 0658 0.0005 1 6. 5490 0 .0031 367.7911 0.0882 

29 K 5;0660 0:.0005 16:5540 0:0028 367:9234 0:0817 

37 K 5:0654 0: 0005 16:5487 0 ;0027 367:7237 0;0791 

45 K 5:0648 0:0003 16:5503 0;0017 367 ;6T(8 0;0482 

55 K ·· 5 ;0653 0;0004 16;5480 0;0023 367; 6966 0;0664 

64 K 5:0651 0:0003 16;5478 0:0019 36.7 ;6566 0:0534 

75 K 5:0650 0;0003 16;5532 0;0018 367;7633 0:0518 

85 K 5:0651 0:0005 16:5645 0:0028 368:0321 0;0807 

96 K 5: 0652 0:0004 16 : 5751 0;0025 368 .2827 0;0128 

107 K 5:0660 0:0005 , 16:5803 0:0021 368;5081 0:0182 

118 K 5;0664 0; 0004 16:5906 0:0024 368:8021 0;0687 

129 K 5;0660 0;0005 16;6009 0:0029 368; 97 48 0:0838 

141 K 5 ;0662 0.0004 16 ;6062 0:0021 369;1257 0;0602 

153 K 5 ;0665 0;0005 16:6224 0;0027 36-9 :5283 0:0111 

1 64 K 5;0669 0;0005 16;6338 0:0029 369;8331 0.0822 

175 K 5;0672 0:0004 16;6414 0:0025 , 370;0439 0:0111 

185 K 5: 0670 0:0004 16;6478 0.0023 ,',. 370.1542 0; 0657 

196 K 5:0678 0;0004 16;6637 0.0024 370:6271 0;06tl8 

206 K 5; 0675 0 :0002 16:6772 0; 0012 370;8924 0:0348 

215 K 5:0671 0 :0003 16 ;6878 0:0020 371;0611 , 0:0574 

225 K 5:0686 0.0005 16 :7094 0;0027 37 1 ;7647 0.0772 

234 K 5:0695 0;0003 16: 72 21 0;0016 372:1807 0:0468 

245 K 5.0699 0; 0005 16.7 405 0:0030 372,6531 0;0845 

256 K 5:0708 0;0006 16:7518 · 0;0034 373;0329 0:0974 

270 K 5:0700 0 ;0006 16:T/59 0 :00311 373;4476 0:0962 

284 K 5 ;0694 0;0004 16;7900 0;0025 373;6788 0:0704 

298 K 5: 0697 o;.0005 16;8118 0 :0030 37 4; 1992 0.0866 

302 K 5 ;0684 0 :0003 16 :8197 0;0019 374:1880 0:0528 

(one standard deviation error given) 

Low-temperature lattice parameters of NaN03. 
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6.2.2 Lattice Parameter Results Unit cell data from 22 K to 

302 K are reported in Table 6.1, and the variation of a and c with 

temperature up to and above the transition temperature are shown 

in Figure 6.3 where the high-temperature X-ray data collected by 

R.J . Reeder (Reeder et al., 1988) are incorporated with these 

results. The larger unit cell of the low-temperature form has 

been used for the high-temperature form for consistency in 

reporting values. Comparison of the a and . c cell parameters 

(Figure 6.3) demonstrates the large anisotropy of expansion noted 

by previous workers. The direction of largest expansion is along 

the c~axis, wh ich increases uniformly from about 75 K to near 

450 K. Thermal expansion coefficients at 100, and 300 K are 4.8, 

and 10.4 x 10-5 K-~, respectively. These va lues are in good 

agreement with previous work (Ibrahim et al., 1986; Krishna Rao 

Q) . 
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Figure 6. 3 Lattice parameters of NaNo1 ~ Filled circles show the data 
from this work , open circles are the data of Reeder et al ., 1988 at high­
temperature. 
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and Satyanarayana Murthy, 1970). The measurements of Reeder et 

al. (1988) show that above roughly 460 to 480 K, the expansivity 

increases rapidly and at T, a distinct anomaly is observed, just 
C 

as has been seen in calcite (Dove and Powell, 1989). 

Below approximately 70 K, the c cell dimension does not 

change with temperature. The low-temperature interferometry 

study of Ibrahim et al. (1986) was restricted to temperatures 

greater than 80 K, and thus saturation of the cell parameters has 

not been observed previously. Such saturation is to be expected 

from a consideration of simple thermodynamics as absolute zero is 

approached. Landau theory predicts that the derivatives of free 

energy take some non-zero value at OK, in which case it would be 

favourable to reduce temperature below OK. The derivatives must 

be zero at absolute zero and therefore as we. approach absolute 

zero Landau theory will fail, as we have observed in NaNo
3 

and 

previously in anorthite. The structural barriers to further 

strain at very low temperatures are as yet unclear. 

Saturation in the a cell dimension) although much less 

distinct, is also observed below 70 K. Above this temperature, 

expansion in the a-axis direction increases only very slightly 

with temperature, in agreement with other workers (cf~ Krishna 

Rao and Satyanarayana Murthy, 1970; Ibrahim et al., 1986); 

thermal expansion coefficients range from 0.4 x 10-5 K-'. at 150 K 

-5 -1 >--. to 1. 1 x 10 K . at room temperature. 

6.2.3 Symmetry and Spontaneous Strain The components of the 

spontaneous strain are constrained by the symmetry properties of 

the order parameter and can be determined from appropriate unit 

cell data. It is important to note that unit cell changes 

associated with normal thermal expansion are not included in the 

I I 
J 



spontaneous strain, since they are not related to the transition. 

Therefore, the strain is measured relative to a reference state: 

the high-temperature behaviour extrapolated below the transition 

point. 

z 

y 

Figure ~.4 The Bri'.l~uin.zone of_NaN03 (and Caco3) .. The orientational 
order/disorder transition is associated with the Z·point. 

The orientational ordering transition ·· in NaNo
3 

corresponds 

to a change from space group R3m to R3c :-W.ith a doubling of the 

unit cell along the c-axis; this transition does not involve a 

change in either crystal system or point group and is not, 

therefore, a proper ferroic transition. Indeed , the critical 

point is the Z-point on the surface of the Brillouin zone (Figure 

6.4), and the order parameter transforms according to the one-
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dimensional representation z2A1u (Petzelt and Dvorak, !976) which 

need not involve any strain component . The transition , 

therefore , does not specify a spontaneous strain , and yet we 

observe a large coupling between the rotational order - disorder 

transit ion and the c ce 11 parameter . . In this sense the 

transition is similar to the I1-Pl transition in anorthite and is 

another example of co-elastic _behaviour (section 1 . 3. 3 ; chapters 

3 and 4) , where the strain at the transition is not a true 

spontaneous strain by symmetry , but nonetheless is a structural 

strain coupled to the critical behaviour of the order parameter . 

We see empiricilly that the only relevant strain component is e
3 

along the c-axis, which is given at an y temperature T simply by : 

{ 6 . 1 } 

where c is the cell dimension of the l ow-temperature phase at T 

the cell dimension of the high-temperature . phase and C is 
0 
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Figure 6. 5 Temperature evolution of t he spontaneous strain , e3 , in 
NaN03. (Fill ed sq uares t hi s work, open squares Reeder et al . , 1988) 
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extrapolated to T. Strain components perpendicular to the 3-fold 

axis are effectively zero, and therefore would not affect the 

spontaneous strain in any event. 

For simplicity, the thermal expansion along the c-axis in 

the high-temperature phase was assumed to be linear and to follow 

the behaviour explained in detail by Reeder et al. (1988). 

Extrapolating the high-temperature lattice parameters to low 

temperature we arrive at the strain behaviour shown in Figure 

6.5 where the high-temperature data collected by R.J. Reeder are 

incorporated . 

6.2 . 4 Order Parameter Coupling For a zone boundary co-elastic 

instability , the spontaneous strain cannot be the primary order 

parameter, although may couple with it. The Landau potential for 

the excess free energy involving a single order parameter, Q, is 

of the form given in equation 1 .5, and the excess entropy behaves 

as the square as the order parameter, as demonstrated in equation 

1. 10. 

In a related study, Wruck and Salje ( 1987) have measured 

exces~ entropies for the same NaNo
3 

as used in t~e present 

investigation, and they find a temperature dependence of the same 

form as that of the spontaneous strain. Indeed , Reeder -et al. 

(1988) plotted the strain as a function of excess entropy above 

room temperature an9 found a linear relationship. Thus, the 

spontaneous strain couples biquadratically w~th the order 

parameter such that: 

where t is the reduced temperature (1 - TIT) and Sis the 
C 

critical exponent giving the temperature dependence of the 
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macroscopic order parameter Q. 
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Figure 6.6 Temperature dependence of the square of the spontaneous strain 
(filled circles, this work; open circles, Reeder.et.a'.·• 1988) . . The linear region between 185 Kand 430 K corresponds to tr1cr1t1cal behaviour (B=i), 

The critical temperature obtained from extrapolation of both 

the high- and low-temperature e~ data to zero is 553 K (Figure 

6. 6), in good agreement with values obtained from optical 

birefringence measurements (553 K) (Poon and Salje, 1988) and 

from specific heat measurements (551.9 K) (Wruck and Salje, 

1 987) . 2 Examination of the plot of e
3 

versus T (~igure 6.6) shows 

a broad linear region from around 185 to 430 K, with an 

extrapolated T of 579 K. By squaring both sides of equation C 

2 6 . 2, it follows that a linear relation between e
3 

and T (or t) 

implies B = 0. 25, which corresponds to tricritical behaviour. 

The data thus support the interpretatioh~ of tricritical behaviour 

below around 430 K, above which temperature a crossover to 

another t ype of critical behaviour occurs . The analysis by 

Reeder et al . (1988) of the region above 430 K suggests .that at 

these t emper atures until T the critical exponent ~ takes the 
C 

value 0 . 22 . The critical e xponents for NaN0
3 

above the 
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tricritical regime are very similar to the values obtained from 

renormalization-group results for the three-states Potts model in 

three dimensions. This model can be regared as an Ising-type 

model generalized to more than two spins (see Wu, 1982 for a 

review). Shen et al. (1975) suggested that the Bragg-Williams 

model may be applied to the ordering transition in NaNo
3

, in 

which event the critical exponent B should assume the classical 

value 0.5. Given the present observation that 8 = 0.25 at room 

temperature with a crossover to 0 .22 above 435 K, this is clearly 

not the case. The related studies of Poon and Salje (1988) in 

which 8 was determined from optical birefringence and of Schmahl 

(1988) in which~ was determined from X-ray superlattice 

intensity yield values of B identical with the present study. 

6.2 . 5 Scalar Strain and Strain Energy The magnitude of the 

spontaneous strain is given by (Aizu, 1970): 

{6.3} 

and in the present case is identical to the strain component e
3

• 

At 295 K, the spontaneous strain in NaNo
3 

is approximately 

55 ~ 10-3• This value is large, considering it peftains to a 

zone boundary instabilitr, and is comparable with e~amples of 
, 

zone centre instabilities such as in albite (see Table 6.2). 

Material Critical Point Strain (295 K) Reference 

53 X 10- 3 
-::---.~ 

NaA1Si
3
o

8 zone centre Salje et al. (1985a) 

As2o
5 zone centre 16 X lQ-3 Redfern and Salje ( 1988) 

CaA12Si 2o8 zone boundary 5 X 1 Q - 3 Redfern and Salj e ( 1987) 

Pb
3

(P0 4)
2 zone boundary 33 X .1 Q-3 Guimaraes (1979) 

NaN0
3 

zone boundary 55 X lQ-3 This study 

Table 6.2 Magnitude of the spontaneous strain at various phase 
transitions. 
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It is interesting to note that the symmetry constraints 

for the transition present no constraint on volume change. 

Commonly in ferroelastic transitions the strain components are 

coupled by symmetry so that an increase in one is balanced by a 

decrease in others, thus leading to little or no change in 

volume (Redfern and Salje, 1988; see also chapter 2). However, 

We in NaNo
3 

and Caco
3 

volume can change as rapidly as c changes. 

shall see in section 6.3 that this freedom is significant in the 

discussion of the calcite/aragonite equilibrium. 

Reeder et al. (1988) found that at 295 K, the contribution 

to the excess internal energy due to the elastic deformation of 

the structure is nearly 20% which is an outstandingly large 

value. The excess free energy of NaNo
3 

can, therefore, 

appropriately be decomposed into one part describing local 

variations, including "molecular" orientations, and a second part 

describing the strain energy. 

--~ 

0 
6.3 Orientational Ordering and the Calcite/Aratfite Equilibrium 

6.3.1 Comparison with Sodium Nitrate The identical symmetry 

reduction observeµ in sodium nitrate, NaNo
3

,-- (Kracek, ~93'.) has 

been suggested as a model for the orientat'ional transition in 

calcite which we consider here. Studies of the critical 

behaviour at the R3m-R3c transition in NaN0
3 

are more extensive 

than the current research on calcite because of their relative 

experimental ease. The studies presented in section 6.2 as well 

as those of Schmahl (1988), Reeder et al. (1988) and Reeder et 
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al. (1987) have revealed behaviour broadly similar to that 

described by Dove and Powell (198g) in the case of calcite. The 

macroscopic order parameter describing the degree of 

orientational disorder in sodium nitrate follows essentially 

tricritical Landau behaviour below T with small deviations from 
C 

tricritical behaviour very close to T. We shall see that our 
C 

results on calcite confirm the tricritical model (Dove and 

Powell, 1989) for the phase transition in calcite and there is 

every reason to believe that the temperature dependent behaviour 

of the structure of sodium nitrate corresponds to similar 

behaviour in calcite. So far, however, no departures from 

classical Landau behaviour have been observed in calcite near T 

although such departures have been reported in the order 

parameter behaviour of sodium nitrate (Poon and Salje, 1988; 

Reeder et al., 1988). Aside from this sodium nitrate may be 

C 

studied as an analogue material to calcite since the phase 

transitions in both materials belong to the same universality 

class (they share similar critical exponents). In addition the 

results of Dove and Powell (1989) indicate that we are justified 

in applying a simple Landau expansion to model the excess 

thermodynamic quantities associated with the orientational 

ordering transition. In this section we shall see the predictive 

power of such a simple free energy expansion for the solution of 

inter-miner al phase · stabilities. 

">-. 
The excess entropy below the orientational ordering 

transition in calcite represents a direct measure of the 

thermodynamic influence of the order parameter , Q, associated 

with orientational ordering. Ideally , the transition in calcite 

should be studied by differential scanning calorimetry, as has 

154 



been carried out for NaNo
3 

(~ruck and Salje, 1987; Reeder et al., 

1987), but the transition temperature of 1260 K is far above the 

maximum operating temperature of conventional DSC instruments. 

In addition, the complication of decarbonation of ca lcite must be 

overcome and the high co2 pressures needed. to prevent 

decarbonation cannot be maintained in the standard DSC 

experimental configuration. For this reason it was decided to 

attempt the measurement of excess enthalpy rather than excess 

heat capacity. This enthalpy can then be used to derive the 

expected entropy excess, through the solution of the Landau 

expansion in which entropy and enthalpy have a common origin. 

6.3.2 Measurement of Enthalpy High~temperature enthalpy 

measurements were carried out on pure calcite using a Setaram 

HT1500 calorimeter at Princeton University by kind permission of 

Professor A Navrotsky. Natural calcite was ground by hand in an 

agate mortar to a fine powder and a measured mass was loaded into 

platinum capsules of known weights. The capsules were welded 

closed to contain maximum amounts of the calcite powder, and then 

weighed again. The average mass of a capsule was around 400 mg, 

around 20 mg of which was calcite. There was rio indication of a 

transformation from calcite to aragonite during the preparation 

of the samples, which were subsequently analysed by X-ray 

diffraction revealing- no change from the startin-g material. 

The Setaram HT1500 ca lorimeter used to m~e calorimeter ic 

measurements is described by Ziegler and Navrotsky ( 1'986). The 

sample falls from the top of the instrument, at room temperature, 

into an upper calorimeter cruci. ble surrounded by a thermopile and 

held at the temperature of interest . Heat flow into this 

crucible is measured with respect to a similar reference 
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crucible, positioned directly below the first in the instrument. 

The calorimeter is suspended within an alumina tube and is 

separate from the graphite heater. The apparatus allows drops to 

made under a vacuum, minimizing convection effects; this 

procedure increases baseline stability and was adopted for the 

measurements on calcite. 

The advantage of this form of calorimeter over other designs 

is that the operational temperature of the instrument can be 

easily changed from day to day. In addition the absorption of 

heat by the sample is rapid and the response time of the Setaram 

calorimeter is very short ; the measurement of each drop described 

here was over within nine minutes. The instrument is sensitive 

to sample geometry , however, and all the samples were (as far as 

is possible) standardized in weight and shape. It is found that 

the sensitivity of the calorimeter depends on the operating 

temperature and the number of samples already dropped into the 

calorimeter (Ziegler and Navrotsky, 1986). For this reason the 

calibration factor must be calculated for each drop by 

alternating sample drops with drops of a standard material of 

similar mass and dimensions. In these experiments corundum 

capsules , prepar ed in an identi cal manner to the calci t e , were 

used as a standard. A platinum liner was placed inside the 

alumina calorimeter crucible to increase th~ thermal conduction 

between the sample and calorimeter on dr ~-R.P ing and to provide a 

si gnificant thermal mass within the calorimeter . 

The temperature of each e xperiment was regulated and 

measur ed by a platinum/r hod ium t her mocouple placed ne xt t o the 

s ample crucible. The thermocoupl e was ca l i brated a ga i ns t the 

melting point of gold. Data were co l lected using an interfaced 
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Hewlett-Packard 86B computer. All samples were we i ghed upon 

recovery from the instrument to ensure that no loss of material 

had occurred. At the highest temperatures of measurement, where 

decarbonation is significant, whenever the pressure of co
2 

burst 

the platinum capsules a substantial mass reduction was detected. 

In addition, on these occasions the endothermic nature of the 

decarbonation reaction increased the calorimeter signal and lead 

to an unstable baseline. This occurred in · three cases and the 

data from the related sets of runs were discounted. In addition 

all ca l cite samples were pre-heated to 850°C for 2 hours before 

their use for calorimetry to check the welds. Any which were not 

gas-t i ght underwent decarbonation with related detectable mass 

l oss. 

-~~~------HT-H298 (kJ/mol) ----------~~~--- ----HT-H298 (kJ/mo l) 

973 75.36±0.76(5)* 1200 110.47±1.07(4) 

977 76.24±1 . 10(4) 1212 110.62±1.02(4) 

998 77 . 48±1.45(4) 1225 116 . 52::t1.66(4) 

1023 82.60±0 . 76(4) 1236 117.12±1.93(6) 

1049 86.36±0.97(4) 1248 115.13:;::1.14(6) 

1076 89.70±1.29(5) 1254 117.21:t:1.14(2) 

1100 93.09±1.40(2) 1261 117.90±2.35(6) 

1130 97.53::tl.21(2) ' 1277 121.96±1.37(5) 

1150 103 .21±1.24(6) . 1301 124.45±1.83(3) 

1175 104 .80±0.69(5) 1325 125.32±1.69(4) 

* Data from drops into Calvet calorimeter. 

Table 6.3 Enthalpies of calcite from 973 K to 1325 K. Errors are the 
standard deviation of the mean . Figures in parenthesis are the number 
of data points. 
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6.3.3 Results from Calorimetry The results of the drop 

e xperiments are shown in Table 6.3, The enthalpies shown are 

derived from around five sample drops at each temperature dropped 

alternately with an equal number of capsules of corundum. A 

calibration factor for each drop relating the area under the 

calorimetric peak to the heat content was obtained by referring 

to the known heat contents of platinum and corundum at each 

t emperature (from the tables of Robie et al., 1979). The total 

heat content for each capsule was calculated and the contribution 

from the platinum subtracted to obtain the enthalpies of calcite. 
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Figure 6.7 Enthalpy of calc_ite between 900 Kand 1350 .K. The extrapolation 
of the low-temperature heat capacity data of Jacobs et al . (1981) is shown by 
the dashed line . Error bars show ±2a. 

Figure 6 . 7 shows the data for the enthalpy, H, of calcite 

above 900 K relative to that at 2g8. 15 K. The dotted line is the 

extrapo l ation of the low temperature calorimetric data of Jacobs 

et a l . (1981) whose heat capacity measurements give: 

-18 4 •79.T + 0 •16161.T2 - 4•3247x10-5 .T3 + 

3·6882x10 6. T- 1 
+ 7767 . T± - 104608 J . mol - 1 {6.5}. 
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All measurements lie above the extrapolation of the low 

temperature data. To check if there was a systematic error in 

the Setaram calorimeter a set of five calcite sample drops 

together with corundum calibration drops were made using a 

previously calibrated twin Calvet microcalorimeter at 973 K, as 

described by Navrotsky (1977) . The results from this set of 

transpose-temperature drops are included in Table 6.3 and Figure 

6.7 and are seen to agree with the data obtained from the Setaram 

instrument. The trend towards higher than expected enthalpies 

at higher temperatures is thus a real effect. The enthalpies 

increase markedly just below 1260 K. This enthalpy increase 

appears to be associated with the previously reported 

orientational order-disorder transition. We see an enthalpy 

difference between the extrapolated low temperature ca lcite (R3c) 

enthalpies (which must already include some contribu"tion from the 

excess enthalpy of orientational disorder) and the high-

-1 temperature R3m phase of 6.9±1 .1 kJ.mol .. This is more than 

fiv~ times the average standard error of the data and must be 

regarded as a significant enthalpy increase. Rather than being 

an abrupt step in enthalpy the increase takes place gradually 

below T (1260±5 K) . This ~s consistent with a continuous 
C 

tricritical model for the phase transition rather than a first-

order phase transition. 

6.3 . 4 Landau Theory of Calcite The theoretical background to 

the behaviour of thermodynamic parameters at a tricritical phase 

transition is e xpounded by Landau and Lifshitz (1954) , and more 

recently by Aleksandrov and Flerov (1979) . The thermodynam ic 

implications for the specific heat, enthal py, and entropy are 



discussed in detail by Salje (1988). We start from the 

conventional expansion of free energy, G, associated with the 

transition in terms of a one dimensional order parameter, Q, 

defined as zero above T and increasing proportional to (T -T)B 
C C 

below T to 
C 

at absolute zero: 

l:IG = G - G0 {6.6} 

where C>O and B~~ The excess entropy, · l:IS
0
d, and enthalpy, l:IH

0
d, 

associated with the process of disorder and additional to that 

expected should no transition occur may be obtained. The entropy 

associated with the transition is easily derived (Carpenter, 

1988): 

l:IS = cll:IG 
od clT {6.7}, 

At a tricritical phase transition B=O, B=t (see section 1 .2.5). 

This leads to: 

2 
iCQ

6 l:IH -.l.aT Q + ad 2 C {6.8} 

where 

T C = - {6.9} 
C a 

and hence 

l:IH a 
T = -ad 3 - C 

{6 . 10} 

>,. 
at absolute zero (ignoring low-temperature saturation effects). 

The enthalpies given in Table 6. 3 have been plotted as a 

negative excess with respect to the high temperature R3m phase 

and are shown in Figure 6.8. The form of enthalpy expected from 

e quation 6 .8 has been fitted to these data and is shown by the 

solid curve . The total excess entha lpy expected at absolute zero 
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-1 is around -10±1.1 kJ.mol .. This is the total increase in 

enthalpy due to orientational disorder in the high temperature 

R3m structure. Combining this value of 6Hod(T=O) with the value 

2 
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Figure 6.8 Excess enthalpy due to rotational disordering of the CO 
groups below Tc in calcite. The .solid line shows the fitted theorettcal 
excess enthalpy assuming a tricritical model for the phase transition. 
Error bars show ±2o . 

of T determined by Dove and Powell (1989) enables us to evaluate 
C 

the constants a and C in expression 6.6 above: 

=> 

-10±1. 1 kJ .mol - 1 

- ~ T (T 1260± K) 
3 C C 

-1 . -1 
a= 24 J.mol .K 

C 
-1 

30 kJ .mol . 

From equation 6.7 we see that the zer6~ point entropy is 

simply ta and hence we obtain from the enthalpy measurements 

presented here: 

-1 -1 
6Sod(T=O) = 11 . 9±1 .3 J . mol .K 

which may be compared with the well-known relationship between 
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excess entropy and thermodynamic probability of disorder, a: 

H.lna { 6. 11 } 

giving 

We would expect a= 2 for the residual zero-point entropy of 

a two state Ising spin system in an isotropic crystal. The 

1ar ger value obtained here may arise from phonon contributions, 

lattice relaxation, calcium mobility or point defects. It is 

worth mentioning that a similar ana lysis of the orientational 

ordering transition in NaNo
3 

yielded a much higher value of 

a 2 20 (Wruck and Salje, 1987), Thus the real physical meaning 

of a is not clear. 

In summary the thermodynamic data relating to the excess 

quantities arising from the phase transition in calcite show the 

following temperature dependence: 

i ~ 
-424(1260-T) 2 + 0.1 13(1260-T) 2 

i 
0.383(1260-T) 2 -1 -1 

J .mol .K 

-1 
J.mol . {6 . 12} 

{6 . 13} 

6.3.5 Implications ~ the Calcite/Aragonite phase equilibrium 

boundary If we now consider the excess thermodynamic quantities 

defined above with respect to the low temperature R3c phase, we 

can investigate their significance with respect to the 
>--. ca l cite/aragonite phase boundary. What is the effect of the 

extra ~S d below the R3c-R3m transition in calcite? In the . 0 

simplest analysis, ignoring any phase transitions in aragonite 

(which have not been observed in any case), the Clapeyron 

equation gives: 
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dP 
dT 

b.S 
b.V 

s c + b.S od - s a 
Vc+b.Vod-Va, 

(b.S c-a + b.S od J!l 1 + ,,w od J 
b.V c-a b.V c-a . b.V c-a {6.14} 

where subscript c refers to calcite and a refers to aragonite. 
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Figure 6.9 Temperature dependence of the unit cell volume of calcite 
taken from the data of Dove and Powell (1989). 

It is now straightforward to calculati the path in P/T space 

of the equlibrium phase diagram taking orientational disordering 

into account . b.V
0

d is the excess molar volume due to the 

disorder in calcite. The cell_ volume of calcite as a function of 

temperature is shown in Figure 6.9, where the dashed line 

represents the baseline of the totally disordered phase . The 
:--...,. 

strong translation-rotation coupling in calcite results in a 

significant extension of the c lattice parameter, with the a cell 

parameter only weakly coupled to the disordering. This thermal 

expansion is as large as is observed in many ferroelastics (cf . 

Reeder et al., 1988; Redfern and Salje, 1988; Redfern et 
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al.,1988) and it appears that a significant proportion of 6H
0

d is 

actually due to elastic energy contributions, as we found for 

NaNo
3

'. The excess molar volume can be formulated from the data 

of Dove and Powell (1989); there are six formula units in the 

hexagonal cell of calcite and we assume that there is no 

significant order parameter saturation. In this case, the excess 

volume above that expected for the totally ordered form is 

2 dependent only on Q to a good first approximation: 

1 •51x10 - 6 .(1-Q2) 

1•51x10-6 .(1 - 11 - T/12oCJ) 3 -1 m .mol 

The excess entropy due to disordering (with respect to the 

totally ordered structure and ignoring order parameter 

saturation) is simply: 

2 
11 • 9. ( 1 -Q ) 

-1 -1 
J .mol • K . 

{6.15}. 

{6.16}. 

Other terms in equation 6.14 are 6S /6V and 6V c-a c-a c-a 

6S /6V is the slope of the equilibrium phase boundary at low c-a c-a 

temperatures and pressures which has been taken as 12 kbar/K. 

This is slightly less than the value Staveley and Linford (1969) 

quote for the slope at room temperature, but their value must 

include at least some effect of orientational disorder. 

The value of 6V employed is 2,73x10-6 m3. mol-l calculated from c-a >-. 

the difference in unit cell size at room temperature and 

pressure, and this is assumed to remain constant . In addition, 

we assume that T for the phase transition is independent of 
C 

pressure to a first approximation, as indicated by the results of 

Cohen and Klement (1973) . Finally , the static lattice energies 
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of calcite and aragonite are known to be identical at zero 

pressure and temperature, hence the phase boundary must pass 

through the origin. We may now calculate the calcite-aragonite 

phase boundary by setting the slope at OK, incrementing 

temperature and then determining the slope at 1 K, and so on in 

steps of temperature, each time adding the appropriate step in 

pressure. This calculation was carried out using the following 

approximation of equation 6.14 to determine the slope as a 

function of temperature: 

dP/dT 

1400 R3m 

1200 ~ 
R3c C,' 

" 1000 C, ~ 
:II! 

<D ... 800 :, -., 
~~ ... 

CD 
a. 
E 600 ~' CD 
I- 0 

0 
400 -~~ 

~ 

200 

Pressure k bar ... 

Figure 6. 10 The calcite/a ragonite phas~~diagram. Tbick_lines show the 
phase boundary calculated from consideration of the R3c - R3m disorder. 
Thin l i nes show the experimental delineation of Jamieson (1953), Simmons 
and Bell (1963), Crawford and Fyfe (1964), Irwing and Wyllie (1973), and 
Cohen and Klement (1973) . 
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The calculated calcite-aragonite phase diagram is compared 

with experiment in Figure 6.10. The agreement is excellent . The 

curving in P/T space is thus fully explained by the influence of 

the orientational disordering transition on the enthalpy, 

entropy, and volume of calcite, and we need not infer any other 

phase transition or the existence of a triple point on the phase 

boundary. 

6.3.6 Consequences of Order-Parameter Saturation In the above 

discussion we have ignored the possible influence of order­

parameter saturation. In the analysis of the calcite-aragonite 

phase equilibrium order-parameter saturation does not seem to 

play a significant part. However it should be noted that the 

values of excess thermodynamic quantities given in equations 6.13 

and 6.16 assume that the entropy due to disordering exists all 

the way down to OK. It was seen that in the analagous material 

NaN0
3 

order-parameter saturation does in fact take place below 

around 70 K (section 6.2.2). Should the same effect occur in 

calcite at, say, 298 K then the order parameter would saturate to 

its equilibrium value at this temperature, 0.93, ·and the excess 

entropy due to disordering would only ever reach a maximum value 

of 87% of that given in equaitions 6.13 and 6.16. rt -is feasible 

that saturation could occur at even higher temperatures and the 

excess entropy could be reduced to as little -as 80% of the 
>.,. 

unsaturated maximum . This would have the effect of lessening the 

"" stablity of calcite with respect to other minerals in 
v' 

calculations of inter-mineral reactions. 
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6. 4 Summary 

The process of orientational disorder of the nitrate or 

carbonate molecules in the calcite structure is seen to have a 

very significant influence on the stability and thermodynamic 

properties of this structure. The c cell parameter of sodium 

nitrate changes by over 1 i between OK and T , ind calcite 
C 

similarly shows a large cell distortion due to translation-

rotation coupling. The co-elastic nature of the transition, 

therefore, provides a very great negative excess molar volume 

below the phase transition. Not only does this correspond to a 

large strain energy, representing a significant proportion of the 

excess free energy stabilising the low-temperature form with 

respect to the high-temperature structure, it also explains the 

increased stabilisation of calcite with respect to aragonite with 

increasing temperature when considered in the light of the 

modified Clapeyron equation. 

Measurement of the excess enthalpy due to ordering below the 

orientational order/disorder transition in calcite can be fitted 

to the known tric':ritical behaviour of calcite below this ---
transition. The excess entropy so derived, when combined with 

the data for the e xcess volume of ordering, is used to determine 

the calcite/aragonite phase boundary. The R3c-R3m transition 

fully accounts for the previously-observed curving of this 

boundary at high temperatures and pressu~s . Thus the Landau 

free energy is seen as a good model not only for the description 

of the phase transition , but also for the subsequent implications 

of that intra-mineral process on inter-mineral relations. 

The danger of over-estimating excess thermodynamic 

properties when applying the ; proach of this chapter should be 
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noted . It is observed that at low temperatures the order­

parameter deviates from the behaviour predicted by Landau , and 

this order-parameter saturation means that the full potential 

excess energy of the high-temperature phase with respect to the 

low-temperature phase which Landau predicts is not attained . 

Low-temperature data as well as data near and above the phase 

transition are nee essary for the study of these important 

saturation effects. 
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CHAPTER 7 

GENERAL OVERVIEW AND CONCLUSIONS 

We have seen that the behaviour and physical properties of 

minerals near and below phase transitions is often very different 

from that expected in the absence of a transition. Anomalous 

behaviour can been observed in lattice parameters, vibrational 

mode frequencies, and in fact virtually ev~ry structurally 

sensitive parameter which characterises the mineral. Not only the 

physical properties of minerals are liable to change; the 

thermodynamic properties can also show distinct and anomalous 

behaviour as a result of structural phase transitions. 

Spontaneous strain, in particular, has been found to serve 

as a useful measure of the transition behaviour in minerals, and 

often couples to the driving mechanism of the transformation. 

Knowledge of the symmetry relations of the high and low 

temperature forms may enable the prediction of the deformation 

pattern expected from the transition, and ~he form of the strain 

elements involved. Even when symmetry does not predict a 

distortiVe strain, order parameters can always couple to a strain 

through quadratic or higher-order terms (if not linearly) and it 

is always possible for a co-elastic strain to arise at a phase 

transition. This is_ important, because these co-elastic strains 

provide a ready experimental method of quant::ii'ying a wide range 

of ordering processes by the careful measurement of lattice 

parameters . In the course of this thesis we have seen that co­

elastic strains couple (via second- and higher-order terms) to 

Al/Si ordering (as in plagioclases) as well as rotational 

molecular ordering (as in calcite) in minerals. Care must always 
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be taken in using strain as a secondary measure of ordering 

processes, however . The case of cordierite, where the~ index is 

not simply coupled to the degree of Al/Si order, demonstrates 

that spontaneous strain does not always faithfully reflect Al/Si 

ordering processes in minerals. In such cases therefore, strain 

measurements should be made in conjunction with other 

experimental techniques such as hard-mode vibrational 

-spectroscopy, NMR spectroscopy, or structure determination, wiich 

can give further information on cationic ordering. 

The measurement of lattice parameters must be made not only 

in the immediate vicinity of the phase transition, but also well 

above and below it. The high-temperature paraphase behaviour must 

be well understood before extrapolation to lower temperatures can 

be performed, and the strain calculated. We have seen that this 

can be difficult, particularly if the transition of interest is 

close to the melting point of th~ crystal. Measurements a long 

way below the transition give further information regarding the 

order parameter behaviour, enabling the determination of the 

critical exponent of the order parameter and detection of 

crossover phenomena . In addition, very low-temperature lattice 

parameter measurements yield information on order parameter 

saturation effects. 

Natural specimens and synthesised samples _are 

often unavailable as good single crystals a~ full structural 

crystallography is impractical . The technique of X-ray powder 

diffract i on is applicable in these cases , however, and provides 
tho'i,e 

just - structura l data needed for strain measurements. /I 
The Landau theory applied to the problems presented in this 

thesis has been tested most rigorously as a function of 
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temperature, but it applies just as well with pressure or 

chemical potential as the extensive variable (as seen in the 

lattice parameter measurements of plagioclase at high pressure, 

chapter 4). Landau theory has been seen to apply particularly 

successfully to the description of displacive phase transitions 

in framework silicates since the long length scale of correlated 

ordering limits the regime of order parameter fluctuations. 

Correlation length and order parameter susceptibility can be 

investigated by X-ray diffraction, in addition to the 

measurements of order parameter via strain. High-resolution 

powder diffraction has proved useful for the measurements of 

correlated order and incommensurate modulations in cordierite. 

The influence of additional solute cations incorporated by 

interstitial or substitutional solid solution has been 

investigated in K-bearing cordierite and Ca-rich plagioclases 

respectively. Solute cations can be dealt with in the - framework 

of Landau theory, since they effectively act as defects applying a 

local stress perturbation or a homogeneous conjugate field to the 

order parameter. The concentration of these solute 'defects' is, 

therefore, a determining factor in their influence on the order 

parameter . In cordierite K cations in sufficient concentration 

appear simply to act against the spontaneous strain whilst 

simultaneously increasing Al/Si disorder. The _effect of albite in 

solid solution with anorthite appears rathel'>-..similar, altering Tc 

for the displacive transition and increasing the Al(Si disorder by 

the coupled substitution process , but in addition Na defect 

concentrations alter the thermodynamic nature of the transition 

by inter play via strain. · 

We have demonstrated, fo r the case of or ientational 
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disordering in calcite, that as well as shedding new light on 

mineral processes the additional thermodynamic data which Landau 

theory successfully predicts may be incorporated into datasets 

for the calculation of inter-mineral phase equilibria. The 

stabilising influence of phase transitions on low-temperature 

polymorphs has significant implications in the realm of 

geothermometry and geobarometry. It is clear that an accurate 

predictive description of the thermodynamic properties of 

minerals, as is provided by Landau theory in many cases, is 

essential for the deeper understanding of the properties and 

dynamics of the Earth's crust. Elastic transitions in 

framework silicates may have further significant implications for 

the physical properties of the crust. As has been touched upon 

in this thesis, the onset of an elastic transition is triggered, 

or accompanied, by marked changes in the elastic properties of 
·,flv~e. 

minerals. Certain elastic constants (which behave as the~order 

parameter suscepti bi ~ty, x1) will vanish at a proper ferroe lastic 

transition, and will decrease rapidly above and below T to 
C 

provide the structural instability which drives the transition. 

We can speculate on the geophysical importance of these features 

of phase transitions in minerals : crustal rocks containing 

minerals which undergo these transition should themselves, 

therefore, show anomalies in sound velocity at t,he depth 

corresponding to a temperature T. At this ~pth the increased c. 

heat capacity due to the transition will also serve to stabilise 

the temperature near T , should there be heat flow through the 
C 

rock (a reasonable assumption). Simple measurements of the 

temperature dependence of sound velocity in aggregates of 

framework silicates could, perhaps, further test such possible 
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implications . 

For the main part, this thesis has been concerned with the 

macroscopic measurement of ordering phenomena at displacive 

transitions. The link between local processes and long-range 

processes was touched upon in the infrared study of K-bearing 

cordierite . Deeper insight into phase transition phenomena in 

minerals is undoubtedly gained when a variety of techniques, each 

probing properties in a specific way , are applied to the study of 

that transition. For example, spectroscopic methods are able to 

yield information on the short-range strains associated with 

distortive transitions. Nonetheless, the essential features of 

elastic transitions are revealed by the strain, and by the 

properties which couple to the strain. The use of spontaneous 

strain and complementary experimental techniques, coupled with 

predictive models such as Landau theory, form the tools which 

enable us to understand the dynamic response of minerals to those 

environments and forces encountered in the Earth. 
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APPENDIX l 

HIGH~TEMPERATURE GUINIER X~RAY POWDER DIFFRACTION 

!.!...=...!. The Huber Guinier System 

The small ferroelastic and co-elastic strains measured in 

framework structures in the course of this work required the 

accurate determination of line positions of powder diffraction 

-patterns over a wide range of temperature • . The instrumental 

requirements of the problems and approach described in this 

thesis are not met by standard laboratory Debye-Scherrer cameras 

and diffractometers. High-precision lattice parameters, and 

linewidth measurements, require a high-resolution instrument. 

Guinier geometry provides better resolution, greater line 

intensity, and reduced background compared to the non-focussing 

Debye-Scherrer method. Accurate cell parameters of As
2
o

5
, 

anorthite, and NaN0
3 

were obtained on Huber Guinier powder 

diffraction apparatus. 

The Guinier high-temperature powder chamber employs a 

precision asymmetrically ground curved quartz Johansson 

monochromator crystal. A fine line focus X-ray tube serves as 

source , and the diverging beam is monochromated and focused onto 

the camera cylinder by the quartz crystal . This geometry has the 

advantage over others which focus on a flat sample , since the 

quality of the diffraction pattern is not a~ensitive to sample 

position , and it also allows transmission diffraction patterns to 

be made . The resolution of the Guinier system depends upon the 

focal width of the X-ray tube , the quality of the monochromator 

crystal, the thickness and particle size of the specimen, and the 

alignment of the instrument. 
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Al .l. l Instrumental Configuration The 0.4 mm fine focus Cu X-

ray tube provided a source small enough .that the Ka 1 and Ka 2 

lines could be separated by the monochromator. Chromatic 

dispersion from the monochromator is unavoidable, and also occurs 

on diffraction at the specimen. Selection of a suitable 

geometric arrangement of sample with respect to monochromator can 

either add or subtract the dispersion of one from the other. The 

-asymmetric transmission geometry employed in this work minimized 

the line-broadening effects of dispersion and allowed diffraction 

patterns to be recorded between 2° and 106° 26. 

The correct adjustment of monochromator position with 

respect to the source and the camera chamber is essential for 

satisfactory results. Once alignment had been carried out it 

was found that any small shock to the surface upon which the 

camera rested could misalign the system. For this reason the 

apparatus was mounted on a slate slab; this provided the 

necessary mechanical stability. 

Al .1 .2 Sample Preparation and Mount In each case the sample was 

mounted as a powder for transmission photographs on an 

oscillating goniometer at the hot spot of a U-form furnace . 

A portion of crystal was ground under acetone in a pestle 

and mortar by hand and dried Bt 50°C. High-purity internal 

standard (Si of comparable size fraction was usually employed) 

was mixed with the specimen. The material was then mixed with 
>-. 

glycerol to form a paste which could be gently spread into the 

opening of a Pt wire loop with dimensions 3 mm x 1 mm and a 

thickness of 0 . 1 mm to form a thin film. The thin film paste was 

then briefly heated at around 100°C, at which temperature the 

glycerol burnt off to leave a thin (0.1 mm or less) smooth powder 
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specimen in the loop together with amorphous carbon. The Pt loop 

was held in an insulating ceramic rod which was mounted directly 

into the standard goniometer sample holder. 

It was found that sample thickness and flatness both affect 

the linewidths of the diffraction patterns , so great care was 

taken at this stage of sample preparation . 

The Pt loop sample holder was aligned by optical telescope 

at the centre of oscillation of the camera and perpendicular to 

the incident beam . The sample and camera chamber were oscillated 

through around 5° throughout all exposures to improve line 

uniformity and intensity . 

A 1 . 1. 3 Modification of Oscillatio.n Mechanism The oscil l ation 

mechanism of the 632 high-temperature powder camera manufactured 

by Huber contains some design errors, which lead to rapid wear of 

the oscil l ation mechanism and uneven movement. Eventually (after 

several hundred hours use) the oscillation mechanism fails . The 

flaw in design lies in the microswitch mechanism which controls 

the range of oscillation. The instrument as supplied uses a 

single microswitch oscillating between two movable stops. The 

polythene bearing of the microswitch quickly wears and the 

increased friction prohibits free movement and switching: To 

overcome this problem the mechanism was modified to incorporate a 

second microswitch and relay mechanism to operate the oscillating 

motor. Details of these modifications are g-i,.ven in a technical 

note by Papendick (1986) . 

A1. 2 Furnace and Temper a t ure Cali brat i on 

Samp l e heating was accompl i shed with a heater sim i lar to the 

des i gn described by Brown e t al . ( 1973). This simple design 
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has a wide aperture and allows a large range of diffraction 

angles to be sampled. The thermocouple element is placed between 

the alumina-covered platinum-wound heater rods, immediately above 

the specimen. The sample is heated principally by radiant heat 

transfer, but air heating also contributes. Draughts obviously 

cause temperature fluctuations in this set-up, and for this 

reason the heater is surrounded by a lightly absorbing Kapton 

foil to keep the temperature constant. 

Thermal gradients within the heater are quite large, and the 

sample position must remain constant with respect to heater and 

thermocouple. The true temperature of the sample can differ from 

the temperature registered by the thermocouple by over 100°C. An 

uneven temperature distribution in the sample is revealed in the 

diffraction pattern, when lines are not vertical or constant 

width along their length. To minimise these errors the position 

of the Pt sample loop within the furnace was set very carefully. 

As far as is possible the specimen was set at an identical 

position within the furnace for every experiment. In particular 

the top of the Pt loop was always set to lie within 1 mm of the 

thermodouple bead. The temperature controller maintained the 

temperature stability of the furnace to within 1 K of t~e set 

temperature . 

Absolute calibration of the heater was carried out by measuring 

transition temperatures of various structur-a~ phase transitions 

and melting and sublimation reactions. High-purity reagent grade 

chemicals were placed in the Pt sample loop for calibration 

purposes, and the beginning of melting was observed using the 

standard telescope supplied. The melting of these standards was 

performed several times and fo und to be reproducible. At very 
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Figure Al. 1 Calibration curve for the Huber U-form heater. 

high temperatures the temperature gradient along the height of 

the loop was detected, since melting of K2co
3 

took place first at 

the top of the loop (near the thermocouple) and proceeded down 

the sample. The calibration curve for the heater is shown in 

Figure Al .1, and the best fit straight line used throughout this 

thesis was: 

T true 
( T x 1 .21) - 4.2 set (°C) {Al.1} 

It is r eassuring that this calibr ation agrees with that of 

DeDombal on a similar furnace using an independent thermocouple 

placed in the same position as is usually occupied by the Pt 

sample loop (R . F . DeDombal , per s . comm . ) . 
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APPENDIX 2 

PROGRAMS FOR SPONTANEOUS STRAIN CALCULATION 

A2.1 'STRAINS' 

The listing of the pascal program 'STRAINS ', developed for 

the calculation of spontaneous strain in triclinic feldspars, 

follows: 

PROGRAM strains(input,infile,output,outfile); 

CONST 

VAR 

pi=3 , 1415927; 

111 ,122,133,112,113,123,a,b,c,aO,bO,cO 
alpha,betastat,gamma,alphaO,betaOstar,gammaO 
inname,outname 
inf ile, out file 
i 
title 

BEGIN 
write ln(clrhom) ; 
FOR i:=1 TO 5 DO writeln; 

real; 
real; 
string[14]; 
text; 
integer; 
string[30]; 

write (' input name of file containing cell parameters: '); 
readln(inname); writeln; 
write('output file name (LST: for printer, CON: for screen): '); 
readln(outname); 

assign (infile,inname); reset(infile); 
assign (outfile,outname); rewrite(outfile); 
FOR i:=1 TO 3 DO writeln; 

readln(infile,title); 
readln(infile,a,b,c,aO,bO , cO); 
readln(infile,alpha,betastar,gamma,alphaO,betaOstar,gammaO); 

alpha:=alpha*pi/180;betastar:=betastar*pi/180;gamma:=gamma*pi/180; 
alpha0:=alphaO*pi/180;betaOstar:=betaOst'ar*pi/180;gamma0:=gammaO*pi/180; 

111 .-
122 := 
133 : = 

112 : = 
113 : = 

123 : = 

(a*sin(gamma)/(aO*sin(gamma0))) -1; 
(b/b0)-1; 
(c*sin(alpha)*sin(betastar)/(cO*sin(alphaO)*sin(betaOstar)))-1; 
((a*cos(gamma)/(aO*sin(gammaO)))-(b*cos(gammaO)/(bO*sin(gamma0))))/2; 
((a*sin(gamma)*cos(betaOstar)/(aO*sin(gammaO)*sin(betaOstar))) 
-(c*sin(alpha)*cos(betastar)/(cO*sin(alphaO)*sin(betaOstar))))/2; 
((c*cos(alpha)/(cO*sin(alphaO)*sin(betaOstar)))+(cos(betaOstar)* 
((a*cos(gamma)/aO) - (b*cos(gammaO)/bO))/sin(betaOstar))-(b*cos(alphaO)/ 
(bO*sin(alphaO)*sin(betaOstar))))/2 ; 

179 11, 



END . 

writeln(outfile,'data generated for ',title)~writeln(outfile); 
writeln(outfile,'strain tensor : '); 
FOR i:=1 TO 3 DO writeln(outfile}; 
write ln (out file , 111 : 1 1 : 6 , 11 2 : 11 : 6 , 11 3 : 1 1 : 6 ) ; 
writeln(outfile, 1

• • ':11,122:11 :6,123:11 :6); 
writeln(outfile,' ':11 ,' 1 !11 ,133:11:6); 

close ( in file); 
close (outfile); 

A2.2 'DIAGNL' 

The pascal program 'DIAGNL', developed for the calculation of 

Eigenvalues and Eigenvectors of a general spontaneous strain 

tensor is listed below: 

PROGRAM diagnl(input,infile,output,outfile); 

CONST matmax=30; 

TYPE 

VAR 

g = 11 ; 
d =· 6; 

matdim 
xary 

1 .. matmax; 
array[matdim,matdim] of real; 

h,u 
i,j,size 
inname,outname 
infile,outfile 

xary; 
matdim; 
string[14] ; 
text; 

PROCEDURE MatrixDump(var x:xary); 

VAR i,j:matdim; 

BEGIN 
writeln(outfile); 

FOR i:=1 TO size DO 
BEGIN 
FOR j : =1 TO size DO 
write(ootfile ,x[i , j]:g:d); 
writeln(outfile); 
END; 

FOR i:=1 TO 3 DO 
writeln(outfile); 
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END ; 

PROCEDURE MatrixDiagonalization(VAR a,s:xary; n:matdim); 

VAR i,j,p,q 

BEGIN 

nu,nufinal,rho, lambda ,mu,omega,sine,cosine 
temp,temp2,co2,si2,sico,sico2,app,aqq,apq 
offdiagfound 

rho : = 1 . OE-8; 
FOR i : = 1 · TO n DO 

FOR·j:=1 TO n DO 
IF 1<>j THEN s[i,j]:=0 . 0 

ELSE s[i,j]:=1.0; 
nu:=0.0; 
FOR i:=1 TO n DO 

FOR·j:=1 TO n DO 
IF i<>j.THEN nu:=nu+sqr(a[i,j]); 

nu:=sqrt(nu); 
nufinal:=nu*rho/nu; 
REPEAT 
nu:=nu/n; 
FOR q:=2 TO n DO 

BEGIN 
p: = 1; 
REPEAT 

offdiagfound:=false; 
IF abs(a[p,q])>nu THEN 

BEGIN 
offdiagfound:=true; 
app:=a[p,p]; 
aqq:=a[q,q]; 
apq:=a[p,q]; 
lambda:=-apq; 
mu:=(app-aqq)/2; 
IF (mu=O) OR (mu<rho) THEN omega:=-1 
ELSE 

matdim; 
real; · 
real; 
boolean; 

BEGIN _ 
omega:=lambd9 /sqrt(sqr(lambda)+sqr(mu)); 
IF mu<O THEN omega:=-omega; 
END; 

sine : =omega/sqrt(2*(1+sqrt(1-sqr(omega)))); 
cosinei=sqrt(1-sqr(s1ne)); 
FOR i:=1 TO n DO -~ 

BEGIN 
temp : =a[i,p]*cosine-a[i,q]*sine; 
a[i,q]:=a[i,p]*sine+a[i,q]*cosine; 
a[i , p]:=temp; 
temp : =s[i,p]*cosine-s[i,q]*sine ; 
s[i , q]:=s[i , p]*sine+s[i , q]*cosine; 
s[i,p]:=temp; · 
END; 

co2 : =sqr(cosine); 
si2 : =sqr(sine) ; 
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sico:=sine*cosine; 
sico2:=2*sico*apq; 
a[p,p]:=app*co2+aqq*si2-sico2; 
a[q,q]:=app*si2+aqq*co2+sico2; 
a[q,p]:=(app-aqq)*sico+apq*(co2-si2); 
a[p,q]:=a[q,p]; 
FOR i:=1 TO n DO 

END; 
p:=p+1; 

BEGIN 
a[ p, i J : =a [ i, p J ; 
a[q,i]:=a[i,q]; 
END; 

UNTIL' p> ( q-1.); 
END; 

UNTIL (nu<=nufinal) AND (NOT offdiagfound); 
END; 

BEGIN 
wr iteln( clrhom); 
write('input data file name? '); 
readln ( inname); 
write('output file?(LST: for printer, CON: for screen) '); 
readln(outname); 
assign(infile,inname);reset(infile); 
assign(outfile,outname);reset(outfile); 
reactin(infile,size); 
FOR i:=1 TO size DO 

BEGIN 
FOR j:=1 TO size DO 
read(infile,h[i,j]); 
readln(infile); 
END; 

MatrixDiagonalization(h,u,size); 
writeln(outfile); 
writeln(outfile,'Matrix of eigenvalues : '); 
MatrixDump(h); 
writeln(outfile,'Matrix of eigenvectors : '); 
MatrixDump(u); 
END. 
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