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ABSTRACT 

This thesis is concerned with the application_ of very high-Q-resolution 

x-ray scattering techniques to the study of structural phase transitions in 

crystalline solids. By the use of perfect crystals to define the collimation of the 

incident and diffracted beam in a scattering experiment, a reciprocal space 

resolution of the order of 1 0-4,a -1 can be achieved. This is some two orders of 

magnitude higher resolution than is available through conventional x-ray, or 

neutron, diffraction techniques. A high-resolution x-ray spectrometer, based on 

this principle, has been constructed and the x-ray optical factors determining 

the resolution of the instrument are discussed. 

Experimental studies of structural phase transitions in three materials, 

Ag 3AsS 31 BaMnF 4 and RbCaF3, are presented. In each case, the uniquely high 

resolving power of the triple-crystal spectrometer has revealed new, and in 

some cases surprising, information on the nature of the phase transition in 

these materials. In particular, it is evident that defects, even in very low 

concentrations, play a significant role in determining the behaviour of crystals 

close to the phase transition temperature. 
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CHAPTER ONE 

Introduction 

The past decade has seen a minor renaissance in diffuse x-ray 

scattering studies of structural phase transitions (see, for instance, Moncton and 

Brown 1983). In part, the resurgence of interest was prompted by the 

emergence of reliable,. high-:-flux rotating anode x-ray sources in the mid-1970's, 

with the promise of dedicated synchrotron sources to follow in the 1980's. Each 

advance has permitted the study of progressively weaker and more subtle 

structural properties in systems as diverse as 2-d melting transitions in 

liquid-crystals (Brinkman, Fisher and Moncton 1982), charge-density-wave 

conductors (Flemi~g, Moncton, Axe and Brown 1984) and the topography of 

single-crystal surfaces (Andrews and Cowley 1985). 

A further, and very important, impetus to the development of 

high-resolution x-ray scattering was the remarkable advance in the theory of 

critical phenomena which took place in the late 1960's, culminating in the 

concepts of Universality, Scaling and the Renormalisation Group (Wilson 1971). 

Classical theories predict that, close to a phase transition, certain 

physical properties of the system should vary with a temperature dependence 

described by a simple power law. For instance, the quantity by which the 

structure of the low temperature phase differs from that of the high 

temperature phase is known as the 'order parameter' of the low temperature 

phase. Landau theory predicts that this should vary as 

where c is some constant and 8, the 'critical exponent' of the order 

parameter is predicted to be 8=0.5. Similarly, critical exponents can be assigned 

to a number of other physical properties of the system above and below T c' 

Landau theory attributes a universal quality to all phase transitions, in all 

materials and at all temperatures. In other words, for any system, identify the 

order parameter and it should always be found to vary as (T c - T}O's. 

In practice, however, a bewildering array of measured critical exponents 
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were found but, curiously, a pattern emerged amongst apparently dissimilar 

systems (Fisher 1968). 

The somewhat confusing situation existing in phase transition research 

in the early 1970's was, to a large extent, clarified by the emergence of the new 

theoretical descriptions, linking the critical behaviour to the dimensionality of 

the system and the number of degrees of freedom of the order parameter. The 

theoretical groundwork was laid for Physicists to calculate critical exponents in 

an enormous variety of systems. 

X-ray scattering, by dint of the inherent summation over all phonon 

frequencies in the measured quantity S(a), is uniquely capable of measuring two 

quantities in the spectrum of scattered radiation from a crystal in the region of 

a structural phase transition. These are the static correlation length and the 

static susceptibility, and the temperature dependence of these quantities, 

described by the critical exponents v and y respectively. Both v and y can be 

predicted from renormalisation group theory and x-ray scattering provides a 

sensitive test of theoretical predictions. 

An accurate measurement of v and y is however, far from simple, 

demanding very high wavevector and temperature resolution combined with a 

very weak scattering Signal fr~m the sample. The modern generation of 

high-a-resolution triple-crystal x-ray spectrometers mounted on high-intensity 

sources are ideally suited to this task. 

In 1979, the department of PhYSics, Edinburgh University, was awarded 

a grant by the Science and Engineering Research Council to construct a 

triple-crystal x-ray spectrometer on a rotating anode x-ray source, the first 

such instrument to be constructed in the U.K. The component parts of the 

instrument were delivered to Edinburgh in 1980 and the instrument was 

commissioned in 1981. This thesis describes part of the author's scientific 

involvement in the development, understanding and use of the instrument. 

The thesis is organised as follows. 

Chapter 2 is concerned with the theory of x-ray and neutron scattering 

from crystalline solids and the compl.ementary information available from each 

technique. It concludes with a brief review of current theories of structural 

phase transitions. In chapter 3, a comprehensive review of recent developments 

in the field of high-a-resolution x-ray scattering studies of structural phase 
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transitions is presented 

The remaining chapters, 4 to 8, describe the author's main scientific 

contributions to the experimental study of structural phase transitions using this 

technique and the thesis is concluded with a collection of the author's 

published work to date. 

Chapter 4 discusses, at some length, the instrumental resolution. The 

approach adopted is designed to describe the role of each of the individual 

x-ray optical elements in a triple-crystal x-ray spectrometer in determining the 

instrumental resolution. With this knowlege, the experimenter can 'tailor' the 

resolution, by appropriate choice of x-ray optics or scattering geometry, to 

suit a particular measurement. 

The experimental measurements, presented in chapters 5 to 8, 

concentrate on three materials, Ag 3AsS 3 (Proustite), BaMnF4 and RbCaF3. 

Although the preceding introductory paragraphs emphasised the importance of 

the x-ray scattering technique in measurements of the static critical exponents 

S,\) and y, the experimental works discussed in this thesis are primarily 

concerned with exploiting the uniquely high Q-resolution of the instrument to 

study the subtle lattice distortions or departures from commensurability which 

can occur as the symmetry of the prototype phase is reduced at T c. Many of 

the results contained in this thesis are simply not accessible through any other 

experimental technique. 

Proustite has recently attracted considerable attention because of its 
\ 

potential application in the fields of non-linear optics and acousto-electronics 

(O'Hara et al 1982). It is also of interest as one of the reaction products in the 

photodissolution reaction of the chalcogenide glass As 2S3 and silver (Ag). This 

has potential applications as a resist for sub-micron photolithography. Proustite 

was known to undergo a series of structural phase transitions at low 

temperatures. Despite considerable experimental effort (reviewed by Ewen 1983) 

the nature of, and even the existence of, the low temperature phases remained 

unclear. A neutron scattering study (Nelmes et al 1984 and appendix 1) revealed 

a modulated phase between -- 61 K and - 27K. Chapter 4 describes a subsequent 

x-ray scattering study which confirmed the modulated structure below - 61 K 

and revealed a new, incommensurate phase below -49K. 

BaMnF4, on the other hand, is an intensively studied and well 

characterised material which undergoes a second-order phase transition to an 
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incommensurably modulated phase at T c= - 247K (Scott 1979(review), Cox et al 

1979, Cox et al 1983 and appendix 1). Chapters 6 and 7 describe an 

experimental study of the phase transition in BaMnF41 originally conceived to 

confirm the monoclinic symmetry of the low-temperature phase, to measure the 

monoclinic distortion angle and the critical exponents 6, \) and y. In fact, the 

experiment developed into a study of the role of defects and revealed 

remarkable, and unexpected, similarities between the 'defect-influenced' 

behaviour of ttds structurally incommensurate material and the, much studied, 

dilute site-random magnetic Ising systems (Cowley et al 1984, Birgeneau 1985). 

The final material to be examined, RbCaF3, is structurally isomorph~us 

with SrTi03 and so is of experimental interest as one of the simplest 

conceivable examples of a unit-cell doubling, displacive structural phase 

transition. The experiment has revealed a wealth of new information on the 

nature of the phase transition but, of particular interest, is the observation of 

large (circa. 2000.a) pre-cursor clusters of the low-temperature phase above T c. 

The occurence of these clusters is related to the defect concentration of the 

sample crystal and their effect on experimental measurements of critical 

phenomena near T c is profound. Once again, the defect infJuenced behaviour 

closely resembled the magnetic Ising systems and, of course, the behaviour of 

BaMnF4· 

Significantly, this 'defect-influenced' behaviour is observed in sample 

crystals which, by any normal experimental standards, would be described as 

'perfect'! 
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CHAPTER TWO 

X-rays, Neutrons and Structural Phase Transitions. 

The quantity directly measured in a scattering experiment is the partial 

differential cross section 

cLfJ.(l 
• 

d..n..cLE' 
(1) 

which describes the fraction of incident particles (of energy E) 

scattered into a volume element of solid angle dQ with an energy E' between E' 

and dE'. 

An integration over energy gives the differential cross section 

~ ~ i oD

( fJl:E) JE I (2) 

Van Hove( 1954) showed that within the first Born approximation (i.e. 

that, in the scattering process, the perturbation on the incident wave is small) 

the partial differential cross section for the scattering of an incident plane wave 

with wave-vector lea and energy E into a plane wave with wave-vector k and 

energy E' by a monatomic system can be written 

l5.e ~t l rJ<n.ILbL Cttp (l(~.[(l\)lm>( ~ (tlwtE ... -En) (3) 
- "tn J... 

Where m and n are the initial and final states of the system, Pm is the· 

probability distribution of the initial states of the system, b describes the 

interaction between the incident particles and the atoms comprising the system, 

the sum in I is over all of the atoms in the system and the 0 function describes 

the energy distribution of the scattered particles. 

For neutrons, the interaction is described in terms of a scattering 

length, b(I), which is a rather difficult to calculate property of the nucleus and 

for x-rays a form factor, f(I), directly related to the number of electrons in the 

atom. 

In the neutron case, there is an inherent randomness in b(l) which 

depends upon isotope and nuclear spin distribution. This randomness gives rise 
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to, so. called, incoherent scattering. It is possible to separate (3) into coherent 

and incoherent parts by separating the coherent and incoherent scattering 

lengths 

be = 

b~ = I (5) 

and the coherent and incoherent scattering cross sections become 

= t 6: 1!",I<r-. ~ e. {,q.tGLI)!m >/ ~ (t\w 1- ElY\. -E ~) (6) 

-::. Is b J P"" ~ kFl.I e.(~I!.[(t))JIY\ >/ ~ (1uAJ tE ..... - E ... ) 
~o ,,~ L 

(7) 

We are interested only in the coherent part of the total scattering 

cross section. For neutrons, the incoherent scattering results in an essentially 

uniform background. For x-rays there are no significant isotope or spin effects 

and consequently no incoherent scattering. 

Eqn.(6) can be re-written 

k - --- (8) 

The quantity S(Uw) is known as the Van Hove scattering function and it 

depends only upon the positions and motions of the atoms within the scattering 

medium. The information describing the actual interaction of the incident 

photons or neutrons and the atoms of the system is contained in the first part 

of eqn(8), i.e. outside the scattering function. In other words, the quantity S(Uw) 

is an intrinsic property of the scattering system and is independent of the probe 

used to examine it. 

For x-rays, eqn(8) can be re-written 

/ l \-Z. " ~ 
\~l.! ((o~) jf(q)/ S(Q)w) (9) 

Where e2/mc 2 is a constant and the symbols have their usual 

meanings. (r;or;s) is a polarisation factor and f(Q) is the atomic form factor. 

The quantity S(Uw) in the x-ray case is identical to S(Uw) in the 

neutron case - the formulae for the differential cross sections differ only in the 

preceding group of constants. 
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BRAGG SCATTERING 

In the case of Bragg scattering the scattering is totally elastic and 

there is no interchange of energy between the scattered particle and the 

sample. The quantity measured is, therefore 5(0.0) and eqn(9) reduces to 

~~ =£,,(~o ~Jlf{g)rll/iG.t(L1~ (10) 

(once again, this is for a monatomic crystal). 

For a crystal composed of N unit cells with n atoms per unit cell we 

replace the form factor f(O) by a structure factor F(O) where 

F (G) :: t feb) e (i~.c(I,») (' , ) 
and each atom is at a site r(I)+r(b) where (I) denotes the cell site and 

(b) denotes the atom within the cell. 

The formula for the differential cross section can be written 

12 e. (~fJ·[(J.))1 "-
J-

constant structure factor cell factor 

The cell factor can be written in the form 

(i~ .r{).)) _ (~~, «(Q _ e.) 
e. - ... r- L 1> - -

'v 0 e. 

('2) 

( 13) 

where Vo is the volume of the "nit- c.ell and G is a reciprocal lattice 

vector. 

The condition O=G is the Bragg condition and d a/dQ is only non zero 

when this condition is satisfied. The Bragg condition provides a direct 

determination of the crystal symmetry and of the lattice constants. The 

magnitude of da/dQ is related to the structure factor F(O) (or more correctly to 

1 F(Q) 12 and, thereby, to r(b), the positions of atoms within the cell, and f(b), 

their form factors. 

Eqn( 12), therefore, forms the basis of structural crystallography. 

In a real crystal, the atoms are not fixed at their lattice sites but 
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vibrate thermally. To accomodate the effect of this vibration, an 

is introduced. The form factor, f(b), must be replaced by 

additional factor 

! (b,Q) :: fCb) e.(-w(b,9)) 
( 14) 

where 

LV (~)q):: -h L <1:2. (q. Ibdlb))" ') 
l

( 15) 

and or{lb) labels the displacement of the bth atom in the Ith unit cell 

and N is the number of unit cells. 

The factor e -w is known as the Oebye-Waller factor. 

ONE PHONON SCATTERING 

The above section considered the case of Bragg scattering and showed 

that this, elastic scattering, was concentrated at reciprocal lattice points but 

its intensity could be reduced by the effect of lattice vibrations (the 

Oebye-Waller factor). 

The atomic displacements also result in coherently scattered x-ray (or 

neutron) waves and, as shown by Cochran (1963), the cross section for 

scattering from a lattice vibration mode can be written 

J \ \ I (L(~?t-). r{b))}l ~ (fYloJej ~ (' N'l/i ~ h(~+~ ~~) U (I.,q) (g. !J)(b~)) L. ~ - - ( 16) 

and the intensity from this wave appears at the point G=O+q 

The expression can be re-written in terms of the energy Ej{q) of the 

mode 

4!: - tV; Ej{~) 

d.1l IW\. W) 2. (~) 
2 Q'lIF;{q)11~{qt~_Q-) 
C-

( 17) 

The quantity Fj(O) is known as the structure factor of the mode, in 

analogy with F(O), the structure factor for Bragg scattering. 

Summing over all modes with wave-vector q we find 

J~ - -J.11.. -
( 18) 

and this, of course, is the differential cross section measured in an 
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x-ray scattering experiment. 

Eqn(11) results in a 0 function in reciprocal space. A group of adjacent 

modes will, however, produce a continuous distribution of scattering in 

reciprocal space, and hence the term, diffuse scattering. It is important to note 

that this scattering is entirely due to modes of low frequency. Close to a 

second-order phase transition one of the modes, j, goes soft and its 

frequency tends towards zero. As it does so, its contribution to Eqn( 1 8) totally 

dominates the scattering spectrum and produces the phenomenon of critical 

scattering. Cochran (1969) examined the relationship between the scattering 

cross section and the properties of ferro- and anti-ferroelectric 

crystals in the region of a structural phase transition. The stca.ti c. 

susceptibility, X, measures the response of the crystal to some externally 

applied mecho..nltal field. In the case of a lattice vibration mode the field, 

E=E'exp(iKr), varies in time with the frequency, w, of the vibration mode. 

The analysis demonstrated that 

)( (q) oC (19) 

... 
and so the differential scattering cross section is a direct measurement 

of the static, wave-vector-dependent susceptibility of the system. 

PROPERTIES OF S(Q,wf 

S(Q,w), the' Van-Hove scattering function, is the quantity actually 

measured in a scattering experiment. (Once all of the appropriate corrections 

have been made for instrumental resolution, background, form factors, 

scattering length, polarisation etc.) It is entirely a property of the system 

undergoing investigation in the scattering experiment. 

S(Q,w) is the fourier transform with respect to both lattice and time of 

the time-dependent pair-correlation function G(r,t) 

f
r (iG.,...-wt) J d S (q )W):: J (J. ([, t) e. - - (At: t (20) 

Whereas S(Q,w) is a Fourier space quantity, G(r,t) is a direct space 

quantity and it contains information on the spatial and temporal relationships 

which exist between atoms within a sample. 
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What is the physical interpretation of G(r,t)? 

If we take a system, a crystal perhaps, in a state of thermal 

equilibrium, and locate the exact position of an atom at a time to, G{r,t) tells us 

the probability of finding another atom, at some distance r from the original 

position of the first atom, at a time t later. In other words, if the atoms in the 

crystal are thermally excited and the displacements of the atoms from their 

mean lattice sites are described by plane waves propagating through the crystal 

(phonons), G(r,t) tells us about the direction and frequency of those waves. 

It is possible to make other types of measurements. For instance, we 

have already discussed the case 5(0.0), or elastic Bragg scattering, when the 

atoms are fixed at their lattice sites and there is no interchange of energy 

between the scattered particle and the scattering system. In this case, the 

Fourier transform of 5(0.0) is G(r,oo) and this is the well known Patterson 

function or infinite time pair-correlation function. G(r,oo) tells us about the 

relative positions of pairs of atoms within the unit cell and is of enormous 

importance in the early stages of a crystallographic structural determination. 

A further possibility is to measure 5(o.w) at a fixed 0 but to sum over 

all OJ and thereby measure 5(0). 
cO 

Seq) :: S seq )w) cluJ 
_cO 

This is equivalent to measuring the differential cross section 
00 2-

S 
d. cr- dE 
Jlt dE. 

-00 

do--
cL..fL 

The Fourier transform of 5(0) is G(r,O). 

(21) 

(22) 

G(r,O) is the instantaneous pair-correlation function and it tells us the 

probability, at any instant in time, of finding another atom at a distance r from 

our original atom. It measures, therefore, the range within the crystal lattice 

over which the motions of individual atoms remain correl ated. 

In principle, it is possible to measure all three of the above quantities, 

5(o.OJ), 5(Q) and 5(0.0), by neutron scattering. By definition, thermal neutrons 

have energies very similar to the energies of lattice vibration phonons and, by a 

happy coincidence, the wavelength of a thermal neutron is similar to the 

interatomic spacings within a solid and neutrons are, therefore, diffracted by 

crystalline solids. The techniques to carry out energy analysiS of scattered 
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neutrons at a fixed wave-vector transfer, and thereby measure S(o.w) are highly 

developed. 

S(o.O), or elastic Bragg scattering, can readily be measured by 

neutron or X-ray scattering techniques. The choice depends upon the nature of 

the sample, the nature of the structural information which the experimentalist 

wishes to extract from the measurement and the relative availability of neutron 

and x-ray scattering instruments. It is possible to measure S(O) using neutrons 

but the experimental integration over w at fixed 0 is both difficult and 

unreliable. In contrast, by dint of the enormous difference between the energy 

of an x-ray photon (- 8KeV) and a lattice phonon (- several meV), the energy 

exchanged in an inelastic collision is negligible. X-ray scattering performs the 

integration over w automatically. Also, by virtue of the much higher flux 

available from an x-ray source in comparison with a neutron source, x-rays 

permit a direct measurement of S(O) with much higher 0 resolution than is 

possible with neutrons. 

All three properties, S(o.w), S(o.O) and S(O), are of fundamental 

importance in understanding the static and dynamic behaviour of crystalline 

solids. S(o.O) because it examines the structure of the crystal, S(o.w) because it 

examines the lattice dynamics of the crystal and S(O) because modern theories 

of structural phase transitions predict how the quantities measured by S(O) vary 

in the region of a second-order structural phase transition. 

STRUCTURAL PHASE TRANSITIONS. 

The classical picture of a displacive structural phase transition in a 

crystalline solid is encapsulated in the 'soft-mode' concept, proposed by 

Cochran in 1960. A displacive transition is one from one (ordered) crystal to 

another (ordered) crystal structure of lower symmetry. At T C' the phase 

transition temperature, the atoms of the higher symmetry phase move, relative 

to each other, by a small amount. The amount by which the lower symmetry 

phase differs from the higher symmetry phase is known as the 'order parameter' 

of the lower symmetry phase. If the displacement is continuous as the 

temperature is lowered through T c the transition is of second-order but if there 

is a discontinuity in the displacement (and, therefore, the order parameter) the 

transition is of first-order. 
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The 'soft-mode' picture considers the normal modes of vibration of the 

crystal lattice in the high-temperature high-symmetry phase. As Tc is 

approached from above, one of the vibrational modes becomes unstable, i.e. the 

phonon frequency tends towards zero, and, at T C' the pOSitional fluctuations 

associated with the mode 'freeze out' into the static displacements of the 

low-temperature structure. 

The location of the soft mode within the first Brillovin zone of the 

prototype, high-temperature phase can be described by the total momentum 

transfer 

Q=G+q (23) 

where G is a reciprocal lattice vector. If q=O, the condensation of the 

soft-mode takes place at the centre of the Brillolli" zone and the wavelength of 

the soft-mode is very long, leading to an identical displacement of the atoms in 

adjacent unit cells. If the concomitant reduction in symmetry is from a 

centrosymmetric to a non-centrosymmetric space group the transition is to a 

.ferroelectric phase and the crystal will develop a spontaneous polarisation 

along one direction, the polar axis. The order parameter of the low-temperature, 

ferroelectric phase can be obtained from measurements of the spontaneous 

polarisation or from scattering measurements. 

If q=O.S, the soft mode condenses at the boundary of the Brillouin zone, I 

The wavelength of the soft-mode is very short, two unit cells, and this 

corresponds to oppositely directed displacements of the atoms in adjacent unit 

cells with a resultant doubling of the lattice repeat distance and the appearance 

of new Bragg reflections in reciprocal space. In this case, the transition is said 

to be to an anti-ferroelectric phase and no spontaneous polarisation develops. 

The intensity of the new Bragg reflections is directly related to the atomic 

displacements and so provides a measure of the order parameter. 

Within the last ten years, new families of materials have been 

discovered in which the soft-mode condenses at an apparently arbitrary 

pOSition within the Brillouin zone. i.e. q= ~ , where ~ is not a rational fraction. In 

this case, the wavelength of the soft mode, or the frozen-in distortion of the 

low-temperature phase, is not a rational multiple of the high-symmetry phase 

lattice repeat distance and so, in adjacent unit cells, the atoms are displaced 

from their mean positions by different amounts. In effect, translational 

periodicity, one of the fundamental features of the crystalline state, has been 
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lost in at least one direction within the crystal lattice. These materials, which 

are described as being incommensurate, or more correctly incommensurably 

modulated, are of considerable current experimental and theoretical interest. 

Current theoretical models of structural phase transitions predict that 

the temperature dependence of certain physical properties of the system can be 

described by a simple power law behaviour. For instance the order parameter of 

the low temperature phase is expected to follow the relationship 

Q = (Tc - T)S (24) 

where S is the critical exponent of the order parameter. In classical 

theories, the exponent S = 0.5, but in real systems it can vary quite significantly. 

Two other critical properties can be measured by scattering techniques, 

the static. susceptibility (X) and the correlation length (E;) of the system. Both 

quantities are obtained from a measurement of S(Q) and so, although both can 

be measured by the use of inelastic neutron scattering, the most direct and 

accurate method of measurement is x-ray scattering. 

Once again, these quantities are described by simple power-law 

relationships. 

X = C (T - T c) - y (25) 

and 

E; = A (T - T c) - \) (26) 

where classical theories predict values of y = 1.0 and \) = 0.5. as in the 

case of the order parameter exponent S, the values of y and \) vary 

considerably in practice. 

By the 1960's critical exponents had been measured at a large variety 

of phase transitions - both structural and magnetic as well as systems as 

diverse as water and superfluid 4He - and it had become apparent that the 

classical theories were quite inadequate. Furthermore, experimental evidence 

suggested that, in materials which were superficially quite dissimilar, the 

measured critical exponents could be remarkably similar (Fisher 1968). In fact 

the connection turned out to be in the spatial dimensionality of the system and 

the number of components of the order parameter. Materials with the same 
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critical dimensionality and the same number of components in their order 

parameter are said to belong to the same 'Universality Class', (Griffiths 1970), 

and exhibit similar critical exponents. For example, a ferromagnet is a 

3-dimensional system which can be magnetised in anyone of the 3 spatial 

dimensions and has, therefore, a 3-component order parameter. i.e. It is a d=3, 

n=3 system. A fluid, however, is a 3-dimensional system which, because it is 

isotropic, has only a one component order parameter. i.e. It is a d=3, n=1 

system. 

Universality brought some semblance of order to the plethora of 

measured exponents and the contemporary concept of scaling showed that 

certain fixed relationships existed between critical exponents but it was the 

development of Renormalisation Group Theory, in the early 1970's (Wilson 1971) 

which, at last, allowed a quantitative prediction of critical exponents to be made. 

In particular, for structural phase t,ransitions, the theory predicts the 

exponents y, v and S, and these are accesible through x-ray scattering 

measurements. 

As discussed above, the static susceptibility is derived from 

measurements of the temperature dependence of the intensity of the scattering 

at some value of q, whilst the correlation length is derived from measurements 

of its wave-vector width. In a second order transition, both quantities diverge 

very rapidly as T c is approached. In other words the peak intensity increases 

very rapidly whilst the wave-vector width decreases very rapidly. To make 

sensible measurements of 5(Q), and thereby y and v, in the temperature range 

close to T C' very high wave-vector and temperature resolution are demanded. 

The modern generation of triple-crystal x-ray spectrometers are uniquely able 

to satisfy those demands. 
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CHAPTER THREE 

A Review of Recent Developments 
In High-Q-Resolution X-Ray Scattering. 

1) INTRODUCTION 

In their seminal paper on high-Q-resolution x-ray scattering 

Eisenberger, Alexandropolous and Platzman (1972), working at Bell Laboratories, 

demonstrated the ability of a triple-crystal x-ray spectrometer to probe the 

reciprocal space of a sample crystal with a momentum resolution as small as 

10-4.8.- 1
. This represented a very significant technical advance with profound 

implications for the study of static and dynamic departures from perfection in 

crystalline systems. Such static phenomena (e.g. dislocations, defects, grain 

boundaries, inhomogeneities) or dynamic phenomena (e.g. phonons) give rise to 

extended, diffuse scattering in the sample reciprocal space. Previously, x-ray 

and neutron scattering investigations of diffuse scattering had been limited to 

resolutions of approximately 1 0-2A -1, corresponding to correlation lengths of a 

few hundreds of Angstroms. The enormously improved resolution of the 

triple-crystal x-ray spectrometer permitted the detailed study of features with 

correlation lengths of many thousands. of Angstroms, thus opening up new 

areas of Physics to experimental study. 

Although, in the case of x-rays, the optical techniques necessary to 

obtain the very highest-Q-resolution had been understood since the earliest 

days of x-'ray scattering (Darwin 1914) and by the 1930's those techniques had 

been raised to a fine art in the pioneering work of J.W.DuMond (1937) and 

Allison and Williams (1930) the techniques were not applied to the study of 

diffuse scattering for four decades. This was partly due to the lack of 

sufficiently intense sources and partly because early experimental attention was 

focussed on measurement of the widths of Bragg reflections (rocking curves) in 

an effort to examine crystal perfection or on measurements of the characteristic 

x-ray wavelengths and lineshapes. For a review of the latter see Merril and 

DuMond (1961). 

In the late 1950's and 1960's interest in the information available from 
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Figure 3.1 - The essential elements of a triple-crystal x-ray spectrometer. 
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diffuse x-ray and neutron scattering grew with the rising interest in radiation 

damage in metals and the lattice dynamics and structural phase transitions in 

crystalline solids. 

A considerable amount of work was carried out with low-Q-resolution 

x-ray scattering techniques but it was expected that the extensive background 

produced by elastic Bragg scattering, i.e. the characteristic tails of the so-called 

Darwin profile o~ a Bragg reflection from a perfect crystal, would effectively 

obscure any inelastic thermal diffuse scattering (TDSl or elastic scattering from 

defects (Huang scattering - HDS) and make measurements at small q (i.e. < 
1 0-2A -1) impossible. . ...-/ 

The breakthrough in high-Q-resolution x-ray scattering studies 

heralded by Eisenberger et al. was the realisation that the elastic scattering 

forming the 'tails' of a Bragg reflection from a perfect crystal is not isotropically 

distributed in reciprocal space around the reciprocal lattice point but is localised 

into a well defined streak. In a triple-crystal x-ray spectrometer the elastic 

scattering tails associated with perfect monochromator and analyser crystals 

similarly form well-defined localised streaks in the sample reciprocal space. In 

contrast, because there are phonons (or in the case of HDS - defects) in all 

directions and of all wavelengths within the sample crystal, the diffuse 

scattering is distributed more or less isotropically around reciprocal lattice 

points. By an appropriate choice of scattering geometry the monochromator, 

analyser and sample streaks can be arranged to lie in such a way as to allow 

measurement of diffuse scattering to be made at positions very close to Bragg 

peaks (Le. at q approaching 1 0-4A -1). 

For a complete discussion of the reciprocal space resolution of a 

triple-crystal x-ray spectrometer the reader is referred to chapter four of this 

thesis. 

Figure(3.1) shows the essential elements of a triple-crystal x-ray 

spectrometer. It comprises an x-ray source followed by a monochromator 

crystal producing a primary beam with some wave-vector spread defined by the 

characteristics of source and monochromator. The sample crystal is mounted on 

a rotation axis, conventionally called Psi('i') whilst an analyser crystal and 

detector are mounted on a second rotation axes, conventionally called Phi(~), 

concentric with 'i'. 'i' and ~ are the two experimental variables and normally 

must have setting accuracies better than 0.00' o. 
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Figure 3.2 - An iso-intensity contour plot of the x-ray scattering in the vicinity of a 

typical Bragg reflection, recorded using the Edinburgh triple-crystal x-ray 

spectrometer. 
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The iso-intensity plot of Fig(3.2) shows the distribution of x-ray 

scattering in the vicinity of a typical Bragg reflection. This measurement was 

recorded using the Edinburgh triple-crystal spectrometer with CUKCL1 x-rays 

from a rotating anode source and flat Si(111) monochromator and analyser 

crystals. The sample crystal was KH 2P04 and the measurement shows the (400) 

reciprocal lattice point (0 s=24°). The measurement was made in Bragg 

geometry, in reflection from an extended face sample crystal. The contours are 

arranged on a quasi-logarithmic scale, 0.1 % to 1 %, 1 % to 10% and 10% to 

100%. Three streaks are clearly visible, corresponding to elastic scattering tails 

from the monochromator and analyser crystals and a superposition of the 

elastic scattering tail from the sample crystal and spectral "dispersion. TDS is 

clearly visible as an isotropic bulge centered on q=O. Note that the streaks are 

only in evidence at the 1 % level. 

The instrumental resolution element is conventionally thought of as 

that volume of reciprocal space enclosed by the 50% intensity contour level. It 

is possible to both calculate (Pynn, Fujii and Shirane 1983, This work Chapter 

four) and empirically measure this quantity which, in general, is an ellipse with 

its axes directed parallel and perpendicular to the momentum transfer, 0. In the 

example shown the resolution is 1.8x10-4,a-1 perpendicular to Q and 7x10-4,a-1 

parallel to 0. 

The intensity distributions along section AA' - a '1' scan through the 

Bragg peak - and BS' - a ~ scan with '1' offset by some 0.03 0 from the Bragg 

peak - are shown in Figures(3.3) and (3.4), respectively. Figure(3.3) illustrates the 

remarkable Q resolution of the triple-crystal technique; and the equally 

remarkable quality of the sample crystal. The full width at half height of the 

Bragg peak is some 0.0025°, corresponding to a Q resolution of 1.8x10-4A- 1
. 

Figure(3.4) is very similar to Figure(2) of Eisenberger et al( 1972) and shows the 

broad, diffuse scattering peak and the considerably sharper monochromator and 

sample (or Ll.A) peaks. Eisenberger et al pointed out the possibility of eliminating 

the monochromator and analyser streaks by the use of monolithic, channel-cut 

crystals, as described by Bonse and Hart (1965). By using a three reflection 

channel-cut crystal the q-2 dependence of the streaks from a single reflection 

crystal can be reduced to q-6 with only a , 5% loss in peak intensity. 

Dramatic improvements in resolution (in this case from 1 O-z,a -1 to 

1 0-4,a -1) are, of course, only won at the expense of signal in a scattering 

experiment. The emergence of a new generation of high-intenSity 
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rotating-anode x-ray sources in the mid 1970's and the promise of dedicated 

synchrotron sources by the 1980's provided the stimulus for the construction of 

a number of triple-crystal x-ray spectrometers. The combination of a 

high-intensity source and a triple-crystal spectrometer operating in a 

low-Q-resolution mode provides, of course, an unprecedentedly powerful tool 

for the study of weak scattering effects. 

In the eight years since the first of these instruments became 

operational the technique has made a significant impact in several areas of 

research. In the field of structural phase transitions a number of groups have 

been active in examining the establishment of order in two-dimensional 

structures. The attraction of studying two-dimensional melting is that, in 

contrast to the three-dimensional case, current theories predict that the 

transition should be of second-order. In the mid 1970's these theoretical 

predictions were entirely untested. High-Q-resolution x-ray scattering is an 

ideal tool with which to examine this problem. Research groups centred on Bell 

Laboratories and M.I.T. have concentrated on phase transitions in 

low-dimensional structures such as physisorbed monolayers, liquid crystals and 

graphite intercalates. At Riso, in Denmark, similar work has been carried out on 

liquid crystals and physisorbed monolayers and the technique has been 

developed to examine the structure of liquid crystal surfaces. 

Meanwhile, in Edinburgh, a more traditional approach has been adopted 

and the technique has been used to study critical phenomena in a variety of 

zone-centre, zone-boundary and incommensurate phase transitions in bulk, 

crystalline solids such as KH 2P04, SrTi03, and BaMnF4, with a growing emphasis 

on the role of of competing interactions and defects. 

At Bell Laboratories the incommensurate-commensurate phase 

transitions in the charge-density-wave conductors 2H-TaSe2 and NbSe3 have 

also been studied. 

Outside the field of phase transitions, the technique has been applied 

by groups in Japan, USSR and E.Germany to the study of process induced 

defects in semiconductor crystals and, by the Edinburgh group, to examine the 

topography of crystal surfaces and the structure of internal interfaces. 

These applications will be discussed in detail in section 2. 

In a remarkable development of the triple-crystal x-ray spectrometer 
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technique, onc'e again conceived at Bell Laboratories, Marra, Eisenberger and 

Cho (1979) demonstrated that at glancing angles of incidence, when the incident 

x-ray beam is totally externally reflected from the sample surface, conventional 

x-ray diffraction can take place within a surface layer only a few tens of 

Angstroms thick. Although several well developed techniques exist for studying 

surface structures (e.g. low energy electron diffraction (LEED), reflection high 

energy electron diffraction (RHEED) and ion scattering spectroscopy - to name 

but three) grazing incidence x-ray diffraction offers two advantages. Firstly, the 

Bragg intensities obtained are less badly affected by multiple scattering than is 
~ 

the case with the above techniques and are thus· more readily interpretable and 

secondly, the technique can be used to study the structure of buried interfaces. 

Grazing incidence x-ray diffraction has, for instance, been used to 

study the structure of the interface between epitaxially grown AI on a GaAs 

substrate (Marra, Eisenberger and Cho,1979), the Ge(OO 1) reconstructed surface 

(Eisenberger and Marra, 1981), Pb monolayers on Cu( 110) (Marra, Fuoss and 

Eisenberger,1982), the Au( 11 0) reconstructed surface (Robinson,1983) and most 

recently, the structure of the InSb(111)2x2 reconstructed surface (Bohr, 

Feidenhans'l, Neilsen, Toney, Johnson and Robinson,1985). It is expected that, 

over the next few years, this technique will make a significant impact on surface 

structural studies and, eventually, the study of surface structural phase 

transitions. 
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In this section we will present a brief review of some of the main 

areas of application of high-a-resolution x-ray scattering. A large number of 

workers have used lower resolution x-ray diffuse scattering techniques to study 

an enormous range of subjects. Clearly, the distinction between high- and 

low-resolution is somewhat arbitrary - to a worker using x-ray photographic 

techniques to study diffuse scattering a resolution of 1 0-2,a -1 is high - whereas, 

in terms of state of the art triple-crystal spectrometry, it is very poor resolution 

indeed! To make this review manageable it is restricted to those groups of 

workers endevouring to work at the highest attainable a resolution, -10-4,A-', 

although relevant work performed over the whole resolution range is also 

described. 

2) PHYSISORBED MONO LA VERSo 

High-a-resolution x-ray scattering techniques have been applied, with 

considerable success, to the study of phase transitions, particularly melting 

transitions, in two dimensional systems - and the changes in the nature of 

these transitions as the dimensionality increases from two to three. The rare 

gas es Ar, Kr and Xe, absorbed on a graphite substrate, provide a very good 

experimental realisation of two-dimensional solids. 

Graphite is a particularly suitable substrate material for these studies 

because of the easy availability of basal plane (000 1) faces with suitable sites 

for absorption. Furthermore, exfoliated graphite, which consists of stacks of thin 

(100 - 300A) sheets some 2000A wide with a Gaussian distribution of planar

orientations, is readily available (Union Carbide UCAR-ZYX). This material has a 

specific surface area of 1-3m2/g: the large area available for absorption 

dramatically increases the signal in a scattering experiment on absorbed 

monolayers. 

Monolayer coverages are established by first heating the substrate 

under vacuum to some 900 0 C to drive off contaminants. Once clean, the 

substrate is loaded into a sample cell, still under vacuum, attached to a 

cryostat. A controlled amount of rare gas is admitted to the sample chamber 

and, as the sample is cooled to roughly lOOK, the gas condenses on the 

substrate surface. 

The Lennard-Jones diameters of the rare gases are very similar to the 
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the evolution from a fluid phase, with a correlation length of - 20a, through a 

commensurate solid phase and an incommensurate fluid phase to a stable solid phase, 

incommensurate with the substrate. (After Specht et al. 1984) 
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separation of the minima in the potential of the graphite (000 1) substrate. In 

fact, the diameters for Ar, Kr and Xe are, respectively, some 8% less than, 

almost equal to and some 8% more than the separation of the graphite minima. 

As a function of temperature, or of pressure, the absorbed gas forms 2-D fluid, 

incommensurate solid or commensurate solid phases. X-ray scattering 

measurements are performed in transmission geometry (figure 3.5) and thus 

correlations within the plane of the graphite surface are probed. 

The first such film to be studied was submonolayer Kr on graphite 

(Horn, Birgeneau, Heiney and Hammonds, 1978) using a triple-crystal instrument 

with pyrolytic graphite monochromator and analyser crystals on a Rigaku 12KW 

rotating anode x-ray generator at M.I.T. This low-Q-resolution (- 1 0-2,A -1) 

experiment confirmed the /3 x 13 triangular krypton lattice structure, 

commensurate with the graphite substrate, and demonstrated the feasibility of 

the x-ray technique to study the melting transition. Stephens, Heiney, Birgeneau 

and Horn (1979), in a further low-Q-resolution experiment, observed a sequence 

of phase transitions from a fluid, through a commensurate solid phase to an 

incommensurate phase. 

The experiment was subsequently repeated, by Moncton, Stephens, 

Birgeneau, Horn and Brown (1981), using the Bell Laboratories triple-crystal 

spectrometer which had recently been installed at the Stanford Synchrotron 

Radiation Laboratory (SSRL). This instrument used a double Ge( 1 11) 

monochromator and a single Ge( 111} analyser crystal to give a resolution of 

3.5x10-4,&.-1 FWHH parallel to G, the scattering vector, corresponding to a 

correlation length of some 9000.&.. The' improved resolution, made possible by 

the high x-ray flux from the synchrotron source, allowed a detailed lineshape 

analysis to be carried out as the sample was cooled through the sequence of 

phase transitions. Figure (3.6) shows some typical data; in fact, obtained from a 

later study of the same system by Specht, Sutton, Birgeneau, Moncton and Horn 

( 1984). 

As the sample temperature is decreased the condensed gas layer 

evolves from a fluid phase to a 2-D solid phase characterised by a powder 

averaged, Gaussian scattering profile. The Kr atoms, in this phase, are in registry 

with the potential minima in the graphite substrate and the correlation length is 

limited only by the finite graphite crystallite size. The asymmetric profile, with 

excess scattering at larger wave-vectors, is characteristic of 2-D powders 

(Warren 1941, Kjems et al 1976) and results from a combination of the 2-D 
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nature of the Kr layers, the orientational disorder of the graphite crystallites 

about their (0001) axes and the mosaic distribution of the graphite crystallites. 

On further cooling, the Kr-Kr interaction begins to predominate over 

the Kr-C interaction and there is a phase transition to a fluid-like phase, 

incommensurate with the substrate, with no long range order. Finally, an 

incommensurate phase is established in which the scattering is described by a 

combination of Lorentzian and Lorentzian squared forms and the correlation 

length is some 300A, - much shorter than the mean substrate crystallite size 

but substantially larger than a conventional fluid. 

Monolayer films of Xe on graphite (Heiney, Birgeneau, Brown, Horn, 

Moncton and Stephens 1982: and Heiney, Stephens, Birgeneau, Horn and 

Moncton 1983) and monolayers of Ar on graphite (McTague, Als-Nielsen, Bohr 

and Nielsen 1982) have also been studied by this technique. Both Ar and Xe 

form 'free-floating' incommensurate structures and do not form the 13 x 13 

commensurate structure, stabilised by the substrate potential, which is observed 

in the Kr films. 

The detailed information provided by the high-Q-resolution x-ray 

scattering technique (and hitherto, unobtainable) has provided important insights 

into the nature of phase transitions in two dimensions. Experimental attention is 

now being focussed on absorbed monolayers of more complicated molecules 

such as methane (Kjaer, Nielsen, Bohr, Lauter and McTague 1982) or ethylene 

(Mochrie, Sutton, Birgeneau, Moncton and Horn 1984) and to coverages of more 

than one layer (Specht, Sutton, Birgeneau, Moncton and Horn 1984). 

Very recently, the technique has been developed to study the structure 

of a Kr monolayer absorbed on a single crystal graphite substrate (as opposed 

to the exfoliated graphite conventionally used) by D'Amico, Moncton, Specht, 

Birgeneau, Nagler and Horn (1984). Despite the substantial reduction in intensity, 

the authors were able to measure linewidths, in the commensurate phase, of 

0.0005'&'-', corresponding to correlation lengths of about 1 micron! Below the 

re-entrant, commensurate to incommensurate transition, the evolution from a 

hexagonal, commensurate domain structure to a weakly modulated structure, 

rotated by several degrees from the substrate lattice, was followed. An 

impressive experiment - performed on a single atomic monolayerl 
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2) LIQUID CRYSTALS. 

High-Q-resolution x-ray scattering has also been used to study the 

rich variety of structural phase transitions exhibited by liquid crystals. Broadly, 

liquid crystals can be classified as Isotropic, Nematic, Smectic and Cholestric 

(P.D.De Gennes 1974 and Figure 3.7). The Isotropic phase is a liquid in which the 

molecules are randomly oriented with no long range positional correlations. In 

the Nematic phase, the rod-like molecules are aligned parallel to one another 

and the alignment direction is known as the 'director'. This phase still lacks any 

long-range posftional order. 

The Smectic phases are characterised by the establishment of a 

one-dimensional density wave parallel to, or inclined at some small angle to, 

the director. 

The simplest Smectic phase, Smectic-A, is best described as a 

one-dimensional density wave in a three dimensional nematic fluid with the 

density wave along the director. Within the sheets, perpendicular to the director, 

the structure is liquid-like. There are several further variations on the Smectic 

phase - including the Smectic-B (or hexatic) phase in which a six-fold 

symmetry is established within the sheets. This phase is more properly 

described as a lammellar crystal with true long-range order in three dimensions. 

Of particular experimental interest is the Nematic to Smectic-A 

transition. This is thought to be one of the simplest examples of solidification in 

nature and, furthermore, the transition is almost perfectly second-order. This 

transition was first studied, using low-Q-resolution x-ray scattering techniques, 

by McMillan( 1971) and subsequently by Als-Nielsen, Birgeneau, Kaplan, Litster 

and Safinya (1977) using the M.I.T. high-Q-resolution triple-crystal 

spectrometer. The experimental configuration used in this experiment (which is 

essentially identical to that used in all subsequent work on liquid crystals) is 

shown in Fig(3.8). 

The liquid crystal was contained within a flat vessel, some 1.5mm thick, 

with Be or Kapton windows and was aligned in the Nematic phase by an applied 

magnetic field. The sample vessel was contained within a temperature 

controlled oven. 

Ge( 111) monochromator and analyser crystals were used to collimate 
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the incident and scattered beams, providing a resolution of -4x10-4~-1 in the 

direction of momentum transfer (normal to the Smectic layers) and a remarkable 

2x10-s,a-1 in the perpendicular direction. 

The Smectic ordering manifests itself as a peak centred at (0,0,0a) 

where Oa ::= 0.2$.-1, depending on the particular sample under examination. The 

critical scattering, close to T c in the Nematic phase, is ellipsoidal in shape and 

the ratio of the width in the qpr direction to the qpl direction is roughly 6: 1. 

Longitudinal (qplY and transverse (qpr) scans are measured as a function of 

temperature. The line widths narrow and the peak height grows as Tc is 

approached and so the temperature. dependence of the longitudinal and 

transverse correlation lengths and the Smectic susceptibility can be measured 

directly. 

In this first experiment, the critical exponents y and v, describing the 
• 

divergence of the susceptibility and correlation length respectively, were 

,measured and the transition was shown to be second-order. 

In a second experiment (Als-Nielsen, Birgeneau, Kaplan, Litster and 

Safinya 1977) attention was focussed on the structure of the Smectic-A phase. 

Theory predicted that, in some low dimensional systems - such as the 

one-dimensional density wave established in the Smectic-A phase, long-range 

correlations should exist without the long-range-order characteristic of the 

three-dimensional crystalline state. Thus, instead of a Bragg peak (a 15 function 

in reciprocal space) the scattering should take the form of a cusp and in the qpl 

direction the intensity should be proportional to q-2+x whilst, in the qpr direction 

the intensity should be proportional to q-4+2x, where x is small, of the order 0.1. 

The experimental problem is to distinguish between this 

'Landau-Peierls' scattering profile and a true Bragg reflection in the presence of 

thermal diffuse scattering and (difficult to quantify) instrumental resolution 

effects. This experiment, in fact, failed due to an insufficiently clear 

understanding of the instrumental resolution effects. The particular experimental 

configuration employed resulted in the monochromator and analyser dynamical 

streaks (which show a q-2 intensity dependence) lying along the direction of the 

qpl scan, effectively obscuring the predicted q-2 tails of the 'Landau-Peierls' 

scattering profile. 

Subsequently, the experiment was repeated (Als-Nielsen, Litster, 

Birgeneau, Kaplan, Safinya, Lindegaard-Andersen and Mathieson 1980) using the 
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recently constructed triple-crystal spectrometer at Riso, in Denmark, with 

channel-cut, Bonse-Hart, monochromator and analyser crystals to attenuate the 

dynamical streaks by several orders of magnitude. This time, the experiment 

sucessfully confirmed the 'Landau-Peierls' structure of the Smectic-A phase; the 

first experimental observation of such behaviour in a low-dimensional system. 

Similar techniques have been applied to the study of the Nematic to 

Smectic-A transition in a large variety of liquid crystals (e.g. Davidov et al 1979, 

Safinya et al 1980, Ocko et al 1984) and the phenomenology is now reasonably 

well understood. 

To study the structure of, and the correlations within, the Smectic 

planes, a novel sample preparation technique, developed at Harvard in the late 

1970's, was adopted to obtain free-standing, liquid crystal films between two 

and several hundred molecular layers thick. This technique eliminates two 

problems associated with field-aligned samples, the influence of the sample cell 

walls and the orientational disorder about the layer normal, and also permits the 

nature of the ordering within the planes to be studied as the dimensionality of 

the system is reduced from 3 to 2. 

In the first reported x-ray scattering study of liquid crystal thin films, 

Moncton and Pindak (1979) examined the structure of a Smectic-B phase as a 

function of temperature and layer number using the Bell Laboratories 

triple-crystal spectrometer with pyrolytic graphite monochromator and analyser 

crystals. The in-plane resolution was approximately 1 0-2,a -'. The experiments 

were performed in transmission geometry with G, the scattering vector, in the 

plane of the Smectic layers. 

Within the limits of the experimental resolution, it was shown that the 

thin Smectic-B films form two-dimensional crystals and that the thick (-'00 

layers) films have conventional long-range order with the interlayer ordering 

consisting of a hexagonal close packed structure. 

Having established the crystalline nature of the Smectic-B phase in 

two-dimensions (thin films) and in three-dimensions (thick films) attention was 

then focussed on the Smectic-B to Smectic-A melting transition in films of 

varying thickness (Moncton, Pindak, Davey and Brown 1982). The two-layer film 

is believed to provide the only example of an experimentally viable, 

two-dimensional, substrate free melting transition and is, therefore, of 

considerable interest. The experiments were performed using the SSRL 
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triple-crystal spectrometer with Si( 1 11) monochromator and analyser crystals 

for high-Q-resolution studies of the solid Smectic-B phase and Graphite 

crystal~ for lower resolution studies of the Smectic-A liquid phase. 

The two-layer films were found to melt by a strongly first-order 

transition with a -1 K hysteresis, in contrast to the current theories which 

predicted a continuous two-dimensional melting. The three-layer films melted 

by two phase transitions with a remarkable, and quite unique, intermediate 

phase lacking long-range positional order but with bond-orientational order and 

with a correlation length decreasing as the temperature is lowered. The 

development· of"' intertayer ordering was studied in thin films of increasing 

thickness. 

The x-ray scattering technique has also been applied to the study of 

more exotic Smectic-B phases (Davey, Budai, Goodby, Pindak and Moncton 

1984) and to the study of surface structures in Smectic-A liquid crystals 

(Als-Nieisen and Pershan 1983). 
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4) GRAPHITE INTERCALATES. 

Just as the physisorbed monolayers and liquid crystals provide 

experimentally realisable systems for the study of melting transitions in 

two-dimensions, the graphite intercalates are ideally suited for the study of 

commensurate to incommensurate transitions in two-dimensional solids. 

Intercalants are formed by the insertion of· guest atoms or molecules 

between layers of a host material, such as graphite. (Oresselhaus and 

. Oresse1haus 1981). An enormous variety of intercalants (several hundred 

species) from alkali metals, such as Li, to compounds such as FeCI 3 and SbCl
s 

have been inserted into the graphite host lattice but, from the point of view of 

phase transition research, the most important intercalants are the halogens, in 

particular Br2' 

Br2 is introduced from the vapour in a furnace. By varying the 

conditions under which intercalation takes place it is possible to control the 

number of layers of the .host material between each of the intercalate layers, a 

phenomenon known as 'staging'. A stage one intercalation compound has 

alternating host and guest layers, whereas a stage four compound has one 

guest layer for each four host layers. Thus, the degree of interaction between 

intercalate layers can be controlled. 

Structural phase transitions within the basal-plane layers occur as a 

result of qifferential thermal expansion. Graphite exhibits almost no, in plane, 

thermal expansion whereas, the intercalate layers generally show a significant 

thermal expansion. Thus, if the intercalate atoms are, at one temperature, in 

positions commensurate with the graphite lattice as the temperature is 

increased or decreased the intercalate lattice can move out of registry with the 

host lattice, i.e. to an incommensurate phase. On further heating, some 

intercalates, including Brz, undergo a two-dimensional melting transition. 

High-Q-resolution X-ray scattering techniques are routinely used to 

determine the staging index and to study the size of intercalate domains 

(Hardcastle, Misenheimer and Zabel 1983) but the technique is also use to study 

the crystal structure of the two-dimensional intercalate layers and the dynamics 

of the two-dimensional melting transitions. (Kortan, Erbil, Birgeneau and 

Dresselhaus 1982: Erbil, Kortan, Birgeneau and Oresselhaus 1983). 
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The phase transition work was carried out using the M.I.T. 

triple-crystal spectrometer with MoKa, radiation from a 12KW rotating anode 

source. As with the physisorbed monolayers, the experiments were carried out 

in transmission geometry, using graphite platelets some 0.1 mm thick, to 

examine correlations within the intercalate layers. Low-Q-resolution studies, 

with graphite monochromator and analyser crystals, showed that the Brz 

molecules formed a 13x7 commensurate structure with the sevenfold axis 

directed along a graphite [110] direction. As the sample temperature was 

increased, thermal expansion within the Br2 layer resulted in a transition to an 

incommensurate phase. Interestingly, the Br2 superlattice remained 

commensurate with the host along the 13 direction but became 

incommensurate only along the sevenfold direction. 

Analysis of the low-resolution diffraction profiles in the 

incommensurate phase showed that the structure of the Brz superlattice could 

not be described by a uniform expansion along the sevenfold direction, rather, 

the structure was better described by a domain wall model in which locally 

commensurate regions are separated by displacement slips or 

discommensurations. Thus, a stripe domain phase is formed. 

High-Q-resolution measurements, with Ge(lll) monochromator and 

analyser crystals, were used to study the lineshapes of the diffraction peaks in 

the commensurate and incommensurate phases. In the commensurate phase, 

the Bragg peaks were found to be resolution limited Gaussians, showing that 

long-range order existed and that the domain sizes were larger than 104A (or 

one micron). 

In the incommensurate phase, the Brz intercalate layers have 

continuous, rather than discrete symmetry. In common with the other 

two-dimensional systems, physisorbed monolayers and liquid crystal Smectic 

phases, the scattering is expected to be described by a power law singularity 

rather than a 0 function (as in the Bragg case). This was indeed found to be the 

case. Figure (3.9), from Erbil et al (1983), shows the lineshape of an 

incommensurate phase peak as the sample temperature is increased. The dotted 

line shows the Gaussian, resolution limited lineshape characteristic of the 

commensurate phase and the solid line shows a power law fit to the 

experimental data. The slightly increased FWHH and greatly increased scattering 

in the wings are characteristic of systems with continuous symmetry. 
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The two-dimensional melting transition was also investigated by 

lineshape analysis, Figure (3.10). In this case the power law singularity of the 

incommensurate phase almost disappears at the melting transition, to be 

replaced by a broad Lorentzian form corresponding to an expo.nential decay of 

positional correlations in the intercalate layers, characteristic of a liquid. 

Interestingly, in the region of T m' the melting transition temperature, the 

linewidth increased rapidly and continuously but anisotropically in the directions 

corresponding to the 13 fold and sevenfold directions. At T m+0.5K, however, the 

scattering was isotropic once again. This behaviour is possibly indicative of 

some kind of intermediate, two-dimensional Smectic liquid crystal phase, a 

phenomenon predicted by theory but never experimentally realised. 
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5)STRUCTURAL PHASE TRANSITIONS IN CRYSTALLINE SOLIDS. 

JAPAN. Perhaps surprisingly, in view of the large amount of 

experimental effort applied to inelastic neutron scattering studies of structural 

phase transitions in the 1960's and 1970's, the literature contains comparatively 

few quantitative x-ray studies of critical scattering. In notable exception to this 

rule are the series of experimental studies of critical x-ray scattering in 

order-disorder ferroelectrics by the Osaka University group under Y.Yamada. 

(e.g. Yamada and Yamada 1966, Fujii and Yamada 1971, Terauchi and Yamada 

1972, Terauchi~ Takenaka and Shimaoka 1975). 

In particular, the 321 K ferroelectric phase transition in tri-glycine 

sulphate (TGS) was examined (Fujii and Yamada 1971). TGS, along with KH zP04 

and NaN02, is one of the most thoroughly studied examples of an 

order-disor~er ferroelectric (for a review, see Lines and Glass (1977), Chapter 9). 

TGS is a particularly attractive subject because it is one of the few, 

second-order zone-centre structural phase transitions. 

Using a relatively simple diffraction apparatus with a low-power 

conventional x-ray source, a LiF monochromator and slit to select CUKCl, 

radiation and a scintillation counter to detect the scattered x-rays, a number of 

text-book critical scattering measurements were carried out. Figure (3.11) shows 

the intensity distribution of the critical scattering at T c +0.1 K in the a*b* plane. 

TGS is a uniaxial ferroelectric; at T C' a spontaneous dipole moment develops 

along the monoclinic b* axis but, in the critical temperature region, the 

macroscopic electric fields associated with the development of the polarisation 

supress the ferroelectric fluctuations along the b* axis. 

This interaction results in the characteristically anisotropic critical 

scattering distribution shown in Fig(3.11). 

Figure(3.12) shows the temperature dependence of the diffuse 

scattering intensity at the point (3.04,4,0), marked 'x' on Fig(3.11). The critical 

scattering, which peaks sharply at T C' is superimposed upon a largely 

temperature independant background of incoherent (Compton) scattering and 

thermal diffuse scattering (TDS) from long wavelength acoustic modes. 

Figure(3.13) shows the intensity distribution along the section yxy' in 

Figure(3.11) at T c+0.1 K. Once again, the critical scattering is seen to be 
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superimposed on a background of TDS and Compton scattering. 

From this data it' was possible to measure the intensity divergence in 

the a* direction and thus the correlation length critical exponent, v, which was 

found to be v=0.502. Mean field theory predicts a value of v=0.5 for systems, 

such as TGS, dominated by long-range dipole forces. The correlation range, K, 

in the 'a' direction was found to extend over 24, 11 and 3 unit cells at Tc+0.2K, 

1.0K and 10K respectively. 

. BELL LABS. In the late 1970's the Bell laboratories group, initially using 

a triple-crystal instrument mounted on a rotating anode source and 

subsequently the SSRL triple-crystal spectrometer, examined the 

incommensurate charge-density wave in the transition metal chalcogenides 

2H-TaSez and NbSe3 (Fleming, Moncton and McWhan 1978, McWhan, Fleming, 

Moncton and DiSalvo 1980, Fleming, Moncton, McWhan and DiSalvo 1980, 

Fleming, Moncton, Axe and Brown 1984). In these materials, at sufficiently low 

temperatures, a periodic positional modulation of the lattice can arise as a 

result of an interaction between the lattice and the Fermi surface of the crystal. 

By exploiting the high intensity of the synchrotron source the period of 

the lattice modulation and wave-vector width of the sattelite peaks were 

measured with a Q resolution of - 10-4,& -'. 

2H-TaSez was shown to undergo a sequence of phase transitions on 

cqoling between 122K and 85K, from a normal phase, through an 

incommensurate phase to a commensurably modulated phase. The 

incommensurate phase is characterised by three wave-vectors qj=(j-a*-d) where 

a* is a reciprocal lattice vector and d is a measure of the incommensurability. 

The behaviour of the structural modulation was found to be quite different on 

warming, with the formation of an intermediate, 'stripe-domain' phase in which 

one of the modulation wave-vectors remains locked-in to the commensurate 

value of ~. 

The electrical conductivity of CDW materials is believed to be 

influenced by the presence of defects, which pin the phase of the wave. This 

pinning is expected to limit the correlation length of the wave and should result 

in a broadening of the incommensurate sattelites. The high-Q-resolution x-ray 

scattering measurements of Fleming et al (1984), however, showed that the 
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correlation length of the modulation wave wa.s maflY thousands of Angstroms in 

a sample of NbSe3 which, from the evidence of conductivity measurements, was 

expected to show significant pinning. The conclusion to be drawn from these 

experiments is that the behaviour of COW materials is considerably more subtle 

than was previously expected. 

EDINBURGH. At Edinburgh University, using a triple-crystal instrument 

mounted on a 15KW rotating-anode source, work has concentrated on three 

classes of structural P phase transitions in crystalline solids; the classic 

order-disorder ferroelectrics and the 

antiferrodistortive perovskites SrTi0 31 KMnF3 and RbCaF3 and transitions to 

incommensurably modulated phases in, for example, RbzZnCI 41 BaMnF4 and 

Ag3AsS3. To broadly summarise the conclusions of these studies before 

examining some of the work in more detail, it has become apparent that, close 

to T c' current theories fail to' predict the detailed behaviour of real systems. 

Very tiny quantities of defects or impurities can significantly alter the critical 

properties of materials in quite unexpected ways and much of the more recent 

Edinburgh work has been concerned with examining the role of defects, 

competing interactions, impurities and random fields at structural phase 

transitions. 

UNIAXIAL FERROELECTRICS. 

KDP and DKDP are uniaxial ferroelectrics with transition temperatures 

123K and 229K respectively. They display critical behaviour very similar to that 

of TGS (see 4.1). As well as containing information on the correlation range and 

static susceptibility of a system undergoing a structural phase transition, the 

critical scattering contains information on the atomic motions involved in the 

softening mode (or, in KDP and DKDP, the ferroelectric fluctuation). Inelastic 

neutron scattering measurements have been used with some sucess to 

determine the atomic motions in, for example, KTa03 (Harada, Axe and Shirane 

1970) and KDzP04 (Skalyo, Frazer and Shirane 1970) but an inconsistency 

between the ferroelectric mode motions in DKDP proposed by Skalyo et al and 

the atomic displacements of the ferroelectric phase determined by Nelmes, 

Meyer and Tibballs (1982), from high resolution elastic neutron scattering data, 

prompted a re-examination of the ferroelectric mode motions using diffuse 

x-ray scattering data (Bleif, Cowley and Nelmes 1982, Cowley, Bleif, Andrews 

and Nelmes 1983, Andrews and Cowley 1986). 
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An alternative model for the atomic motions, incorporating a local 

fluctuation of the centre of mass of the unit cell, was proposed; the resulting 

atomic motions were found to be in remarkable agreement with the thermal 

vibration amplitudes of the K, P and 0 atoms above T c deduced from , 

further elastic neutron scattering measurements by Nelmes, Kuhs, Howard, 

Tibballs and Ryan (1985). 

INCOMMENSURATES. 

Andrews and Mashiyama (1983) carried out a detailed study of critical 

scattering in Rb 2ZnCI 4, which undergoes a second-order normal to 

incommensurate phase transition at -303K and a subsequent lock-in transition 

to a commensurably modulated phase at -190K. The critical exponents y and \) 

were obtained from measurements of ,the intensity and width of the critical 

scattering above Tc=303K whilst 8, the order parameter exponent, was obtained 

from the temperature dependence of the intensity of a first-order sattelite peak 

in the incommensurate phase. The measured exponents were in good 

agreement with theoretical predictions (LeGuillou and Justin 1980). 

Subsequent attempts to 

incommensurates {N[CH3]4}2COCI4 

perform similar measurements 

(TMATC-Co for short) and 

on the 

BaMnF4 

encountered serious reproducibility problems. It became clear that in TMATC-Co 

(Fjaer, Cowley and Ryan 1985), radiation damage was induced in the sample 

throughout the course of the measurement, resulting in local pinning of the 

modulation wave at damage sites. In BaMnF4 (Ryan 1986, Ryan, Cowley and 

Andrews 1986, this thesis Ch7), differences between samples from various 

sources and, indeed, within single samples, confirmed that the behaviour of the 

system is strongly influenced by the presence of intrinsic defects. 

A detailed lineshape analysis of the incommensurate satellite 

reflections in two samples of BaMnF4, with different defect concentrations, 

revealed behavior which was remarkably similar to that seen in the site random 

Ising antiferromagnets which have attracted considerable experimental and 

theoretical interest over the past five years (Cowley et al 1984, Birgeneau et al 

1985). 

PEROVSKITES. 

The 105K second-order displacive transition in SrTi03 (Fleury et al 

1968) was thought to represent one of the simplest possible cell-doubling 
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transitions and, as such, has been the object of continued interest since the 

first (inelastic neutron scattering) observation of a zone-boundary soft-mode 

condensation (Shirane and Yamada 1969). Despite the apparent simplicity of the 

transition, subsequent experimental work posed a number of unexpected 

questions which exposed serious inadequacies in contemporary theory and 

which, to a large extent, are still unanswered. (see e.g. Bruce and Cowley 1981) 

In particular, the observation, by inelastic neutron scattering, of a 

quasi-elastic scattering peak at the zone-boundary in the cubic phase - the 

so-called 'central-peak' - was entirely unexpected (Riste et al 1971, Shapiro et 

al 1972). This feature was visible some 70K above Tc and completely dominated 

the scattering spectrum within 10K of T c' The inelastic neutron scattering 

measurements showed that the scattering was, within error, elastic and 

suggested a correlation length of the same order as that of the soft mode. 

Subsequent x-ray and Mossbauer scattering experiments (Darlington et 

al 1975, 1976) showed a very strong, quasi-elastic scattering component just 

above T c which appeared to be surface and sample history related. 

Andrews( 1986), at Edinburgh, used very high-Q-resolution x-ray 

scattering techniques to examine the wave-vector width of the 'critical' 

scattering in SrTi03 for the first time, and saw two components in the 

scattering spectrum; a broad feature corresponding to critical scattering from 

the soft mode and a very narrow, Bragg like feature superimposed upon the 

diffuse scattering. The Bragg component was first observable at - Tc+6K and 

grew rapidly in intensity as Tc was approached. Its width was resolution limited, 

corresponding to a correlation length of several thousands of Angstroms. 

Andrews extracted the correlation length exponent, 'V, from the diffuse (critical) 

scattering and also discussed the possible origins of the Bragg component, 

arriving at no firm conclusion. 

In a series of follow-up experiments, attention was turned to the 

isomorphous perovskite RbCaF3 (this thesis Ch8, Ryan, Nelmes and Gibaud 1986, 

Gibaud and Ryan 1986, Cowley, Mitchell and Gibaud 1986). Several samples 

were examined and similar features were observed although, in contrast to 

SrTi0
3
, the Bragg component was not resolution limited and its correlation 

length diverged as T c was approached. Significantly, the occurence of the Bragg 

feature appeared to be related to the sample quality, lending force to the 

conjecture that it is an extrinsic feature, caused by the presence of defects. 
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That the presence of defects should influence the critical behaviour of 

materials is not in itself surprising and is, in fact, widely appreciated. What is 

surprising is that the quality of the crystals examined in the above experiments 

was, by most normal standards, very good (i.e. rocking curve widths of the 

order of 0.010 FWHH) . 
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6) DEFECTS,SURFACES and INTERFACES. 

Although the theme of this review is to provide an overview of recent 

work in the field of high-a-resolution x-ray scattering studies of structural 

phase transitions, it is important to consider other phenomena which can give 

rise to measurable features in the scattering spectra . 

. Defects, dislocations, interstitia Is, impurities, grain boundaries, the 

surface of the crystal itself and the myriad of other imperfections which are 
~ 

inevitably present in a real crystal all result in local displacements of atoms. 

from their ideal lattice sites. The elastically scattered, diffuse x-ray scattering 

from a real crystal containing such imperfections was first considered by 

Huang( 1947) and the theory was subsequently refined by Cochran and 

Kartha( 1956). 

The Huang scattering technique is of considerable technological 

interest as it provides one of the best experimental techniques for studying, for 

example, radiation damage in metals and ionic crystals (Ehrhart and Schilling 

1973, Guerard, Grasse and Peisel 1980) or process induced defects in materials 

for semiconductor manufacture (Patel 1975, Lomov, Zaumseil and Winter 1985). 

As befits such an important subject, the literature is extensive but a good 

introduction to theory and experiment is given by Dederichs{ 1971). 

Briefly, the intensity of the Huang diffuse scattering is related to the 

number and type of defects present in the crystal and its topology is related to 

the symmetry of the displacement field around the defect. At small q the Huang 

intensity is determined by the long-range displacement field of the defects and 

varies as q-2 but, at larger q, the intensity is influenced by the heavily distorted 
-4 

regions close to the centre of the defect and falls off as q . The crossover 

from q-2 to q-4 dependence is related to the average defect, or defect cluster, 

size. 

If the defects are small, the Huang scattering can be studied by 

conventional, low-a-resolution x-ray scattering methods. In many materials of 

technological importance, however, defect clusters with dimensions of up to 1 

micron can be present. To study these the high-a-resolution of a 

perfect-crystal, triple-crystal spectrometer is required. 

lida and K.~h ra( 1979) and lida( 1979) used a triple-crystal instrument 
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with Bonse-Hart monochromator and analyser crystals in the (1,-1,1) 

configuration to study diffusion induced defects in silicon. In samples diffused 

with copper, lithium and gold it was possible to measure Huang scattering 

corresponding to defect diameters of up to one micron. 

Using a similar triple-crystal instrument, previously described by 

Zaumseil and Winter(1982), Lomov, Zaumseil amd Winter(1985), examined 

process induced defects in silicon prepared for device fabrication and, once 

again, measured defect cluster diameters of the order of one micron. 

Although, as far as the study of critical scattering at structural phase 

transitions is concerned, Huang scattering simply contributes to a temperature 

independant background effectively indistinguishable from TDS, the above 

papers are of considerable interest to the experimentalist as they represent the 

most serious attempt, to date, to exploit the suggestions of Eisenberger, 

Alexandropolous and Platzman and to measure diffuse scattering with extremely 

high wave-vector resolution at q-10-4A-l. 

Very recently, Andrews and Cowley (1985) and Robinson (in press) have 

reported the observation of extended, diffuse streaks in reciprocal space, 

perpendicular to the plane of the crystal surface. The streaks have been shown 

to arise from the abrupt termination of the crystal lattice at the surface. The q 

dependence of the intensity of the streak is strongly related to the surface 

roughness, on an atomic scale, - allowing highly sensitive surface roughness 

measurements to be made. 
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CHAPTER FOUR 

The Resolution of a Triple-Crystal 
X-Ray Spectrometer 

A thorough understanding of the optical effects determining the 

i~strumental resolution is of fundamental importance to the sucessful outcome 

of any attempt to quantitatively measure the distribution of scattered intensity 

in a neutron or x-ray diffraction experiment. As such, the subject has attracted 

considerable interest since the inception of computer controlled x-ray and 

neutron diffractometers in the mid 1950's. 

Broadly speaking, diffraction experiments, and the instruments used to 

carry out these experiments, can be split into two categories; those deSigned to 

measure the integrated intensity of Bragg reflections and those designed to 

study the distribution of diffuse scattering between the Bragg reflections. In 

each case an understanding of the instrumental resolution is required but the 

reasons for that understanding differ significantly. 

When the objective of the experiment is to measure the integrated 

intensities of Bragg reflections (e.g. for a crystallographic structural 

determination) it is important that scan widths and aperture sizes are chosen to 

be sufficiently large to allow the instrument to record all of the intenSity 

scattered by the sample crystal but, at the same time, not excessively large as 

this may result in a disproportionately high background and inefficient use of 

the instrument. The develop rnent of automatic Single-crystal four-circle 

diffractometers in the mid 1950's prompted a lively discussion of the relative 

merits and demerits of the various possible scan types and coupling ratios of 

crystal and detector rotations made possible by sophisticated computer control 

(Alexander and Smith 1962, 1964a, 1964b, Burbank 1964, Ladell and Spielberg 

1966, Werner 1972). Remarkably, in view of the superficially simple nature of the 

x-ray diffraction procedure, the controversy over scan types and aperture sizes 

has rumbled on to the present day (Mathieson 1982, 1983a, 1984,1985). 
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The contemporary discussion was stimulated, in part, by the 

development of linear position sensitive x-ray detectors (PSO). Instead of 

producing an integrated intensity as a function of a single rotational parameter 

(~w - the crystal rotation) the PSO produces a two-dimensional map of the 

scattered intensity as a function of ~OJ and position along the detector axis -

~20 (Schoenborn 1983, Mathieson above and 1983b). The distribution of 

scattered intensity in w/20 space (or in reciprocal space when the correct 

'transformation has been made) is found to be determined by a complex and 

often subtle interplay of such parameters as the wavelength spread of the 

incident beam ~A, beam collimation, source size and shape, sample crystal size 

and shape, sample crYstal mosaic spread, absorption of the beam in the sample 

and monochromator crystals and detector resolution. 

If the experimental objective is the measurement of the intensity 

distribution of diffuse x-ray (or neutron) scatteriQg it is important to understand 

the spatial dimensions of the volume of reciprocal space sampled in a particular 

measurement. From these dimensions an instrumental resolution function can 

be derived and this can be used to apply a correction to the measured data and 

obtain,·the true intensity distribution. 

In contrast to the neutron scattering case, in which the instrumental 

resolution can be described very sucessfully in terms of a Gaussian convolution 

of each of the resolution degrading effects (Cooper and Nathans 1967, Stedman 

1968, Bjerrum-Moller and Neilsen 1969), the resolution function of x-ray 

scattering instruments has received scant attention. 

Reid (1981) has discussed the factors influencing the resolution of a 

low-Q-resolution two-crystal x-ray spectrometer comprising a curved crystal 

monochromator, an extended face sample crystal and a detector receiving 

aperture defined by a simple slit (essentially the same experimental 

configuration as that described by Mathieson). The only published work 

specifically devoted to the resolution of a high-Q-resolution triple-crystal x-ray 

spectrometer is by Pynn, Fujii and Shirane (1983). In this work the formalism of 

Bjerrum-Moller and Neilsen was applied to the case of a perfect crystal 

3-crystal spectrometer and the calculated resolution function was compared 

with experimental measurements of the peak shapes of Bragg reflections from a 

perfect Germanium crystal. Although the work is undoubtedly a step in the right 

direction towards establishing a general formula for calculating the resolution 

function of a real triple-crystal spectrometer, the method is conceptually 
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opaque and is of limited value to the practising experimentalist interested in 

understanding the role of the individual x-ray optical components comprising 

the instrument and their contributions to the experimental resolution. 

The present ·work discusses the role of each of these optical 

components in a real triple-crystal instrument. At first sight, the reader familiar 

with the work of Mathieson, Reid or Schoenborn, discussing resolution effects in 

a two-crystal x-ray (or neutron) instrument, may guess that the introduction of 

an additional x-ray -optical element, the analyser crystal, would introduce a 

further complication into the resolution function. Surprisingly, this is not the 

case. j;ar from introducing a complication, the analyser crystal introduces a 

significant simplification and many of the resolution degrading effects with 

which the aforementioned authors concern themselves at some length simply 

disappear. 

• 
The remainder of this chapter is organised as follows. In section 2 the 

direction and magnitude of each of the resolution degrading effects is isolated 

and discussed in both instrumental space (with orthogonal co-ordinates ~w and 

~2e or, as we shall call them, ~ '1' and ~~) and in reciprocal space. This will lead 

to a general description of the instrumental resolution for any spectrometer 

configuration. Section 3 presents experimental measurements of the 

instrumental resolution for a variety of typical spectrometer configurations and 

real sample crystals. In section 4 the characteristics of a number of alternative 

monochromator and analyser arrangements are examined with a view to 

tailoring or optimising the instrumental configuration for specific experimental 

requirements. 



Soyrc.t 

---,..-- ~ .-- -------..--~-~-----..!I~-r---

~ 

Figure 4.1 - The essential elements of a triple-crystal x-ray spectrometer. 
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2) THE RESOLUTION OF A TRIPLE-CRYSTAL X-RAY SPECTROMETER. 

2. i) A DESCRIPTION OF THE INSTRUMENT. 

Figure (4.1) shows a schematic picture of a triple-crystal x-ray 

spectrometer in the (+M,-S,+A) configuration. M, S and A refer to the 

monochromator, sample and analyser crystals respectively and the signs to the 

sense of scattering at each crystal. Conventionally, the sense of scattering at 

the monochromator crystal is always denoted '+'. The setting angles Om' Os and 

0 a are not necessarily equal although, normally, the spectrometer is configured 

with Om = OaF 0 s' This would be denoted the (+ 1,-S, + 1) configuration. The 

special case Om = 0 a = Os' denoted (+1,-1,+1), will be considered at length later. 

The two instrumental variables are 'l', the crystal setting angle, and ~, 

the analyser/detector setting angle. Om' the monochromator setting angle, and 

Oat the analyser setting angle, remain fixed throughout a measurement. 

The x-ray source may be a conventional sealed x-ray tube, a rotating 

anode tube or a synchrotron source. Throughout this work we shall deal with a 

rotating anode source with a copper target. The basic arguements apply equally 

well to a sealed tube source and to a synchrotron source with minor 

adjustments to account for the special characteristics of this source. The 

spectral distribution of a Cu target excited by 30KeV electrons is shown in Fig 

(4.2). It is composed of a bremsstrahlung continuum with a number of 

characteristic lines superimposed upon it; the most important being the 

CuK<l, <l2 doublet at roughly 8KeV. The exact wavelengths of the K<l, and K<l2 

lines are 

K<l,=1.540511.a, ~A=0.00058..a : K<l2=1.544551a 

The intensity ratio K<l, :K<l2 is almost exactly 2: 1 and, under normal 

x-ray tube operating conditions, the intensity of the K<l, line is roughly 100 

times greater than the bremsstrahlung continuum. 

The monochromator crystal may be a mosaic crystal, such as pyrolytic 

graphite, or it can be a perfect crystal, perhaps silicon or germanium. 

Additionally, it may be flat, bent in the scattering plane or doubly bent, both in 

and perpendicular to the scattering plane. In some cases the monochromator 
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may be composed of several crystals or may involve several reflections from 

the same crystal. These options will be discussed in detail in section 4. The 

common feature of all of these monochromator systems, however, is that the 

beam which is incident upon the sample crystal is never perfectly 

monochromatic, nor is it ever perfectly collimated. A specific monochromator 

arrangement is chosen to define the degree of collimation of the incident beam 

(which we shall call ~em) and the degree of monochromatisation (which we 

shall call ~A). In practice, the range of ~em available is enormous - from one or 

two thousandths of a degree using flat silicon or germanium crystals through a 

few tenths of a degree using pyrolytic graphite to several degrees with a curved 

crystal mocochromator. The choice, in terms of the wavelength composition of 

the incident beam, is generally between inclusion or exclusion of the Kaz 

component although the ~)., contained in the inevitable bremsstrahlung 

component can prove to be a serious complication in many experimental 

situations. 

The sample crystal is always flat, may be perfect or mosaic and, most 

importantly, must be large enough to intercept all of the incident beam. As with 

the monochromator crystal, the sample crystal will satisfy the Bragg condition 

over a range of setting angles which we shall call ~es' This may range from 

thousandths of a degree in very perfect crystals to tenths of a degree in highly 

mosaic crystals. 

Similarly, the analyser crystal must be flat, may be perfect or mosaic 

and must be sufficiently large to intercept all of the beam diffracted by the 

sample. It too' will satisfy the Bragg condition over a range of setting angles, 

denoted ~ea' The detector, normally a Nal(TI) scintillation counter or a Xe(CH 4) 

proportional counter, must have an active area larger than the beam passed by 

the analyser crystal and must have an energy window considerably larger than 

the range of energies defined by ~)., but sufficiently narrow to discriminate 

against higher harmonics of )., (principally ).,/2=16KeV) which may be passed by 

the spectrometer. 

The proportional counter, with an energy window of 1.3KeV FWHH at 

8KeV, is ideally suited to this task but for technical and financial reasons (sealed 

proportional counters have a limited useful life and Xe ges for a continuous 

flow counter is prohibitively expensive) a scintillation counter, with an energy 

resolution of 4KeV FWHH, is often preferred. 



Figure 4.3 - As figure 4.1 but with the single source replaced by a double source, at 

S, and S2. X-rays from both sources pass through the instrument identically. 

" I '-- ~L~t 

Figure 4.4 - As figure 4.3 but the analyser crystal has been replaced by a simple slit 

giving, nominally, the same q resolution. X-rays from source 52 are obscured by the 

slit edge. 
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So far, we have considered the instrument in only two-dimensions and 

have ignored the vertical divergence of the x-ray beam. In practice, it is usual 

to limit this divergence to - 0.5 0 by the use of a simple slit before the sample. 

At this point, we should consider the essential difference between a 

two-crystal spectrometer (in other words a conventional ·diffractometer as 

described by Mathieson, Schoenborn or Reid) and the three-crystal 

spectrometer. Figure(4.3) is essentially the same as Figure(4.1} but shows the 

point source of Figure(4.1) replaced by two point sources, S1 and S2' The full 

and dashed lines represent beam paths through the instrument for rays from S1 

and S2 respectively. Fig (4.4) shows the same instrument with the ana!yser 

crystal replaced by a simple slit - subtending an angle !lea at the centre of the 

instrument and thus with nominally the same resolution in ~ as the analyser 

crystal. 

The rays from S, and S2 pass through the triple-crystal instrument 

identically but, in the two-crystal instrument the ray from S2 is obscured by one 

edge of the slit. 

The essential feature of the triple-crystal spectrometer is that it is 

sensitive only to the direction and energy of the scattered x-ray beam. In other 

words the instrument probes wavevector space. The two-crystal instrument, 

however, is also sensitive to the position of the scattered beam and the 

resolution of the instrument depends upon a complex interplay of wavevector 

space (or reciprocal space) effects and direct space effects. These direct space 

effects - finite source size and intensity distribution within the source, x-ray 

beam penetration within the monochromator and sample crystals, sample size 

and shape effects and beam path lengths - simply vanish with the adoption of 

an analyser crystal. 
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Figure 4.5 - The effect of ~em' Both 'l' and ~ must rotate through A6m 0 to pass the 

range of wave-vectors contained in the incident beam. 



(b) 

(c) 
b. (90... 

Figure 4.6 - The loci of the main resolution degrading effects in 'i'~ space. 
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2.2) THE RESOLUTION 

We have now identified the resolution degrading effects of a 

triple-crystal x-ray spectrometer to be 

- ~em' the angular spread of any single wavelength component 
of the incident beam. 

- ~A, the wavelength spread of the incident beam. 

- ~es' the angular range through which the sample crystal can 
satisfy the Bragg condition. 

- ~ea' the angular range through which the analyser crystal can 
satisfy the Bragg condition. 

- ~ev' the vertical divergence of the x-ray beam which is 
defined by a simple slit to be - 0.5 0 and which we shall now 
ignore. 

and we will now proceed to examine the loci of each of the above 

effects in instrument space (as a function of the setting angles 'i' and ~) and in 

reciprocal space. 

The loci of ~em' ~es (for a mosaic crystal) and ~ea are intuitively 

obvious. Fig (4.S) illustrates the effect of ~em' The source is presumed to be 

perfectly monochromatic and both sample and analyser are assumed to be 

perfect. Clearly, to satisfy the Bragg condition for beams 1 and 2 both 'i' (the 

sample) and ~ (the analyser) must rotate through ~em o. Therefore ~ 'i'=~~ and 

the locus of ~em in 'i' /~ space is a straight line with gradient 1. Figure{4.6a). 

~es' for a mosaic crystal, reflects a range of orientations of the mosaic 

blocks comprising the crystal and a corresponding uncertainty in the direction 

of the scattering vector. Thus, for a perfectly monochromatic and perfectly 

collimated incident beam, the crystal can satisfy the Bragg condition as it is 

rotated through a range of setting angles, ~ 'i', whilst the angle ~ is constant 

and well defined. Fig (4.6b) shows the locus of ~es in 'i'/~ space. 



1. 

~ -1 o '/-
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Figure 4.7 - The theoretical 'Darwin' profile for diffraction from a perfect crystal. The 

range of total reflectivity is, typically, a few seconds of arc and is related to Fhkl, the 

structure factor. 
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~ea simply defines the accel!)tance angLe of. the detector system and 

its locus is, therefore, directed along ~, as shown in Figure(4.6,c). 

The loci of ~es' in the case of diffraction by a highly perfect crystal, 

and of ~A require more careful consideration. 

2.2.2) ~es FOR A PERFECT CRYSTAL. 

• 
If the sample crystal is highly perfect and ~em' ~ea andfiA are 

arranged to be negligibly small we must consider resolution effects which either 

do not exist or are too tiny to be of consequence in the case of scattering by a 

mosaic crystal. At the root of these effects are refraction of the incident and 

diffracted x-ray beams as they pass through the air (or vacuum) to crystal 

interface, extinction of the incident beam within the crystal and. the abrupt 

termination of the crystal lattice at the surface of the crystal. Dynamical 

scattering theory, as described at length by James( 1 949), Zacharaisen( 1945), 

and Cowley(1981), describes x-ray scattering by a perfect crystal 

and incorporates the above effects. The treatment is complex and the physical 

meaning often hard to grasp but the essential result is encapsulated in the well 

known 'Darwin curve' or reflection curve for a perfect crystal without 

absorbtion. Figure(4.7). 

A relatively simple conceptual model can be constructed which serves 

to bring out the essential physics of x-ray scattering from a perfect crystal. 

An x-ray beam, assumed to be perfectly monochromatic and perfectly 

collimated, is incident upon an extended face of a perfect sample crystal. The 

crystal is of infinite extent in the plane of the surface and of infinite depth 

below the surface. The refractive index of solids for x-rays wavelengths is less 

than 1 by a few parts in 106 and so the incident beam is refracted to a slightly 

shallower angle of incidence as it enters the crystal. This has the effect of 

displacing the apparent Bragg angle from the true Bragg angle by a few 

thousandths of a degree. At incidince angles far from the Bragg angle the x-ray 

beam suffers reflection from each of the lattice planes it traverses as it passes 

through the crystal but the reflected beams interfere destructively and no 

energy is transferred to a diffracted beam. The penetration depth of the incident 

beam within the crystal is limited by photoelectric absorbtion and may be, 
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typically, 10's to 100's of microns. 

If the incidence angle satisfies the Bragg condition then the reflected 

waves interfere constructively and energy is transferred to a diffracted beam 

which then emerges from the crystal, suffering further refraction as it passes 

through the surface. The intensity of the incident beam is depleted by the 

transfer of energy to the diffracted beam as a function of the number of lattice 

planes traversed and so the penetration depth is reduced dramatically. This is 

the phenomenon of Primary Extinction. Under these conditions the penetration 

depth is inversely related to the reflectivity of the lattice planes or, more 

precisely, to I F I, the structure factor. For a strong reflectron, ·th·e beam may be 

reduced to half of its original intensity after traversing only a few thousand 

lattice planes, corresponding to a penetration depth of several thousand A. A 

weak reflection, however, may only reduce the intensity by half after many tens 

of thousands of lattice planes. (James 1948 pp 60-62) 

The shape of the crystal volume sampled in the diffraction experiment 

is, therefore, defined by two effectively infinite lengths within the plane of the 

surface and, perpendicular to the surface by the abrupt discontinuity of the 

surface and an ~xponential decay of the intensity of the extinguished beam 

within the crystal. 

In reciprocal space (or Fourier transform space) the diffraction maxima 

are described by 15 functions in the directions parallel to the plane of the crystal 

surface. Perpendicular to the surface, however, the widths of the diffraction 

maxima are inversely related to the penetration depth (and so directly related to 

IFI, the structure factor). Furthermore, extensive tails perpendicular to the crystal 

surface arise from the Fourier transform of the step function in the electron 

density at the crystal surface. 

The important point to emerge from this qualitative discussion is that 

the scattering in reciprocal space is resolution limited in the plane of the crystal 

surface but is extended in a direction normal to the surface. As discussed by 

Andrews and Cowley (1986) and separately by Robinson (1986) this so called 

'surface streak' or 'crystal truncation rod' contains important information on the 

topography of the crystal surface or, more correctly, on how abruptly the crystal 

lattice terminates at the crystal surface. 

The locus of the surface streak is well defined in reciprocal space but 

less well defined in '1' /~ space, depending as it does on the geometrical 
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relationship between the scattering vector and the crystal surface. 

2.2.3) fl"A (OR SPECTRAL DISPERSION.) 

Unlike flem, fle s' and flea the locus of spectral dispersion, fl"A, in a 

triple-crystal x-ray spectrometer with em 1= e s 1= e a is not intuitively obvious 

and must be calculated. 

Diffraction of x-rays from a crystal lattice is described by Bragg's law 

"A = 2d sine 

by differentiation 

d"A = 2d cose de 

and 

~6= cote de 

and the dispersion introduced by the first crystal is 

de, = ~~ane, 

de2, the angle through which the second crystal must be rotated to 

diffract the full range of fl"A passed by the first crystal is the sum of the 

dispersion introduced by the first and the second crystals 

the negative sign is a consequence of the sense of scattering at the 

second crystal in the (+M,-S,+A) configuration. 

Similarly, de3, the angle through which the third crystal must rotate to 

diffract the full range of fl"A passed by the first and second crystals is the sum 

of the dispersion, de2, introduced by the first two crystals and the dispersion 

introduced by the third crystal 

In terms of the setting angles If and ~ 



Figure 4.8 - The exact Bragg condition, illustrated by the Ewald sphere construction. Ie; 

and kt are the incident and scattered wave-vectors and are of length 21T/A. a is the 

scattering vector and is of length 21T/d, where d is the appropriate lattice spacing. The 

directions of positive rotation for 'l' and ~ are indicated. 
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These relationships define the locus of 11'A in '!'/~ space for any 

triple-crystal spectrometer configuration. In practice, the most commonly used 

spectrometer configuration is the (+1,-S,+1) configuration, or Om = ea' 

This introduces an important simplification into the dispersion 

relationships, namely 

d'l' = ~6(tan01-tan0z) 

d~ = 2~6(tan01-tan02) = 2d'l' 

Thus, the locus of A'A in '!'/~ space is constant for any Os and is 

described by the ratio 

d'l':d ~ = 1:2 

and on the '!' I~ diagram the locus of /:J). iso. straight line inclined at ; 

to the ~ axis. Figure(4.6d). 

In the situation Om = Os = 0 a; tan0, = tan0z and the magnitudes of 

both d'l' and d~ reduce to zero. In other words, the spectral dispersion vanishes. 

This spectrometer configuration is known as the (+1,-1,+1), or focussing, 

configuration and, for obvious reasons (the total elimination of one of the most 

serious resolution degrading elements) it is very widely used. 

2.3) TO TRANSFORM FROM '!' I~ SPACE TO RECIPROCAL SPACE. 

Having established the loci of each of the resolution degrading effects in 

diffractometer, or '1' I~ space we must now consider the relationship between 

'!' It space and reciprocal space. 

Figure(4.8), using the Ewald construction, shows a reciprocal space 

representation of the exact Bragg condition. It; and kt represent, respectively, the 

incident and scattered wavevectors and are of length i1I, where 'A is the 

wavelength of the incident beam, and the scattering is elastic. a is a reciprocal 

lattice vector and is of length ~1I, where d is the appropriate direct lattice 
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Figure 4.9 - The relationship between the oblique axes of 'i'~ space and the 

rectangular reciprocal space axes with unit vectors qpl and qpr· 
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spacing. The Bragg condition is satisfied when a reciprocal lattice point lies on 

the surface of the Ewald sphere and 

A conventional, equatorial plane, x-ray diffractometer (and this includes 

the triple-crystal x-ray spectrometer) has two variable setting angles 

- 'i' (or w) th~ crystal setting angle 

- ~ (or 20) the detector setting angle 

The incident x-ray beam illuminates the volume of reciprocal space defined by 

the surface of the Ewald sphere (which can be regarded as having a finite 

thickness governed by the wave-vector spread of the incident beam and the 

sample crystal mosaic). A 'i' increment rotates the Ewald sphere around the 

origin of reciprocal space. The Bragg condition is satisfied when a reciprocal 

lattice point lies on the surface of the Ewald sphere. 

The detector aperture (or analyser ~0a) defines an acceptance angle for 

the scattered beam and, together with the above factors which determine the 

thickness of the Ewald sphere, this determines the volume of reciprocal space 

sampled in an experiment. In other words, the instrumental resolution. A ~ 

increment moves the resolution element along the surface of the Ewald sphere. 

If the angular increments in 'i' and ~ are small, the directions of d'i' and 

d~ are approximately tangential to the circles centred on points 0 and C 

respectively in Figure(4.8). To transform from 'i'/~ space to reciprocal space we 

must relate the oblique axes with unit vectors of length d'i' and d~ to the 

rectangular reciprocal space axes, qpl and qpr with unit vectors of length qpl and 

qpr which are, respectively, parallel and perpendicular to the scattering vector a 
Figure(4.9). 

In the tangential approximation, the directions of d! and qpr are 

coincident. The magnitude of d!, in reciprocal space, is related to the length of 

a and, therefore, 0 5 , (See Figure(4.8)). and 

d'i' = 2sin0 s qpr 

dt is inclined at an angle 0 5 to qpl and, therefore, has components in 

both qpl and qpr 



~pl ~pt 

(a,) (b) 

6.~rm. a~~ 

• 

~pL 

Figure 4.10- The loci of the main resolution degrading effects in reciprocal space. 



Figure 4.11 - A combined picture of the loci of each of the resolution degrading 

effects. This 'star(?), shape is characteristic of the triple-crystal x-ray spectrometer. 



d~ = cose q - sine q s PI s J» 
PI 

or 

d'l' = 2sines q 
Pr 

d~ = -sine cose q 
S S Pl 
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We can now see that the locus of spectral dispersion in '1' /~ space of 

the -triple-crystal spectrometer in the symmetric (+ 1 ,-S, + 1) configuration, 

d'l' + 2d~ 

transforms to 

or 

In other words, it is directed along qpl and is therefore radial in 

reciprocal space. 

The locus of ~em' the incident °beam divergence, in '1' /~ space is 

d'l' + d~ 

and this transforms to 

or 

which is a straight line inclined at an angle e s to qpl' 

Figure(4.10a to d) shows the reciprocal space representation of each of 

the resolution degrading effects. Figure(4.1 1) combines the above results to give 

a general picture of the loci of the instrumental resolution effects in a (+ 1 ,-S, + 1) 

triple-crystal x-ray spectrometer. As ,,!e shall see in the following section (3), 

the resolution 'star' of Figure(4.1 1) is a characteristic feature of this instrument. 
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It is now a matter of straightforward geometry, given the appropriate 

instrumental parameters, to calculate the magnitudes of each of the resolution 

effects in reciprocal space. 

These are (in reciprocal angstroms) 

- dqm = ~lIsin~em 

- dqa = ~lIsin~ea 

- dq = ilIsine sin~e s X s s 
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Figure 4.12 - An Ewald sphere diagram illustrating the accessible and forbidden 

regions of reciprocal space in 'extended-face' scattering geometry. In region A, the 

incident beam is obscured by the crystal face, as is the diffracted beam in region 

B. Region 0 is accessible in (+1,+5,+1) scattering geometry and region C in the 

conVentional (+1,-5,+1) geometry. 
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3) EXAMPLES 

3.1) SCATTERING GEOMETRY AND THE ACCESSIBLE REGIONS OF 

RECIPROCAL SPACE. 

Before examining real examples of the instrumental resolution we 

should consider the limitations imposed on the accessible regions of reciprocal 

space by scattering from an extended face and the geometrical relationship 

between the crystal face, the incident and diffracted beams and the reciprocal 

lattice. 

X-ray diffraction measurements from an extended sample crystal can 

be carried out in reflection geometry (Bragg case), in which the incident and 

diffracted beams enter and exit through the same crystal face, or transmission 

geometry (Laue case), in which the diffracted beam exits through the opposite 

face of a thin crystal plate. All of the measurements described in this work were 

carried out in reflection geometry. The adoption of this geometry maximises the 

available signal in a diffraction experiment as the effect of absorbtion can be 

minimised. It results, however, in a serious restriction on the accessible region 

of reciprocal space. 

Figure(4.12), based on the familiar Ewald construction, illustrates tha 

accessible (Bragg) and forbidden (Laue) regions. In region A the incident beam is 

obscured by the crystal face, as is the diffracted beam in region B. Region C is 

the Bragg geometry region described by the spectrometer configuration 

(+M,-S,+A) whilst region 0 is the Bragg geometry region described by the 

configuration (+M,+S,+A). The figure also shows the orientation of the crystal 

face and Ewald sphere when the diffraction condition is satisfied for a reciprocal 

lattice vector, a. 

3.2) EXAMPLE 1. LOW RESOLUTION: PYROL YTIC GRAPHITE 

MONOCHROMATOR AND ANALYSER CRYSTALS, SILICON SAMPLE CRYSTAl. 

The set of measurements presented here illustrate the resolution of the 

instrument in its low-resolution mode. The pyrolytic graphite monochromator 
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Figure 4.13 - Low resolution, Si sample, graphite monochromator and analyser. The 

accessible region of reciprocal space and the scattering geometry at two Bragg 

reflections, (400) and (4-40). 
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Figure 4.14 - Si(400). The instrumental resolution. Graphite monochromator and 

analyser. CuKal' 9 s = 34.5 0
• (a) 0.2mm pre-monochromator slit, A9m = 0.06 0

• (b) 

0.5mm slit, A9m = 0.16 0. (c) 1.0mm slit, ASm = 0.320. 



(tL) O.!lnn stit (b) 0.5 "" slit (c.) 1.0nn slit 

~ 
'YI\. ~ 

-tt I+-
-lA-I 

10 Ii 
I 

0... 

f~ 

Figure 4.15 - Si(4-40). As figure 4.14 but as = 53 0 . 



TABLE 4.1 

Theta(s) dq(m) dq(s) dq(a) dq(lambda) 

2° 0.01138 0.00001 0.02846 0.00067 
4° II 0.00002 " 0.00051 
6° " 0.00003 " 0.00040 
8° " 0.00004 " 0.00029 

10° " 0.00005 " 0.00018 
12° II. 0.00006 " 0.00007 
14° " 0.00007 " 0.00004 
16° II 0.00008 " 0.00015 
18° " 0.00009 " 0.00026 
20° " 0.00010 " 0.00037 
22° II 0.00011 " 0.00048 
24° " 0.00012 " 0.00059 
26° " 0.00012 " 0.00069 
28° " 0.00013 " 0.00080 
30° " 0.00014 " 0.00091 
32° " 0.00015 " 0.00101 
34° " 0.00016 " 0.00111 
36° " 0.00017 " 0.00122 
38° " 0.00018 " 0.00132 
40° " 0.00018 " 0.00142 
42° " 0.00019 " 0.00151 
44° " 0.00020 " 0.00161 
46° " 0.00020 " 0.00170 
48° " 0.00021 " 0.00180 
50° " 0.00022 " 0.00189 
52° " 0.00022 " 0.00197 
54° II 0.00023 " 0.00206 
56° " 0.00024 " 0.00214 
58° II 0.00024 " 0.00222 
60° " 0.00025 II 0.00230 

Table 4.1 - Resolution widths (fwhh) in reciprocal .angstroms for a triple-crystal 

spectrometer operating in the low-resolution mode. CuKa source, pyrolytic 

graphite monochromator and analyser, O.5mm pre-monochromator slit Silicon 

sample crystal. 
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and analyser crystals (Union Carbide UCAR grade ZYA) are completely 

disordered within the hexagonal basal plane but have a mosaic structure with a 

nominally Gaussian distribution of orientations around the hexagonal 'c' axis 

[0001]. The mosaic spread is quoted as 0.4( 1) 0 FWHH. CuKe.1 x-rays were used 

and the focal spot of the rotating anode x-ray tube was a vertical line of height 

3mm and width 0.3mm viewed at a take-off angle of 6 0
• A variable width slit 

was placed immediately in front of the monochromator crystal and this was 

used to limit the angular range of the x-ray beam incident upon the 

monochromator and thus provide control over the parameter ~em' 
• 

Figure(4.13) shows the accesible region of reciprocal space and the 

scattering geometry at the two Bragg reflections investigated, Si(400) and 

Si(4-40) (es = 34.3 0 and 53 0 respectively). The iso-intensity contour plots of 

Figures(4. 1 4) and (4.15) show the instrumental resolution at both Bragg 

reflections with 

- (a) a 0.2mm pre-monochromator slit (~em=0.06 0) 

- (b) a 0.5mm pre-monochromator slit (~em=0.16 0) 

- (c) a 1.0mm pre-monochromator slit (~em=0.32 0). 

The resolution is, quite clearly, dominated by ~em and ~ea and the effects of 

~es and ~)., are negligible. Note the double peaked distribution of ~em' The 

'nominally' Gaussian mosaic distribution of a pyrolytic graphite crystal is seldom 

perfectly Gaussian when examined carefully. 

Table (4.1) shows the results of the calculated magnitudes of each of 

the resolution effects for a 0.5mm pre-monochromator slit. dqs and dq)., are, 

indeed, negligibly small but the calculated and measured values of dqm and dqa 

agree well. 

3.3) EXAMPLE 2. HIGH RESOLUTION: SILICON (111) MONOCHROMATOR 

AND ANALYSER CRYSTALS, SILICON (111) SAMPLE CRYSTAL. 

This is the special case (+ 1, -.1, + 1) configuration with three identical 

Si(11 1) crystals, often referred to as the focussing, or non-dispersive 

configuration. In this case dq)., is reduced to zero. Figure(4.16) shows a contour 
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Figure 4.16 - Si( 11 1) monochromator, sample and analyser crystals. The focussing 

(+1,-1,+1) configuration. CUKCl" Om = Os = 0 a = 14.22°. 

r- "" 
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plot of the scattering in the region of the (111) reciprocal lattice point. The 

contour intervals on this plot are at 90%, 50%, 10%, 1%, 0.1%, and 0.01% of the 

maximum count and so cover a range of four orders of magnitude in intensity. 

The instrumental resolution itself is given by the 50% contour and is 

approximately 

- 1.5x10-4,B.-1 FWHH (qpr) 

- 5.0x10-4,a-1 FWHH (qpl) 

but these figures are somewhat unreliable as they are approaching the 

single step size (0.001 0) of the 'I' and ~ axes. Of real interest in this figure is 

the characteristic 'star' shape with the three, well resolved streaks from the 

monochromator, sample and analyser. Note that, in this spectrometer 

configuration, the effect of t:.'A is completely eliminated and the scatterifljstreak 

in the 'l'2~ direction (qpl) is entirely due to the sample dynamical scattering 

profile, including the 'surface streak' (Andrews and Cowley 1985). In the 

direction qpr' the intensity drops off remarkably rapidly - reaching a value of 

10-4 in less than 1 0-3,a -1. It is in this region of wave-vector space that it is, in 

principle, possible to measure critical scattering at very small q, corresponding 

to very large correlation lengths in direct space. 

3.4) EXAMPLE 3. HIGH RESOLUTION, SILICON (111) MONOCHROMATOR 

AND ANALYSER, KHzP04 - 123K TETRAGONAL TO ORTHORHOMBIC PHASE 

TRANSITION. 

This example has been chosen, not only because it illustrates, very 

clearly, a number of important resolution effects, but it also demonstrates how 

a detailed knowledge of the instrumental resolution can be exploited to permit a 

quantitative measurement of diffuse scattering to be carried out at q< < 10-2,a-1. 

KHzP04 (KDP) undergoes a well known structural phase transition from 

a tetragonal paraelectric phase to an orthorhombic ferroelectric phase on 

cooling through Tc= 123K (Bacon and Pease 1955). In principle, the reduction in 

symmetry results in the formation of 4 ferroelectric domains within a bulk 

crystal but, if the crystal is dislocation free, packing considerations favour the 
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Figure 4.17 - KH 2P04 (KDP) sample, Si( 111) monochromator and analyser. CuKal. The 

accessible region of reciprocal space and the scattering geometry at two Bragg 

reflections,(400) and (620), and th"e loci of the resolution degrading effects. 
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TABLE 4.2 

Theta(s) dq(m) dq(s) dq(a) oq( lambda) 

2° 0.00014 0.00001 0.00014 0.00067 
4° " 0.00003 " 0.00056 
6° " 0.00004 " 0.00045 
8° " 0.00006 " 0.00034 

10° " 0.00007 " 0.00023 
12° " -0.00009 " 0.00012 
14° " 0.00010 " 0.00001 
16° " 0.00012 " 0.00010 
18° " 0.00013 " 0.00021 
20° " 0.00015 " 0.00032 
22° " 0.00016 " 0.00043 
24° " 0.00017 " 0.00054 
26° " 0.00019 " 0.00065 
28° " 0.00020 " 0.00076 
30° " 0.00021 " 0.00086 
32° " 0.00023 " 0.00097 
34° " 0.00024 " 0.00107 
36° " 0.00025 " 0.00118 
38° " 0.00026 " 0.00128 
40° " 0.00027 " 0.00138 
42° " 0.00029 " 0.00148 
44° " 0.00030 " 0.00157 
46° " 0.00031 " 0.00167 
48° " 0.00032 " 0.00176 
50° " 0.00033 " 0.00185 
52° " 0.00035 " 0.00194 
54° " 0.00035 " 0.00203 
56° " 0.00036 " 0.00211 
58° " 0.00036 " 0.00219 
60° " 0.00037 " 0.00227 

Table 4.2 - Resolution widths (fwhh) in reciprocal .angstroms for a triple-crystal 

spectrometer operating in the high-resolution mode. CuKCt., source,_ Si( 111) 

monochromator and analyser crystals, O.2mm pre-monochromator slit, KH zP04 

sample crystal (~es=O.003 0). 
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Figure 4.19 - KDP. As 4.18 but the (620) reciprocal lattice point. 
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formation of only two of the four possible domain orientations. The crystal can 

form a lamellar structure with the oppositely-poled ferroelectric domains 

separated by structural discontinuities commonly known as domain walls. In an 

analogous manner to the production of the crystal surface streak (or truncation 

rod) described in section 2.2.2 the abrupt termination, at the domain wall, of the 

particular Fourier component of the electron density distribution giving rise to a 

Bragg reflection results in the production of extended rods of diffuse scattering 

in reciprocal space in a" direction perpendicular to the domain wall (Andrews and 

Cowley 1986). 

Figure(4.17) shows a map of the (tetragonal phase) a*b*reciprocal 

lattice plane in KDP with the directions of the resolution degrading elements 

marked for two reciprocal lattice points (400) and (620). Once again Si( 111) 

monochromator and analyser crystals were used with CuKCl, x-rays. The 

resolution parameters were 

- ~0m = ~0a = 0.0020 

- A = 1.540511A 

- ~ A = 0.00058.a 

- ~0s = 0.003 0 

- pre monochromator slit = 0.2mm 

- 0s(400) = 24.0 0 

- 0 s(620) = 41.0 0 

and the corresponding widths in reciprocal space can be read off Table (4.2). 

Figures(4.18) and (4.19) show contour plots of the scattering at 

reciprocal lattice points (400) and (620) in the tetragonal phase (' 35K). The 

contour levels are arranged on a quasi-logarithmic scale (Le. 0.1 % to 1 %, 1 % to 

10%, 10% to 1 00%) to display weak scattering effects without over-contouring 

the main peak. The instrumental resolution, shown by the 50% contour, is 

dominated by the sample mosaic spread and spectral dispersion. Streaks due to 

A C\ ~A and ~0 can be clearly identified. The ~A streak is composed of the 
UO m, a 

intrinsic width of the CUKCl, line and a substantial bremsstrahlung component. 

There is no sign of a streak perpendicular to the sample surface but this is not 
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Figure 4.20 - KDP. As 4.19 but at T c - 10K, in the orthorhombic phase. The single 

Bragg peak of the tetragonal phase has split into two. Note the increased mosaicity at 

the < 100/0 level and the diffuse scattering streak joining the two peaks. This is 

domain-wall scattering. 
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surprising. The crystal preparation method (diamond polishing followed by 

etching in distilled water to remove surface damage) leaves a surface which is 

far from flat; greatly diminishing the intensity of the surface streak (Andrews 

and Cowley 1985). 

Figure(4.20) shows how the scattering at the position of the (620) 

tetragonal phase reflection has altered on cooling through T c into the 

orthorhobic phase (113K). The single Bragg peak of the tetragonal phase has 

split into two, well resolved, orthorhombic phase Bragg peaks. The magnitude of 

the splitting is directly related to the ratio of the lengths of the orthorhombic 'a' 

and 'b' axes and thus to the amount by which the y .angle of the original 

tetragonal cell has sheared from 90 0
. The temperature dependence of the 

splitting can be regarded as an order parameter of the orthorhombic phase. 

It is clear that the mosaic structure of the crystal has altered slightly. 

Although the FWHH of each Bragg peak has not altered there is evidence of a 

small amount of crystal misorientated from the bulk by several hundredths of a 

degree. Most importantly, a narrow ridge of scattering can be seen to have 

developed between the two Bragg peaks, extending through the Bragg peaks. 

This is domain wall scattering. By careful choice of Bragg reflection to ensure 

that the ~em and ~ea streaks do not interfere with the measurement, and by 

optimising the monochromator settings to shift the bremsstrahlung streak to 

one side of the Bragg peak, it is possible to carry out intensity measurements 

very close to the Bragg peak. 

Figure(4.21) shows a log/log plot of the integrated intensity of this 

scattering against reduced wavevector, q. The remarkably straight line obtained, 

even for points less than 10-3,1\-1 from the Bragg peak, shows that the intensity 

is described by a power law 

in perfect agreement with the results obtained by Andrews and Cowley 

(1986) on a sample crystal from the same source and at the same temperature 

but using a lower resolution spectrometer configuration and in the wavevector 

range 2x10-2 to 4xl0- 1,a-1. 
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Figure 4.22 - A ray diagram showing a two (spectral) component (Ka, a2) x-ray beam 

diffracted by (a) a mosaic crystal and (b) a perfect crystal. 
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4) ALTERNATIVE MONOCHROMATOR AND ANALYSER ARRANGEMENTS. 

The role of the monochromator crystal in a triple-crystal x-ray 

spectrometer is two-fold: to control Ll6 m and to control LlA. So far, we have 

limited the discussion to flat monochromator crystals, either perfect (e.g. silicon) 

or mosaic (e.g. pyrolytic graphite). Before examining possible alternatives we 

should consider, in detail, the modus-operandi of the above crystals and identify 

their shortcomings. 

4.1) FLAT MONOCHROMATOR AND ANALYSER CRYSTALS - SILICON 

AND GRAPHITE. 

The arguements put forward in sections 2.2.1 and 2.2.2 to describe Ll6 s 

for mosaic and perfect sample crystals apply equally to the monochromator 

crystal, and the spectral dispersion introduced by the monochromator crystal 

was discussed in section 2.2.3. Figure(4.22) summarises diagramatically the 

operation of both types of monochromator in conjunction with a 

two-component (CuKa1' K(2) point source. 

The mosaic monochromator produces a series of spectrally dispersed, 

focussed images of the source; whereas the perfect monochromator produces a 

series of spectrally dispersed but slightly de-focussed images of the source. To 

eliminate the Ka2 component we must introduce a further optical element - a 

knife edge or preferably a narrow slit - at some point where the Ka1 and Ka2 

beams are spatially separated. The obvious place is position Y, where the 

mosaic crystal produces its focussed images. If d1=d2=200mm, the separation of 

the Kal and Ka2 foci is O.25mm and, with care, it is possible to eliminate the 

Ka2 component. A narrow slit placed at position X, very close to the 

monochromator crystal can, in the case of a mosaic crystal, be used to control 

Ll6
m

. The effects of such a slit were discussed in section 3.2 Example 1. and 

shown in Figures (4.14) and (4.15). 

In practice, a narrow slit at position X, in conjunction with a perfect 

monochromator crystal, can be used to eliminate the Ka2 component, as shown 

in Figure(4.23). The spectrometer configuration was a CuKa source, 3mm high 

by O.3mm wide viewed at a take-off angle of 6
0

, a silicon( 111) monochromator 
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Figure 4.23 - RbCaF3 sample crystal (400), Os = 41 o. Si( 1 11) monochromator and 

analyser crystals. CuKa x-rays. A '1'2 ~ scan (Le. along qpl) showing Ka, a2 splitting and 

the effect of a 0.1 mm pre-monochromator slit. The Ka2 component can be eliminated 

but, inevitably, a small bremsstrahlung component is passed. 
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at a distance of 200mm from the source with a 0.1 mm wide slit immediately in 

front of the monochromator crystal, an RbCaF3 sample crystal, (400) reflection, 

9 s=42°) and a silicon(111) analyser. 

Figure(4.23a) shows a '¥2~ scan through the Ka, and Kaz components 

of the Bragg peak with the slit set to allow both spectral components to pass. 

In Figure(4.23b) the slit is translated by 0.04mm, effectively eliminating the Kaz 

component. It is quite clear from these figures that a slit as narrow as 0.1 mm 

will allow a substantial bremsstrahlung component to pass the monochromator, 

and this component is much in evidence in the contour plots of Figures(4.18, 19 

and 20). To eliminate the bremsstrahlung streak would require a tiny slit 

« 20microns). 

To summarise, a flat graphite monochromator combined with 

appropriate pre- and post-monochromator slits can produce a monochromatic 

(Ka,) incident beam with an angular range, ~em' variable between several 

hundredths and several tenths of a degree, (Le. a reciprocal space resolution 

range of 2x 10-3 to 2x 1 o-zA -'). Because of the inadvisability of using slits after 

the sample crystal, the use of a graphite analyser fixes the reciprocal space 

resolution in one direction to be - 2x 1 O-z,a -'. 

Flat silicon(111) monochromator and analyser crystals fix ~em and ~ea 

to - 0.002 o. In other words, a factor of 10z smaller than with graphite. Many 

experimental measurements, however, demand an intermediate resolution and to 

satisfy this demand we must examine focussing monochromator and analysers 

or, altenatively, find a suitable crystal with an intermediate mosaic spread. Some 

experiments, on the other hand, require even higher resolution or, more 

accurately, the elimination of the most obvious resolution degrading elements -

the monochromator and analyser streaks. This requirement is most easily 

satisfied by the use of monolithic channel cut, or Bonse-Hart, monochromator 

and analyser crystals. 

4.2) THE BONSE-HART, MONOLITHIC CHANNEL-CUT 

MONOCHROMATOR. 

The 'Darwin' curve of Figure(4.7) shows that, over a small angular 

range, the reflectivity of a perfect crystal is, or at least approaches, unity, 
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Figure 4.24 A Bonse-Hart, monolithic channel-cut multiple-reflection 

monochromator. 

o 

Figure 4.25 - A Johann geometry focussing monochromator. 
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Outside that range the reflectivity diminishes as _y-2. Successive reflection 

from identical crystals wi", therefore, result in only a sma" diminution of the 

intensity of the diffracted beam over the limited range of high reflectivity but 

outwith that range the intensity wi" diminish as _y-2n, where n is the number 

of reflections. 

Clearly, since the range of total reflectivity is of the order of 0.0020 , 

the relative orientation of each successive crystal must be defined very 

ac·curately. To achieve this accuracy, Sonse and Hart (1965) fabricated a multiple 

reflection monochromator from a monolithic block of dislocation free silicon by 

the simple expedient of milling a groove in the block para"el to a set of 

crystallographic planes. The device is shown diagrammatically in Figure(4.24). In 

practice, a 5 reflection device is sufficient to completely eliminate the 

monochromator and analyser streaks in a triple-crystal x-ray spectrometer 

(Zaumseil and Winter, 19 .1). 

Sonse-Hart devices are in relatively common use but they do, of 

course, have disadvantages; for many applications the dramatic improvement in 

resolution is unnecessary but a certain diminution of the extensive tails is 

desireable. Recent work at Edinburgh has shown that careful roughening of the 

crystal surface, without damage to the crystal lattice, can significantly reduce 

the intensity of the surface streak (Andrews 1986). Sy way of illustration, note 

the virtual absence of the monochromator streak in Figure(4.18). 

4.3) FOCUSSING OPTICS - THE JOHANN MONOCHROMATOR. 

A perfect, flat crystal monochromator, in conjunction with a point 

source of monochromatic x-rays, satisfies the diffraction condition at only one 

point along its surface. If the crystal is elastica"y bent to the correct radiu.s it 

can satisfy the diffraction condition along its entire surface. For an excellent 

review of focussing x-ray monochromators, see Witz (1969). Figure(4.25) shows 

a ray diagram for a cylindrically bent crystal (Johann type). The crystal is bent 

to a radius R around point O. The diffraction condition is satisfied for all 

incident and diffracted rays tangential to another circle, the Caustic circle, radius 

Rcos0
m

, also centered on O. The distance from the centre of the 

monochromator to the point of focus is Rsin0 m · 
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A typical source to monochromator distance is 200mm and em for 

Si(111) and CuKa, is 14.22°. This gives a Johann radius of 814.18mmand a 

corresponding Caustic circle radius of 789.23mm. If the accepance angle of the 

Johann monochromator is limited to, say, 0.4 ° then, since the accepted rays are 

tangential to the Caustic circle, the focus will have a finite width of 0.02mm. For 

the same geometry, the radius of the CuKa2 Caustic circle is 789.1 mm and the 

distance between the Ka, and Ka2 foci is, therfore, 0.13mm. If the device is to 

operate correctly, the tolerance on R, the crystal bending radius, is tiny . 
(+/-0.3mm), The monochromator setting angle must be stable to better that 

0.001 , and the position of the crystal relative to the source must be stable to 

----better than 0.01 mm. 

Clearly, these tolerances are difficult to meet and maintain, a 

conclusion borne out by two years of experience. 

" The Johann monochromator 1s of little use as an analyser as the 

illuminated area of the sample crystal very often exceeds the focal width of the 

device. 

4.4) ALTERNATIVE CRYSTALS. 

To achieve an instrumental resolution intermediate between that 

obtained using pyrolytic graphite (- 10-2,a-') and silicon (or germanium) 

(- 10-4,.a-') we must look for a crystal, with a mosaic spread of -0.04 0. 

Additionally, the crystal must have a high reflectivity, be stable in an intense 

x-ray beam and be homogeneous over a large surface area. In principle, the 

above requirements do not sound too demanding, in practice, real crystals tend 

to be either too perfect or too messy and, despite a prolonged search, the ideal 

material has proved elusive. 

In the absence of suitable, as grown crystals, attempts have been 

made, with little sucess, to dope, squeeze or thermally shock perfect crystals (Si 

or Ge) into an ideal mosaic structure. 

Recent work in Edinburgh has shown that epitaxially grown PbTe on a 

BaF2 substrate is a promising candidate for an intermediate resolution 

monochromator crystal. Work is currently in progress on this important subject 
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and it would be premature to discuss the results here. 
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CHAPTER FIVE 

An. X-Ray Scattering Study of the Structurally 
Modulated Phases in Proustite (A9 3AsS3). 

The material presented in this chapter has been published in Journal of 

Physics C: Solid State Physics (Ryan, Nelmes and Gibaud 1985), as have the 

results of an earlier neutron and x-ray scattering study (Nelmes, Howard, Ryan, 

David, Schultz and Leung 1984, See appendix). 

Prior to our neutron scattering study, a plethora of phase transitions 

had been reported in proustite between room temperature and - 27K. Below the 

first-order transition at - 27K the structure has been shown to be monOClinic, 

with space group Cc (Allen 1985). Above this temperature, transitions had been 

reported at - 6DK, -11 DK and - 21 DK (as reviewed by Ewen et al. 1983) but, 

despite considerable experimental effort, the nature of the structural changes at 

these transitions, and ·indeed their very existence, remained unclear. 

Our neutron scattering experiment was carried out using the 

single-crystal, time-of-flight diffractometer equipped with an area detector at 

the Argonne National Laboratory. This revealed no structural changes from room 

temperature to -- 6DK and a modulated structure below this temperature. 

This low-Q-resolution provided the necessary information to permit a 

high-Q-resolution measurement of 'the modulation wave-vector to be carried 

out in Edinburgh. This x-ray experiment confirmed the existence of a 

commensurably modulated structure between - 27K and - 49K and revealed a, 

previously unexpected, incommensurate phase between -49K and -6DK. 

Coincidentally, rather similar results were published by a Russian research group 

(Khasanov et al 1984). This chapter describes a subsequent, and considerably 

more detailed, study of the structurally modulated phases in proustite. 
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We have recently reported neutron and X-ray scattering measurements 

which demonstrate the existence of two modulated phases in proustite 

(Ag 3AsS3) in the temperature range - 27K to - 61 K (Nelmes et al 1984 and 

appendix). Our results were generally in agreement with those derived from 

X-ray scattering measurements carried out separately by Khasanov et al (1984) 

but seemed to differ significantly in some important details. To obtain more 

precise information about the modulated phases and to examine the apparent 

differences between our results and those of Khasanov et ai, we have now 

carried out a further series of high (reciprocal space) resolution X-ray scattering 

measurements. 

The room-temperature structure of proustite was studied by Harker 

(1936) and, more recently, by Engel and Nowacki (1966), and is known to have 

space group R3c. Conventionally, the hexagonal setting of the rhombohedral cell 

is adopted and the room-temperature lattice parameters are != 1 a.82~ and 

£=8.69~. Although phase transitions have been reported at - 21 aK (Smolenskii et 

al 1981) and - 11 aK (Semak et al 1975), more recent work indicates that the 

room-temperature structure is stable on cooling to the well-established 

second-order phase transition at - 61 K (Ewen et al 1983, Nelmes et al 1984, 

Belyaev et al 1984, Allen 1985). In accord with the evidence first found in NQR 

spectra by Bondar et al (1983), our previous results showed that the - 61 K 

transition is to an incommensurate phase and that there is a further, abrupt 

transition at - 49K to a commensurably modulated phase. At - 27K there is 

known to be a strongly first-order transition to a phase in which the structure 

is monoclinic with space group Cc (Allen 1985). 

The modulated phases are characterised by the appearance in the 

diffraction pattern of a cluster of up to six satellite peaks around the Bragg 

peaks of the room-temperature structure (Nelmes et al 1984, Khasanov et al 

1984). In the commensurably modulated phase (- 27K to - 49K) the satellites are 

located at the following positions -

1 1 1) d ± (a,j, -j,j an 

± (-~,aJ,~) 

- which all lie in planes parallel to the mirror planes of the point group 3m, as 
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Figure 5.1 - A typical (modulated phase) reciprocal lattice point (hkil) showing the 

accompanying cluster of six satellite reflections, viewed parallel to the [0001] direction. 

The insert shows the corresponding orientation of the crystallographic point group 

elements and the hexagonal axes. 
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shown in Figure (5.1). Thus the component of the modulation in the (hexagonal) 

basal plane is j-a" and the component along the z axis is ~"; and the satellite 

peaks are at one ninth of the distance to the next reciprocal lattice point (see 

Figure (5.6), below), not one third as suggested by Khasanov et al (1984). 

The incommensurate phase is characterised by a wave-vector of 

magnitude smaller than, and a direction almost coincident with, that of the 

commensurably modulated phase. Khasanov et al (1984) concluded that the 

discommensuration was confined to the component of the wave-vector along 

" the c axis ( i.e. [0001 ) and that the basal-plane component remained constant 

at j-a". The relatively poor reciprocal-space resolution of our previous 

experiment did not permit us to make a definitive statement about the value of 

the incommensurate wave-vector; but our results did suggest that the 
I< 

discommensuration was not, in fact, confined to the c direction, although any 

departure from the commensurate value in the basal plane was clearly very 

small. An accurate determination of the magnitude, direction and temperature 

dependence of the modulation wave-vector, in both modulated phases, was the 

principal objective of these new measurements 

The experiment was performed using a high-resolution two-circle 

diffractometer mounted on an intense, rotating-anode X-ray source. All of the 

measurements shown were made by reflection from a large and carefully 

prepared face of the sample crystal, which was oriented with the hliOI plane in 

the (horizontal) scattering plane of the diffractometer: in this (mirror) plane of 

the reciprocal lattice the R lattice imposes the condition h+I=3n on the 

hexagonal-cell indices and the c-glide absences are reflections with l12n. The 

sample crystal was mounted in an isothermal enclosure attached to the cold 

stage of a closed-cycle cryo-refrigerator. The sample temperature was 

controlled with a stability and reproducibility of ±0.02K and with an absolute 

accuracy better than ±0.3K. The primary beam, of MoKa, X-rays, was 

monochromated by the (111) reflection of a flat, symmetrically cut silicon 

crystal; and the scattered beam was collimated by an identical silicon crystal 

set in the parallel (non-dispersive) configuration. The wave-vector resolution of 

the experiment was limited principally by the mosaic spread of the sample 

crystal which had a measured width of 0.03° FWHH. 

To achieve as accurate a measure as possible of the modulation 

wave-vector, particular care was taken to ensure that any errors attributable to 

instrumental misalignment were minimised. The measurements were carried out 
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Figure 5.2 - Grid scans showing the recorded X-ray scattering intensity as a function 

of positJon in the region of (!,-!,O,9!) at (a) 45K and (b) 51 K. The cross marks the 
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on the pair of satellite reflections in the hfiOI plane associated with the (0009) 

reciprocal lattice point, namely (~,-~,0,9~) and (-~,~,0,8~). At each temperature the 

orientation matrix was refined and then checked by scanning a number of Bragg 

peaks. The precise positions of the two satellite peaks were found by 

performing a high-resolution grid scan of the area of reciprocal space around 

the expected position of each one; the components of the wave-vector in the 

[hhOO] and [0001] directions were then determined from the difference in position 

of the two satellites, thus eliminating any absolute setting errors. By this 

method the value of the wave-vector could be measured with a precision of 

better than ±0.0003 reciprocal lattice units. Data were accumulated at a rate of 

one temperature per 12-hour period, allowing ample time for the sample to 

reach equilibrium at each temperature. 

Figure (5.2) shows the results of typical grid scans of the satellite peak 

at (~/-~,0,9~) recorded in the commensurate phase at 45K and in the 

incommensurate phase at 51 K. The position of the cross marking the 

commensurate position in this figure was derived from the refined orientation 

matrix and is subject to an error of ±0.0002 reciprocal lattice units. Clearly, 

within the limits of the experimental resolution, the satellite lies on the 

commensurate position at 45K; but at 51 K it lies at a position which is 

incommensurate with respect to both axes. The detailed temperature 

dependence of the modulation wave-vector in the region of the -49K phase 

transition is shown in Figure (5.3). 

In this reciprocal lattice plane the incommensurate phase is now seen 

to be characterised by the pair of wave-vectors 

where 0, and 02 are temperature dependent and vary from values of 

0,=0.0063(3) and 02=0.0125(3) at Tc+8K to 0,=0.0038(3) and 02=0.0108(3) on 

cooling to Tc+0.1 K. At Tc=49.1 K there is a first-order transition to the 

commensurably modulated phase (0, = 02= zero). On warming, the structure 

remains commensurate to 49.7K: the magnitude of the observed thermal 

hysteresis is thus O.6K. On both warming and cooling there is a small 

temperature range (±0.1 K) over which the commensurate and incommensurate 

phases co-exist: grid scans in these temperature ranges reveal two 
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well-resolved satellite peaks, located on the commensurate and 

incommensurate positions, whos.e relative locations and intensities appear to be 

stable over time periods of at least 24 hours. Our past experience of studying 

structural phase transitions using the same instrument suggests that this is a 

real effect and is the result neither of temperature gradients nor of thermal 

oscillations. It is of interest to note that, in the temperature range close to the 

transition, the magnitude of the wave-vector differs on warming and on cooling 

- an effect observed in a number of incommensurate systems such as 

(N(CD3))4ZnCI4 (Marion et al 1981) and BaMnF 4 (Cox et al 1983). 

The results displayed in Figure (5.3) confirm that the departure from 

commensurability is not confined to the hexagonal c 11 axis and, moreover, 

appear to show that the incommensurate satellite peaks are displaced in an 

arbitrary direction within the hfiOI reciprocal lattice plane. On closer inspection, 

however, it can be seen that the ratio of 01: 02 tends, with increasing 

temperature, towards 1 :2. Indeed, at 57K it is 1 :2, vyithin error. The significance 

of this ratio becomes clearer if the reciprocal lattice is re-indexed in terms of 

the primitive, rhombohedral cell. Then, for example, the (~,-~,0,9~)hex point 

becomes (2&,3~/3~)rh; the wavector of the commensurate modulation (in our 

chosen reciprocal lattice plane) is (-~/~/~)rh; and the satellite peak is at one ninth 

of the distance to the next Bragg peak in the [l221rh direction. At 57K the 

modulation wave-vector (see Figure (5.3)) is (0.3270, -0.3270, 0, 0.3205hex) which 

corresponds to (-0.1112, 0.2158, 0.2158rh): whilst 0.2158 is irrational, 0.1112 = ~ 

within error. This suggests that in the region of the - 61 K transition the 

modulation is, or is tending towards being, commensurate in the [lOO]rh 

direction' with an incommensurate component in the [011 lrh direction, Closer to 

the - 49K transition the component in the n OOlrh direction shows a small but 

significant difference from one ninth. 

Prior attempts to measure the temperature dependence of the 

incommensurate wave-vector, conducted on a considerably shorter timescale 

(15 minutes per temperature) than the measurements described above, revealed 

a significantly larger thermal hysteresis (-1.5K) and a larger range of 

temperature (- 2.0K) over which both phases were seen to co-exist. 

Abdikamalov et al (1978) have demonstrated that the magnitude of the thermal 

hysteresis at the -27K phase transition is related to the number of cycles 

through the transition experienced by the crystal: our initial assessment was 

that a similar effect occurred at the -49K transition. For that reason, the 

measurements presented in Figure (5.3) were made after the crystal had been 



10 -(/) 
Commensurate Incommensurate ~ 

c: 
~ 

~ 8 '- I 
C 
'-
~ 

_I 
~ 
c.... - -49 K d 

6 -
~ 

I 
~ 

(/) 

c: 
QJ 
~ 

c: 4 
~ 
QJ 
~ 

c -61 K 
'-
t:7" 
QJ 

2 ~ 
c: -

40 50 60 

T (K) 

Figure 5.4 - The integrated intensity of the (~/-~/O,9~) satellite reflection as the sample 

is cooled from 65K at a rate of 4K per hour. A typical error bar is shown. 



-en 
QJ 
-c -
:I: 
:I: 
3 
u.. 

0.24 (a) 

0.20 

0.16 

Resolution 
0.12 ----------------------------------------------------------------

nmit (a) 
( b) 

0.08 

0.04 § 0::: 0 0 0 Resolution _1 ________ ~ ________ ~ _____________ • _____ Jl _____ ~ ________ -------

. limit (b ) 

o 
40 50 60 

T (K) 

Figure 5.5 - The width (see text) of the (j-,-~,0,9~) satellite reflection as the sample is 

coofed from 65K at a rate of 4K per hour. The resolution limit is for the instrument in 

its low-resolution configuration. (b) The width (e along [hfiOO] and 0 along [0001] ) of 

the same reflection derived from grid scans in which the sample had been allowed to 

reach long-term equilibrium. The resolution limit in this case is for the instrument 

operating in its high-resolution mode. Typical error bars are shown for (a) and (b). 



67 

cycled through the transition a number of times. However, subsequent 

measurements conducted on a short timescale revealed, once again, the larger 

thermal hysteresis. Our conclusion is that structural memory effects, such as 

are in evidence at the - 27K transition, are not observable at the - 49K 

transition and that the ordering of the structure in this temperature range is 

simply subject to rather long equilibrium times (of the order of several hours). 

Further evidence of the long equilibrium times is seen in the measured 

temperature dependence of the intensity and width of a satellite reflection 

shown in Figures (5.4) and (5.5a). To obtain these data the instrument was 

operated in a· .Iower-resolution mode, as a conventional two-circle 

diffractometer (Le. the silicon crystal used to collimate the scattered beam was 

removed). The integrated intensity was measured using an omega scan (rotating 

crystal, stationary detector) and the sample was cooled from 65K, through the 

- 61 K and -- 49K transitions to 37K, with a rate of change of temperature of 

approximately 4K per hour. Figure (5.4) shows the measured intensity as a 

function of temperature. Within the limits of the experimental error it can be 

seen that there are two temperature regimes, separated by the - 49K phase 

transition, in each of which the temperature dependence of the intensity is 

linear; and the rate of change of intensity in the commensurably modulated 

phase is roughly double that in the incommensurate phase. The linear 

temperature dependence is unexpected. In transitions to incommensurate 

phases the first-order satellites are primary order parameters of those phases 

(Bruce and Cowley 1981) and the relationship 

describes the temperature dependence of the integrated intensity of 

the satellites. A linear temperature dependence corresponds to a 8 value of 0.5, 

the classical value of the critical exponent for systems obeying mean field 

theory. An incommensurate phase with a six-component order parameter (as we 

have in this case) is not, however, expected to show such classical behaviour; 

rather, 8 is expected to be less than 0.5, corresponding to the magnitude of 

dl/dT increasing as T c is approached from below. A similarly linear temperature 

dependence of satellite intensities has been observed recently in at least two 

other incommensurates, (N(CD3))4ZnCI4 (Marion et al 1984) and TMATC-Co (Fjaer 

et al 1985). In the latter case the (almost) linear temperature dependence of the 
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satellite intensities was explained in terms of a simultaneous reduction and 

smearing of the transition temperature as a result of X-ray irradiation damage 

to the sample. The relatively rapid rate of change of temperature during our 

measurements appears to introduce a similar reduction and smearing of the 

transition temperature (see below), and it is suggested that this may account 

for the unexpectedly linear temperature dependence of the satellite intensities. 

Perhaps the most revealing feature to emerge from these 

measurements is the apparent temperature dependence of the width of the 

satellite reflection, as shown in Figure (5.5a). Although no instrumental 

resolution correction has been applied to .these data, it is quite clear that the 

width decreases as the temperature falls throughout the incommensurate phase. 

The sharply increased width in the region of the -49K phase transition is due 

simply to the co-existence of the commensurate and incommensurate phases; 

• the -3K temperature range of this co-existence, and the shift in the average 

transition temperature of the bulk crys,tal from 49.1 (1)K to 47(2)K, illustrates the 

simultaneous smearing and reduction of the transition temperature referred to 

above. Then, in the commensurably modulated phase, the width of the satellite 

reflection continues to decrease with falling T but is still not resolution limited, 

indicating that true long-range order has not been established. Unfortunately, 

the nature of the instrumental resolution function in its lower-resolution mode 

does not allow us to determine unambiguously the direction of the additional 

width. Figure (5.5b) shows the width, along [hnOO] and [0001], of the same 

satellite reflection derived from the high-resolution grid scans used to obtain 

the temperature dependence of the wave-vector. These data - which were 

obtained over a very much longer timescale than the data of Figure (5.5a) and 

after the sample had been allowed to equilibriate in the modulated phase for a 

period of several days - show that the satellite width is virtually independant of 

temperature. Along [hnOO] the width is resolution limited within error, but there 

is a small elongation in the [0001] direction, indicating that true long-range 

order is not established in that direction even after very long times. It now 

seems clear that the curve of Figure (5.5a) demonstrates a time-dependent 

ordering of the structure of proustite in the modulated phases rather than a 

temperature-dependent width effect. This ordering process appears to have a 

time constant of several hours and even then remains incomplete. 

In addition to the above measurements, considerable effort was 

directed towards searching for higher-order satellites. A systematic search, at 

31 K, of the region of reciprocal space illustrated in Figure (5,6) revealed no 
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evidence of second-order satellites; but significant scattering was found at a 

number of positions corresponding to fifth and seventh-order satellites. The 

intensities of the strongest fifth and seventh-order satellites were found to be 

roughly 10% of the intensities of strong first-order satellites. The sequence of 

odd-order satellites was broken by the absence of third-order satellites. The 

intensities of all of the measurable fifth and seventh-order satellites were found 

to decrease to zero on warming to the -49K phase transition. The systematic 

search also confirmed the observation, reported in our previous paper, that 

satellites associated with reciprocal lattice points with 1=2n are either absent or 

are too weak to be observed ~n this plane (Nelmes et al 1984). 

As we discussed in our previous paper, in relation to scattering 

observed at reciprocal lattice points forbidden by the c-glide extinction rule (in 

this plane, I~n), multiple-scattering effects must be considered. In principle, 

reflections corresponding to second, fifth and seventh-order satellites can be 

generated by combina.tions of two first-order satellite reflections. Although we 

were unable to carry out a direct test to eliminate multiple-scattering as a 

possible source of these reflections, we believe that there are three arguments 

against it. Firstly, we were unable to find any scattering at the second-order 

satellite positions; secondly, the intensities of the observed higher-order 

satellites are considerably larger than would be expected from multiple 

scattering originating from the coupling of two first-order satellites; and finally, 

the disappearance of all of the observed fifth and seventh-order satellites at 

-49K suggests that they are a real feature of the commensurably modulated 

phase. 

To summarise, our results show that the incommensurate phase 

between - 49K and - 61 K in proustite is described by the six wave-vectors 

q,=(t- 15 ,,-(t- 15 ,),0,t- 15 2)' q2=-q, 

q3=(0,t- 15" -(t- 15, ),t- 15 2)' q4 =-q3 

Qs=(-(t- 15, ),O,t- 15 "t- 15 2), Qs=-Qs 

where 15,~152 and both 15, and 15 2 are temperature dependent. The 

modulation is, therefore, doubly incommensurate with components in the 

hexagonal a" and c" directions. On cooling there is a first-order lock-in 
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transition at 49.1 (3)K to a commensurably modulated phase in which 

01 = 02=zero. This transition is accompanied by a thermal hysteresis of 

approximately 0.6K. Described in terms of the primitive-rhombohedral axes, the 

modulation wave-vector in the incommensurate phase has components in both 

the n OO]rh and the [011]rh directions; but as the temperature increases towards 

the - 6 1 K transition the n OO]rh component approaches a commensurate value of 
1 
9" whilst the [011 ]rh co"mponent remains clearly incommensurate. The ordering of 

the structure in proustite in the region of the -49K transition is subject to very 

long time-constants (of ·the order of several hours) and future experimental 

studies of proustite must be designed with this in mind. Higher-order satellites 

(odd-orders only) were found in the commensurably modulated phase but their 

intensities decreased to zero on warming through the -49K phase transition. 
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CHAPTER SIX 

A High-Resolution X-ray Scattering Study of 
Monoclinic Incommensurate BaMnF4 

Preamble to chapters six and seven 

The. folloWing chapters, six and seven, have been accepted for 

publication in Journal of Physics C: Solid State Physics. Chapter six (Ryan), as a 

full paper, and chapter seven (Ryan, Cowley and Andrews) as a letter to the 

editor. Both form part of a longstanding (and continuing) Edinburgh involvement 

with this material. BaMnF4 is of interest because of its second-order phase 
• 

transition to an incommensurably modulated phase, characterised by a 

four-component order-parameter. In principle, then, it should be possible to 

experimentally test the theoretically predicted critical exponents, y, \) and 6, in 

an n=4, d=3·· system by studying this material. In practice, however, such a 

measurement is found to be complicated by a number of factors; in particular, 

the formation of domains below T c and the role of defects above T c· It is with 

these two factors that the following chapters are concerned. 
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INTRODUCTION 

Following the discovery of its incommensurate phase (Shapiro et al 

1976) the material BaMnF4 has been the object of continuing interest, both 

theoretical and experimentaL At room temperature its structure is known to be 

orthorhombic with space group A2,am (Keve et al 1969). The lattice parameters 

of the orthorhombic phase are a=5.99SA, b= 15.09SA and c=4.22A. On cooling 

through the second-order phase transition at J'247K a distortion characterised 

by a wave-vector q={0.39,0.5,0.5) appears, corresponding to an incommensurate 

modulation along the polar a-axis accompanied by a unit cell do"ubling in the be 

plane. The modulation is unusual in that the incommensurate component 

remains virtually independent of temperature on further cooling with no 'lock-in' 

transition to a commensurate value. 

Cox et al (1979) proposed two alternative structures for the 

incommensurate phase: type (i), in which the average structure retains the 2mm 

point group symmetry of the orthorhombic phase and the modulation is 

characterised by two symmetry related pairs of wave-vectors 

q,={O.39,0.5,0.5), q2=- q, and q3={0.39,-0.5,0.5), q4=- q3 

or type (ii), in which the symmetry of the average structure is reduced 

from orthorhombic to monoclinic and the crystal forms twin domains with 

modulations characterised by only one of the above pairs of wavectors in each 

domain. The authors suggested that solution (i) appeared to be more likely. The 

type (ii) solution, however, is in closer agreement with theoretical analyses of 

the phase transition which predict a lowering of the point group symmetry from 

2mm to 2 (Scott 1979, Dvorak and Fousek 19S0, Golovko et al 19S3). 

More recently, Cox et al (1 9S3) have reported further X-ray and neutron 

scattering studies which show that systematic absences amongst second-order 

satellite reflections are consistent with a type (ii) structure. As no direct 

evidence of the monoclinic distortion could be found its magnitude was 

concluded to be very small. 

Further evidence of the reduction in symmetry was seen in the results 

of optical polarimetry measurements by Pisarev et al (1 9S3). Once again, 

however, the technique provided no quantitative measure of the monoclinic 

distortion angle. The first direct indication of its magnitude was obtained from 
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X-ray scattering measurements by Barthes-Regis et al (1983). A systematic 

broadening of Bragg peaks parallel to the bit direction was interpreted in terms 

of a departure of the angle a, between band c, from 90 0 in each of the twin 

domains which presumably make up the sample crystal in the incommensurate 

phase. Although the instrumental resolution was insufficiently good to resolve 

the twinned Bragg peaks, the observed broadening corresponded to a departure 

of roughly 0.03 0 in the angle a from 90 0 at T c-1 OOK. 

This chapter describes, and discusses the implications of, two X-ray 

scattering measurements performed on a high-resolution triple-crystal X-ray 

diffractometer mounted on a GEe Avionks high-brilliance rotating-anode 

source. The first was designed to confirm the existence of monoclinic domains 

in the incommensurate phase and to provide a direct measurement of the 

monoclinic distortion angle. The second demonstrates that the distribution of 

domains within a sample crystal is not necessarily homogeneous and that the 

inhomogeneity can seriously compl!cate quantitative X-ray scattering 

measurements on this material. 
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EXPERIMENT 1. 

In this experiment MoKC1, X-rays were used and the primary beam was 

monochromated by the (111) reflection of a flat, symmetrically cut silicon 

crystal. A pre-monochromator slit system was used to eliminate the Ka2 

component. The wave-vector spread of the incident beam was determined by 

the intrinsic width of the MoKC1, spectral line (FWHH=0.00029A) and the 

dynamical width of the Si(111) Bragg reflection (approximately 0.002 0). This 

beam was incident on an extended face of the sample crystal, a cuboid of 

dimensions 5x2x2 mm corresponding to the a, b, and c axes. The crystal was 

grown at Bell Laboratories from zone melted materials and was from the same 

source as the crystals examined by Cox et al (1979,1983). 

Careful preparation of the sample face is of utmost importance in all 

high-resolution X-ray scattering measurements performed in reflection from an 

extended face sample crystal. In this case the face was lapped with 0.25 jJ(Y) 

diamond paste to give a flat and optically perfect finish and then etched in 

concentrated orthophosphoric acid to remove sub-microscopic surface damage 

induced by the polishing process. At room temperature the etching reaction 

proceeds only very slowly. At 120 0 C a total reaction time of about 25 minutes 

was required to remove the damaged surface layer. Rocking curve 

measurements were used to assess the crystal quality and, ultimately, a width 

of 0.006 0 was achieved. 

The prepared sample was then mounted, in an isothermal enclosure, on 

the cold stage of a closed-cycle cryo-refrigerator allowing temperature control 

over the range 10K to 300K with a stability of ±0.02K and an absolute accuracy 

of ±0.3K. To permit a direct measurement of the unit cell angle C1 the crystal 

was oriented with the b'" and c '" axes in the scattering plane and with the c '" 

axis normal to the crystal face. 

A second Si( 11 1) crystal was used to collimate the scattered beam. 

This crystal, which was identical with the monochromator crystal, was set in the 

non dispersive (+ 1, -n,+ 1) configuration and limited the angular acceptance of the 

detector system to approximately 0.0020. 

Figure (6.1) shows the results of high-resolution grid scans in the 

neighbourhood of the (006) Bragg reflection as the sample is cooled from 250K, 



Figure 6.1 - Isointensity contour plots of X-ray scattering intensity i~ the region of 

the (006) (orthorhombic phase) reciprocal lattice point showing the development of 

twin, monoclinic phase Bragg peaks as the sample is cooled through the J'247K 

transition. 
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through the phase transition (at J"247K) to 140K. The instrumental resolution is 

well illustrated by the plot of the orthorhombic phase Bragg reflection at 

250K. To a very good first approximation the width perpendicular to the 

scattering vector is dominated by the mosaic spread of the sample crystal 

(approximately 0.006 0 FWHH) and parallel to the scattering vector by the 

spectral dispersion due to the intrinsic linewidth of the MoKa, line 

(approximately 0.010 FWHH at the (006) Bragg angle of 30.4 0). 

As the crystal is cooled through the transition, the single Bragg peak of 

the orthorhombic phase clearly splits into two; confirming the coexistence of 

.. two distinct domains in the incommensurate phase. Similar scans, performed at 

general points in the reciprocal lattice, show that the magnitude of the splitting 

is consistently proportional to the distance from the b'" axis and that the 

direction 'of the splitting is always parallel to the b" axis. The observed splitting 

is, therefore, entirely consistent with the formation of monoclinic domains 

related by mirror symmetry as illustrated in Figure (6.2). A reciprocal lattice 

point, (hk9..)ol of the orthorhombic phase splits into two reciprocal lattice points, 

(hk9..)m and (hk9..)m" where the subscripts m and m' refer to the monoclinic cells 

with a=(900-~a) and a=(900+~a) respectively. The angular separation of the 

(OOi)m and (OOi)m' Bragg reflections is equivalent to 2~a, where ~a is the 

departure from 90 0 of the unit cell angle a. 

Figure (6.3) shows the temperature dependence of ~a as the sample 

crystal is cooled from 260K through the phase transition to 140K. As 

anticipated, the magnitude of ~a is very small: indeed at Tc-l00K it is only 

0.05 0 and just below T c it is less than 0.010. A log-log plot of fla against 

reduced temperature (Tc-T) reveals that the behaviour of ~a is well described 

by a power law and the value of the exponent is found to be 0.46±0.02. The 

very small size of ~a means, of course, that in a conventional X-ray or neutron 

diffraction experiment with a reciprocal space resolution of, typically, 10-2,a-' 
the adjacent monoclinic phase Bragg peaks are unresolved. 

The monoclinic shear results in the loss of the mirror planes 

perpendicular to the b" and c" axes. Weissenberg photographs and scans using 

a four circle diffractometer have shown that reflections (hk9..) with k+i odd 

which are forbidden by the A-face centered lattice in the orthorhombic phase 

are also absent below T c (Ryan and Amin, unpublished). In principle, the 

incommensurate modulation along the a axis destroys translational periodiCity in 

that direction but the average structure can be regarded as retaining the 2, 
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screw diad (Scott 1979). The most likely space group of the average structure in 

the low temperature phase is, therefore, P2,. The full symmetry of the 

incommensurate structure cannot, of course, be described by one of the 230 

3-dimensional space groups (Janner and Janssen 1977). 

Having established that the crystal does, indeed, form monoclinic 

domains in the incommensurate, phase it is of interest to consider how the 

twinning affects the interpretation of X-ray (or neutron) diffraction data, In 

general, reflections (h~)m and (h~)m' are not related by the point group 

symmetry of the monoclinic cell. Their observed intensities will be determined 

by their respective structure factors and by the relative proportions of each of 

the two domains sampled in the experiment (Le. the twin fraction). Reflections 

(h~)m and (h-~)m' are, however, related by the mirror twinning operation and 

their relative intensities are related by the twin fraction (ignoring extinction 

effects and assuming that absorbtion is correctable). Thus, the very high 

reciprocal space resolution of the present experiment permits a direct 

measurement of the twin fraction and the collection of a limited set of intensity 

data from each of the two monoclinic domains, but the geometry of the 

instrument precludes the collection of a full crystallographic data set. 

The variability of the twin fraction as a function of sample temperature 

is well illustrated in Figure (6.1). In this case the relative intensities of the two 

Bragg reflections (006)m and (006)m' are determined by the twin fraction and it 

is obvious that this alters dramatically as the sample is cooled, even although 

the portion of the sample crystal examined in this experiment remained, in 

principle, the same throughout the measurement. This is not wholly unexpected 

as similar behaviour has been reported in, for instance, the tetragonal phase of 

the perovskite RbCaF3 (Maetz et al 1978). The variable twin fraction, of course, 

introduces an additional uncertainty into any experiment which is sensitive to 

the domain structure. 

In a conventional X-ray or neutron diffraction experiment the adjacent, 

twin Bragg peaks are inseparable. To correct such data for the effects of 

twinning an accurate knowlege of the twin fraction (which must differ 

significantly from 50:50) is required (Rees 1983). Interestingly, this information is 

accessible in the first-order satellites. 

Each fundamental Bragg reflection, (hki)m or m', is accompanied by two 

first-order satellitA peaks at (hki)m or m,±qj and by two second-order satellite 
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peaks at (h~)m or m-±2qj where qj is either q, =(0.39,0.5,0.5)' or q3=(0.3S,-O.5,O.5). 

Unfortunately, the relationship between the modes q, and q3 and the monoclinic 

domains with a=(90 0 +fla) and a=(90 0 -fla) is uncertain and further experimental 

work is required to resolve this question. For the present discussion, the mode 

q, has been arbitrarily assigned to the domain m with a=(90 0 -fla). Figure (6.4) 

shows, schematically, the relative locations of Bragg, first- and second-order 

satellite peaks in a representative volume of reciprocal space. The 

(incommensurate) a* axis is normal to the plane of the diagram and the b* and 

* c axes lie within the plane of the diagram. 

The relationship between the Bragg peaks,( h~)m and (hld)m' has 

already been discussed. Considering the typical first-order satellite peak 

(h~)m,-q3' it can be seen to lie adjacent to the position at which one might 

expect to find the first-order satellite (h,k+ 1,1)m -q" were it not forbidden by the 

A face-centered lattice. First-order satellite peaks are, therefore, not 

superimposed in a conventional diffraction experiment: i.e. the incommensurate 

reciprocal lattice point (hld)m or m.fqj cannot be generated by any other 

combination of (allowed) (h~)m or m' and qj. Consequently it is possible to 

collect two, distinct monodomain sets of first-order satellite intensities and, by 

comparison of the intensities of satellites related by the mirror twinning 

operation, extract an unambiguous measure of the twin fraction. 

The typical second-order satellite reflection (hld)m,-2q3 lies adjacent to 

the second-order satellite reflection (h,k+2,1)m-2q, which is allowed by the 

space group and originates in the twin domain. Their separation is identical to 

that of the Bragg peaks and they are, therefore, inseparable in a conventional 

diffraction experiment. In principle, as with Bragg reflections, an analytical 

separation of the intensities of superimposed second-order satellites is 

possible: but their low intensities (at least a factor of 10-3 down on typical 

Bragg reflections) probably makes this impracticable. 
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Figure 6.6 - The integrated intensities of two first-order satellite reflections as a 

function of position on the sample face. Each satellite originates in a different twin 

domain and their relative intensities provide a clear indication of the relative 

proportions of the twin domains in the sampled volume. The dotted line is a weighted 

.)um of the two intensities. 
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EXPERIMENT 2 . 

. The second experiment was performed using a different BaMnF4 sample 

crystal, grown in the Clarendon Laboratory, University of Oxford, and was 

designed to study the critical behaviour of BaMnF4 at the 

commemsurate-incommensur~te phase transition in a sample with random 

impurities. The results will be described in detail in chapter 7. In the course of . 
the experiment, however, several features were observed which are of relevance 

to the present discussion. 

The sample face was prepared as described for experiment 1 and the 

crystal was mounted with the (100) and (011) axes in the scattering plane and 

with the (100) axis normal to the crystal face. The wave-vector q, =(0.39,0.5,0.5) 

lies within this r.eciprocal lattice plane, making access to Bragg, first- and 

second-order satellite peaks possible. CuKa. X-rays were used with flat, 

pyrolytic graphite monochromator and analyser crystals to give a reciprocal 

space resolution of approximately 5x 1 0-3.a-' in the scattering plane. Briefly, 

whilst attempting to measure the X-ray scattering intensity at the positions of a 

number of first-order satellites as the sample ~emperature was lowered through 

T c' anomalous but reproducible results were obtained, as illustrated in Figure 

(6.5). The pronounced dip in the intensity of one of the satellite reflections at 

J'238K was entirely unexpected. Further measurements showed that the 

occurence and magnitude of the dip were related to the position of the incident 

X-ray beam on the sample face. 

To test the suspected connection between this anomaly and the 

domain distribution within the sample we performed a simple topograph of a 

horizontal strip of the sample crystal, approximately 1 mm high and 8mm long 

with a horizontal resolution of approximately 0.2mm. This was accomplished by 

measuring the integrated intensities of two first-order satellite reflections, 

(4.61,-1.5, -1.5) and (4.61,-2.5,- 1 .5), as the sample was translated in steps of 

0.2Smm parallel to the crystal face. The (4.61,- 1 .S,- 1 .5) reflection originates in 

one of the two monoclinic domains and lay within the horizontal, scattering 

plane of the instrument (Le. the zero-layer). Following the convention of Figure 

(4) this reflection is (S,- 1 ,-1)m -q,. The (4.61,-2.S,-1.S) reflection (or 

(S,-3,-1)m'-Q3) originates in the other domain and lay in the first-layer, with 

almost identical setting angles but with an inclination angle of 5.6
0 

in normal 

beam Weissenberg geometry. Thus, by moving the detector out of the 
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horizontal plane by an appropriate amount to find the first-layer reflection, it 

was possible to measure the intensity of each of the two satellite reflections 

whilst sampling the same area of the crystal face. The results are shown in 

Figure (6.6). 

Clearly, the relative proportion of each of the two monoclinic domains 

varies dramatically as a function of position on the sample face; indeed large 

parts of the crystal appear to be almost completely monodomain. Taking the 

intensity of (4.61,-2.5,-1.5) at pos-ition A and that of (4.61,-1.5,-1.5) at position B 

(Le. the two most completely monodomain points on the topograph) it can be 

seen that the ratio of their intensities is almost exactly 1 :2. The almost flat 

topped result obtained by plotting the sum, 1(4.61, -2.5,-1.5)+O.5xl(4.61 ,-1.5,-1.5), 

as a function of position fully confirms the domain distribution hypothesis. 

The origin of the anomalous dip in Figure (6.5) is now more obvious. 

Both softening modes, ql and Q3, are present in. equal proportions in the 

orthorhombic phase. As the crystal is cooled through T c the modes condense 

and the crystal forms distinct domains in which the modulation is characterised 

by only one of the modes, either ql or Q3' The domains, or perhaps clusters of 

domains, appear to form on a macroscopic scale (in this case on a scale 

considerably larger than the sampled area of the crystal) and the observed dip 

in the integrated intensity occurs at T c if the sampled area forms predominantly 

the 'wrong' domain. 

The formation of large domains at, or possibly just below, T c with a 

consequent effect on measurements sensitive to the domain distribution may 

offer a possible explanation for the apparent occurence of two phase transitions 

in some samples of BaMnF4 observed by a number of authors (Levstik et al 

1975, Scott et al 1982, Hidaka et al 1984). 

The lower transition temperature (.r238K as opposed to .r247K in the 

previous sample crystal) is characteristic of incommensurate phases in which 

the modulation is pinned by defects or impurities. Lavrencic et al (1981) have 

demonstrated that Tc in a BaMnF4 sample is highly sensitive to the presence of 

defects. They observed a 10K reduction in T c after extended heat treatment and 

interpreted this effect in terms of an increasing concentration of fluorine 

vacancies as a result of fluorines 'boiling off' the sample surface. 
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CONCLUSIONS 

The existence of twin, monoclinic domains in the incommensurate 

phase of BaMnF4 has been confirmed by X-ray scattering and the magnitude of 

the monoclinic distortion as a function of temperature has been directly 

measured for the first time. At T c - 1 OOK ~a, the deviation from 90 0 of the angle 

a is approximately 0.05 0
. This result is in agreement with theoretical predictions 

and with previous experimental work and resolves a longstanding uncertainty. 

The close nature of the twinning means that twinned Bragg peaks are 

effectively superimposed in any conventional X-ray or neutron scattering 

experiment. First-order satellite peaks do not, however, overlap, and a 

comparison of the intensities of satellites related by the twinning operation 

affords an unambiguous measure of the twin fraction. In principle, at least, it is 

possible to use this information to separate analytically the twinned Bragg 

peaks but the variability of the twin fraction as a function of temperature and of 

position within a sample crystal poses a number of potentially serious problems. 

X-ray scattering experiments are particularly vulnerable to this 

variability. The very high absorbtion of BaMnF4 for the commonly used X-ray 

wavelengths (for CuKa lJ.=108.3mm- 1 and for MoKa lJ.=14mm- 1
) means that, . 

unless an impractically tiny sample crystal is used, the experiment does not 

uniformly probe the entire sample crystal in any given scattering geometry. 

Thus, as Figures (6.5) and (6.6) show, changes in temperature or in scattering 

geometry may correlate with changes in the twin fraction and, as a result, an 

additional complication may be introduced into experimental measurements of 

quantities sensitive to the domain distribution. 
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CHAPTER SEVEN 

An Experimental Study of the Effect 
of Random Fields in 8aMnF4: 

a Material with Continuous Symmetry 

The application of randomly directed fields has a drastic effect on the 

properties and phase transitions of systems. Imry and Ma (1975) considered the 

effect of a site random magnetic field on the ordering of a ferromagnet and, by 

comparing the energy gained by reversing a domain with the energy needed to 

produce a domain wall, showed that the long range ferromagnetic 

order would be destroyed in systems with dimensionality, d, less than dc, where 

de was 2 for Ising systems and 4 for systems with continuous spin symmetry. 

By using the suggestion of F.shmQ.n 4.nd. Ah~r-on~ (1979), that a uniform 

magnetic field applied to a random Ising antiferromagnet produces a random 

staggered fie-Id, there have now been many experimental studies made of Ising 

systems in 2 and 3 dimensions, as reviewed by Cowley et al (1984), Birgeneau 

et al (1984) and reported subsequently (Cowley et ai, 1985, Yoshizawa et ai, 

1985, Belanger et ai, 1985, and Birgeneau et al, 1985). The results show 

behaviour considerably more complex than predicted by Imry and Ma, in that, 

when the systems are cooled in a random field, there is a well defined 

transition below which the system has many metastable states and long range 

order is achieved only when the random field is removed. These properties are 

still not understood in detail and a review of the theory is given by Villain 

(1985). 

Very little experimental work has been performed on systems with 

continuous spin symmetry because applying a uniform field to an 

antiferromagnet with continuous symmetry produces a spin-flop phase, when 

the random fields no longer influence the ordering. The behaviour of systems 

with a continuous symmetry can, however, be studied by the introduction of 

impurities into incommensurably modulated phases. The impurities then act as 

local fields which pin the phase of the incommensurate modulation and the 

resulting properties are described by the same Hamiltonian as that which 

describes the effect of site random magnetic fields on a continuous spin 

system-



· 82 

This chapter describes detailed measurements of the- structural phase 

transition to an incommensurately modulated phase in two samples of BaMnF4 
containing different defect concentrations. The results are qualitatively very 

similar to the experimental results found in the Ising systems, which is 

surprising in view of the difference expected by the arguments of Imry and Ma. 

There is a well defined transition, below which long range order is not 

established and the scattering is characterised by a Lorentzian squared 

lineshape. 

BaMnF4 has an orthorhombic crystal structure at room temperature 

and, on cooling to - 247K, undergoes a second-order phase transition to an 

incommensurably modulated phase (Cox et ai, 1979). Somewhat unusually, the 

material remains incommensurate down to the lowest temperatures, and the 

phase transition is associated with 4 wavevectors 

q, =(0.39, 0.5, 0.5), q2=-q, 
q3=(0.39.-0.5, 0.5), q4=-q3 

The low temperature structure is described by monoclinic domains 

associated with either the wavevectors q, and Q2, or Q3 and Q4 (Cox et ai, 1983, 

Barthes-Regis et ai, 1983 and this thesis, chapter 6). 

Two crystals were used in this work. One was grown by 

H.J. Guggenheim at Bell Laboratories from zone melted materials in the same 

way as those used earlier by Cox et al (1979, 1983), whereas the other was 

grown by the crystal growing group at Oxford University. The former crystal 

was optically clear and had a mosaic spread of 0.006
0 

while the latter was 

optically cloudy and had a mosaic spread of 0.022
0

, showing that the Bell 

crystal contained far fewer defects. The surfaces of the crystals were carefully 

prepared as described in chapter 6, and then the crystals were mounted in a 

closed cycle cryostat on a triple crystal X-ray diffractometer with the [100] and 

[011] axes in the scattering plane. The temperature could be controlled with a 

stability of ±0.02K and measured to an absolute accuracy of ±0.3K. 

The X-ray source was a GEC Avionics rotating-anode generator. CuKa, 

X-rays were selected and collimated by reflection from either a flat Si( 111) 

crystal or a flat pyrolytic graphite (0002) crystal. In the former case the 

scattered beam was collimated either by a simple slit or by an identical Si( 111) 
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Figure 7.1 - The temperature dependence of the integrated intensity of the 

incommensurate reflections. The results for two different parts of the Oxford crystal 

are shown by circles and have been scaled at high temperatures. Below 238K the 

curves differ because of the formation of macroscopic domains. The upper part of the 

figure shows the temperature dependence of the 'a' lattice constant for both crystals. 
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analyser crystal. A pyrolytic graphite analyser crystal was always used in 

combination with the graphite monochromator. The resolution of the 

instrument is then dependent on the wavevector transfer, as discussed in 

chapter 4, but in the scattering plane it is typically (Si-Si)5x 1 0-2,&. -1 and 

(PG-PG) 1 0-2,8. -1. For the (Si-Slit) arrangement the resolution was 10-3,8.-1 

perpendicular to the surface of the Ewald sphere and 2x 1 0-2,a:"'1 parallel to the 

surface. Perpendicular to the scattering plane the resolution was 5x1 0-2~-1. 

The temperature dependence of the integrated intensity around the 

i~commensurate reflections was measured and the results are shown in Figure 

. (7.1).· In the case of the Bell crystal the transition temperature was determined 

from the temperature dependence of the 'a' lattice constant, also Figure (7.1), as 

247.0±0.5K, and this temperature is at least roughly consistent with the onset of 

order as determined by the integrated intenSity when allowance is made for the 

critical scattering included in the intensity above T c. The integrated intensity 

obtained from different parts of the Oxford crystal could be scaled to one 

another for temperatures above 240K, but below this temperature there was a 

break in the temperature dependence and the scaling no longer applied. As 

explained in detail in chapter six, this behaviour is due to the formation of the 

two different types of monoclinic domains having macroscopic dimensions. The 

temperature at which these macroscopic domains occur is 238.0± 1.OK and is the 

signature of a well defined transition. An unexpected feature of the results is 

that the transition temperature in the Oxford crystal coincides neither with the 

onset of appreciable integrated scattering, Figure (7.1), nor the broad dip in the 

'a' lattice parameter, but occurs at a considerably lower temperature when the 

integrated intensity has already reached a large fraction of its low temperature 

value. Above 250K the Oxford crystal also gives relatively much more scattering 

than the Bell crystal. We believe that these differences arise because the 

Oxford crystal contains many more defects than does the Bell crystal. 

The wavevector dependence of the scattering was studied in detail for 

both crystals above and below Tc. Scans were performed along the [100] and 

[011] directions through a number of incommensurate reflections. Two typical 

scans are shown in Figure (7.2). They both show widths which are considerably 

larger than the experimental resolution. Figure (7.3) shows that the observed 

full width of the scattering at half maximum steadily decreases as the 

temperature decreases for both crystals. In the case of the nearly pure Bell 

crystal the width below T c is only slightly larger than the experimental 

resolution and at high temperatures the widths are consistent with those of Cox 
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et al (1979). These results were initially believed to be qualitatively as expected 

for a pure crystal, with the critical exponent v, which describes the half width, 

clearly less than unity. The behaviour of the Oxford crystal is qualitatively 

different. The width of the scattering along both the [100] and [011] directions is 

always greater than the resolution and continues to decrease below Tc. It is 

always larger than that found in the Bell crystal and the temperature 

dependence is, for temperatures above T c' nearly linear in T - T c unlike the 

behaviour of the Bell crystal. 

Further analysis of the results can only be performed by assuming a 

form for the- scattering cross-section. Initially this was taken to be a Lorentzian 

form as expected at transitions in pure systems; 

A 
8(0) = ( 1 ) 

where the scattering vector Q = G + q, + q, and G is a reCiprocal 

lattice vector. The anisotropy of the fluctuations was assumed to be such that 

the correlation length was different along [100] from that perpendicular to [100]. 

In principle, the correlation length is also anisotropic perpendicular to [100], but 

the large vertical resolution meant that the results were relatively insensitive to 

the correlation length perpendicular to the scattering plane. The results were 

fitted to eqn. 1 convoluted with the experimental resolution and added to a flat 

background to determine the amplitude, A, the inverse correlation range, 1(, the 

anisotropy, R, and the background. 

In the Bell crystal the Lorentzian form gave a good fit above 249K, and 

fairly reasonable fits (X 2.r2.5) could be obtained above 248K. In the case of the 

Oxford crystal, all of the high resolution data for temperatures below 246K gave 

unsatisfactory fits to the Lorentzian form (X 2.r4), as shown in Figure (7.2). 

Since the Lorentzian form did not describe the results, fits were then 

performed to a Lorentzian squared form because this is found to describe the 

scattering in the random field Ising systems and because it is expected to occur 

in disordered systems; 

8(0) = 
B 

( 2 ) 
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and also to the sum of a Lorentzian and Lorentzian squared functions. 

A good fit (x
2
"'1), was obtained to all the data below 246K from the Oxford 

crystal using just a Lorentzian squared form, and no significant improvement 

was made on adding a Lorentzian term. The results are illustrated in Figure 

(7.2), and the resulting K are shown in Figure (7.4). The anisotropy, R, can be 

obtained from Figure (7.4) and it is within error constant at 0.66, in reasonable 

agreement with the value obtained for the Bell crystal at high temperatures. 

The success of these fits prompted us to re-examine the fits to the Bell crystal. 

In particular the data taken below T e' was fitted to a 

Lorentzian squared form and at the low temperature of 140K a good fit was 

obtained as shown in Figure (7.2), with the anisotropy parameter R = 0.61. 

Similar fits were obtained at other temperatures below 245K. 

These results sugge'st that both crystals are, in fact, behaving in a very 

similar way; but that the concentration of impurities in the Oxford crystal is 

much larger. Further evidence for this comes from the lack of temperature 

dependence of the ordering wavevector in the Oxford crystal, which is evidence 

for a large defect concentration (Barthes-Regis et ai, 1983). Finally Lavrencic 

and Scott (1981) have shown that Te can be reduced by up to 10K in samples 

made fluorine deficient through heat treatment. Consequently we consider that 

the unexpected behaviour presented in this letter is due to the presence of 

defects and that these defects are most probably fluorine vacancies. 

The results show that long range order is not established in these 

samples because the defects act as a random field by pinning the phase of the 

incommensurate modulation (Imry & Ma, 1975, Sham & Patton, 1976). The 

scattering profile at low temperatures is well described by a Lorentzian squared· 

form as also found in the magnetic Ising systems. Unexpectedly there is a 

well-defined phase transition at a temperature that decreases with increasing 

impurity concentration. The results shown in Figure (7.1), and in chapter 6, 

strongly suggest that this transition is associated with an abrupt freezing of the 

system, as found at the metastability boundary in the Ising systems (Birgeneau 

et ai, 1985), but which has not to our knowledge been predicted theoretically for 

systems with continuous symmetry. Finally, at temperatures above Te, the 

scattering from the more disordered crystal has a Lorentzian squared 

contribution. Presumably this defect induced scattering is the origin of the 

'central peak' observed above T e by Cox et al (1979). We hope that these 

results will stimulate further work on the effect of random fields on systems 

with continuous symmetry, especially as this experiment suggests that the 



86 

behaviour is very similar to that of the Ising systems which have proven to be 

much more subtle than at first realised. 
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CHAPTER EIGHT 

RbCaF3: The 196K Antiferrodistortive Transition. 

8.1) INTRODUCTION. 

The antiferrodistortive perovskites; general formula AMX3, constitute a 

very important structural family in the context of modern experimental studies 

of critical phenomena at structural phase transitions. These materials undergo 

one of the simplest possible examples of a unit-cell doubling (or 

antiferrodistortive) structural phase transitions from a cubic phase, with space 

group Pm~m, to a tetragonal phase with space group 14/mcm. The transition is 

connected to the condensation of a soft optic phonon at the R-point (or 

q=0.5,0.5,0.5) of the cubic Brillouinzone. This mode involves anti-phase rotations 

of corner-sharing MXs octahedra around cubic [100] axes in adjacent unit cells 

resulting in the characteristic, in-plane rotational distortion pattern shown in 

Figure (8.1). At T c the atomic displacement pattern of the soft-mode 'freezes in' 

to the static structure of the low temperature phase, the rotation axis becoming 

the tetragonal 'c' axis. The rotation angle, phi, is the order parameter of the low 

temperature phase. 

The most thoroughly examined member of the family is SrTi03, which 

undergoes a second-order transition at 105K, and it was in this material that 

the first experimental observation of a zone-boundary condensation was made, 

using inelastic neutron scattering (Shirane and Yamada 1969). The inadequacy of 

the simple soft-mode description of the phase transition soon, however, 

became apparent with the observation of the so-called 'central peak' by Riste et 

al (1971). 

In addition to the inelastically scattered signal, corresponding to the 

softening phonon mode, a quasi-elastically scattered component was observed. 

This appeared some 70K above T c and, as T c was approached, critically 

diverged, eventually dominating the scattering spectrum close to T c' Essentially 

identical scattering features were subsequently observed in the isomorphous 

perovskites KMnF3 and RbCaF3 (Rousseau at al 1976, Almairac et al 1977). 
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The atomic displacement pattern of the R25 soft-mode in the 

antiferrodistortive perovskites, AMX3. The MXs octahedra are shown. The A atoms 

occupying the cube-corner sites, are omitted for clarity. 
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The two.-timescale response revealed by the inelastic neutron 

scattering measurements has been confirmed by a number of other 

experimental methods including EPR (Simon et al 1981, Buzare and Simon 1984) 

and light scattering (Bruce et al 1980) and several theoretical models were 

proposed to acount for the existence of this unexpected feature, as reviewed by 

Bruce and Cowley (1981). Broadly, these fall into two categories; those which 

consider the central peak to be an intrinsic feature of the pure material and 

those which consider it to be related to the presence of defects. The former 

models predict the existence of 'precursor clusters' within which the static 

displacements of the low temperature phase temporarily 'freeze in' above T c and 
.' . 

the experimentally observed long-timescale is acounted for by the relatively 

slow motion of the cluster walls. 

The 'extrinsic' models (Halperin and Varma 1976) explain the existence 

of the central peak in terms of defects or impurities, introducing local 

distortions which couple to the order parameter and thereby stabilise small 

regions of the low temperature structure. The timescale is determined by the 

mobility of the defects. 

Whatever the mechanism for their production, the existence of 

pre-cursor clusters of the tetragonal-phase structure above T c in the 

antiferrodistortive perovskites is now a widely accepted and experimentally 

verified fact (Bruce et al 1980, Jex et al 1980, Buzare et al 1984). There are, 

however, a number of experimental features which remain puzzling. 

The current theoretical models, outlined above, correctly predict the 

two-timescale response of the system but predict a single lengthscale for the 

correlations above Te, that of the R25 soft-mode. X-ray scattering experiments, 

however, measure the quantity S(Q} and are, therefore, insensitive to the 

two-timescale response of the system but can accurately measure the 

correlation length of the scattering features. 

Darlington and O'Connor( 1976) reported the existence of an intense, 

Bragg like scattering component at the R-point in SrTi03 in x-ray and 

Mossbauer scattering experiments. The scattering appeared to be surface 

specific and was interpreted as originating in a surface-stabilised tetragonal 

layer some 20]Jm thick at T c+5K and critically growing into the bulk as Tc was 

approached. The existence of this layer was proposed as a plausible explanation 

for the quasi-elastically scattered 'central peak' but this was subsequently 
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disputed, on the evidence of non-surface specific neutron 

measurements, by Cowley and Shirane( 1978). 
scattering 

In RbCaF3, Ridou et al( 1980) reported x-ray scattering measurements 

which appeared to demonstrate the existence of very large (circa 2-6000A) 

pre-cursor clusters of the tetragonal phase in the temperature range Te to 

Te+5K in high quality sample crystals. No attempt was made to examine the 

surface specificity of the observed scattering. 

Very recently, Andrews(1986), using the Edinburgh triple-crystal x-ray 

. spectrometer, carried out a detailed study of critical scattering and 

pre-transitional Bragg scattering in a number of samples of SrTi0 3. He observed 

a Q-resolution limited Bragg-like component above Teat the cubic R-point. The 

feature was first visible some 6K above T e' superimposed upon the broad, 

diffuse scattering from the softening R25 mode, and grew steadily in intensity as 

T c was approached. The correlation length of the feature was estimated to be 

- '04J{ but its intensity was found to be both sample and history dependent. 

Andrews concluded that it contained contributions from both bulk, defect 

stabilised regions and from a surface layer. 

The existence of this, apparently sample dependent, feature seriously 

complicates any experimental study of critical effects in the antiferrodistortive 

perovskites. Its preCise origin, to what extent it is representative of pure crystal 

behaviour and its relationship to the 'central peak' are still not well understood. 

A preliminary x-ray scattering study of RbCaF3 (Ryan and Gibaud, 

unpublished), which is structurally isomorphous with SrTi0 3 but differs in that 

the transition, at - 196K, is slightly first-order, confirmed the existence of the 

narrow, Bragg like component above Te' Unfortunately, efforts to examine this 

feature and to measure the critical exponents 8, y and \) were unsuccessful, 

partly because of the poor quality of the available sample crystals, which often 

consisted of a number of misorientated crystallites, and partly because of an 

inadequate understanding of the distribution of tetragonal domains within the 

sample. 

In collaboration with Prof. J. Nouet, Universite du Maine, Le Mans, a 

very high quality RbCaF3 sample crystal was subsequently prepared and the 

present work describes a high-Q-resolution experimental study of the x-ray 

scattering at the R-point of RbCaF3 in the region of the '96K cubic to 

tetragonal structural phase transition. 
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8.2) SAMPLE CRYSTAL GROWTH AND PREPARATION. 

The RbCaF3 sample crystal was grown by the Bridgman-Stockbarger 

technique from a non-stoichiometric mixture of RbF and CaF2 by Prof. J.Nouet 

Universite du Maine, Le Mans, France. It is notoriously difficult to grow highly 

perfect crystals of Rubidlum compounds - the difficulty lies mainly in the low 

purity of commercially available starting materials containing Rubidium. The 

experience ~ained in-o.ur. preliminary experimental study, using RbCaF3 crystals 

which were originally believed to be very perfect but which were obviously far 

from perfect when examined using the triple-crystal x-ray spectrometer, had 

shown that crystals of exceptionally high quality were required. 

The commercially obtained ~bF. was purified prior to serious crystal 

growth. This' was achieved by growing a crystal of RbF from the melt, removing 

the bottom portion of the crystal and re-growing a new crystal from the top 

portion of the crystal. The process was repeated a number of times until the 

RbF crystal was as pure as possible. 

RbCaF3 growth was performed from the purified starting materials. The 

crystal was pulled from the melt at a speed of 1 cm/24hr in a thermal gradient 

of 8 0 per cm. The boule was - 2.5cm in diameter and a large portion of it 

appeared optically very clear. The growth axis was directed along a cubic [100] 

direction. 

The boule was sliced, with a diamond saw, perpendicular to the growth 

axis into a number of plates, between 1 mm and 3mm thick. Two samples were 

chosen, one from the top end of the boule (crystal I), where the defect 

concentration was believed to be lowest, and one from the lower end of the 

boule (crystal II), where the defect concentration should be higher. The 'a' faces 

of both crystals were lapped to an optically perfect finish using 0.25~m 

diamond paste and then etched in conc. Hel to remove surface damage 

introduced by the polishing process and to relieve surface strain. Careful sample 

preparation is of absolutely fundamental importance to the sucess of a 

high-Q-resolution x-ray scattering experiment as the x-ray penetration depth 

within the sample is, typically, much less than 1 OO~m. 

The sample crystals were then mounted on a film of cryo-con grease 
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(Air ~roducts Co.Ltd.) on a high conductivity copper mounting block. The 

crystals were held in position by small amounts of Ge7031 varnish - in this way 

the mounting was as strain free as possible. To allow access to a cubic phase 

R-point the crystals were oriented with a [001] axis normal to the face and a 

[011] axis in the plane of the face. 

8.3) THE X-RAY SPECTROMETER. 

The experiments were carried out using the Edinburgh triple-crystal 

x-ray spectrometer with CuKal radiation from a rotating-anode source 

operating at 3KW with a focal spot size of 0.3x3.0mm 2. 

For the low-resolution measurements of the critical scattering from the 

R25 soft mode the instrument was fitted with pyrolytic graphite' (0002) 

monochromator and analyser crystals giVing a reciprocal space resolution of 

-2.0x10-2j{-1 in the scattering plane and a resolution of -5xl0-2a-1 in the 

vertical plane. For high resolution measurements the graphite crystals were 

replaced by perfect Si(lll) crystals improving the resolution to -5xl0~ 1{-1 in 

the scattering plane. A scintillation counter was used to detect the scattered 

signal. 

The sample crystal was contained in an isothermal enclosure mounted 

on the cold stage of a closed-cycle cryo-refrigerator. The sample temperature 

was controlled with a stability of ±0.02K and an absolute accuracy of ±0.3K. 

The x-ray beam incident upon the sample crystal was a narrow, vertical 

line, -1.0mm high and - 0.1 mm wide. 

),/2 contamination is a serious potential problem when working at 

cubic Brillouin zone boundary or corner points. With Si( 111) collimation optics the 

problem does not exist because the Si(222) reflection (which would pass A/2) is 

virtually absent. With graphite (0002) optics~ however, the (0004) reflection is 

present and a ),/2 component is inevitable. The measurements described in this 

work were carried out at the cubic (0.5,0.5,3.5) position and A/2 Bragg 

scattering from the (1,1,7) reflection is possible. To eliminate this possibility a 

pulse height analysis of the scattered beam was carried out and the A/2 

contribution was found to be negligible. 
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Figure 8.2 - The integrated intensity of the R-point scattering at three positions on 

the crystal face as the temperature was lowered through T c· 
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Figure 8.3 - The integrated intensity of the (O.5,O.5,3.5}c R-point reflection and the 

(114)c Bragg reflection at T c - 2K as a function of position along the crystal face. The 

three points referred to in figure 8.2 are marked. 
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S.4) CRYSTAL QUALITY AND THE DOMAIN DISTRIBUTION BELOW T c. 

The quality of the two sample crystals was assessed by rocking-curve 

measurements of the (004)c cubic phase Bragg reflection. The measurements 

were made in the high-Q-resolution configuration. Crystal I has a mosaic 

distribl:ltion of - - 0.006( 1) 0 FWHH and crystal II a distribution of - 0.0 12( 1) 0 

FWHH. As expected, the crystal cut from the lower end of the boule is of poorer 

quality, although, by any normal standards, both crystals are of exceptionally 

high quality. The experimental effort was initially focussed on crystal I. 

The crystal was approximately rectangular in shape -4mm high, Smm 

wide and 1.5mm thick. The intensity of the new, tetragonal phase Bragg peak 

which appears at the cubic R-point below T c is directly related to the rotation 

of the fluorine octahedra and, thus, is a measure of the order parameter of the 

low temperature phase. To determine T C' and measure the order parameter 

critical exponent, 6, the integrated intensity at the cubic R-point, specifically 

(0.5,0.5,3.5)c' was measured as a function of temperature at a number of 

positions along the crystal face in the low-Q-resolution mode. Three of the 

results are shown in Figure(S.2). The transition temperature, T C' is 197.6(2)K. 

Quite clearly, the behaviour differs very dramatically over the crystal 

face and any attempt to extract a meaningful critical exponent is doomed to 

failure. What are the possible explanations? 

To check for possible instrumental effects the integrated intensities of 

the superlattice peak at (0.5,0.5,3.5)c and an adjacent Bragg peak (in fact the 

cluster of three tetragonal phase Bragg peaks) at (1,1,4)c were measured as a 

function of pOSition along the sample face at Tc-2K. The results are shown in 

Figure(S.3). The intensity of the Bragg peak(s) remains almost constant along the 

crystal face, whereas the intensity of the superlattice peak varies substantially. 

The observed variation in the intensity of the superlattice peak is, clearly, a real 

effect. 

The explanation lies in the domain structure of the tetragonal phase 

(Jona and Shirane 1962, Modine et al 1974). The tetragonal 'c' axis can develop 

- along any of the cubic 'a' axes and, in a bulk sample, the expectation is that 

domains of the three possible tetragonal orientations will form with equal 
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Figure 8.4 - Grid scans of the position (', 4)c above and below T c in crystal I. (a) Tc + 

3K at position Omm. (b) T c - 2K at position -3mm. (c) T c - 2K at position Omm. (d) T c 

- 2K at position +3mm. 
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pr.obability (Maetz, Mullner, Jex and Peters 1978). Our previous experience of 

antiferrodistortive phase transitions suggests that such domains can form on a 

macroscopic scale (see chapter 6), with potentially serious consequences for 

experiments sensitive to the domain structure. In this case, we expect three 

domain types to form; one with the tetragonal 'c' axis normal to the crystal face 

and two with their tetragonal 'c' axes in the plane of the face but inclined at 

45
0 

above and below the scattering plane. Bragg, or superlattice, reflections 

from the latter two domain types will appear superimposed in the present 

experimental configuration. 

On this model, a Bragg· reflect~on, of the cubic phase, should split into 

three, tetragonal-phase Bragg reflections. For example,. the cubic Bragg peak 

(1,1,4)e forms three tetragonal-phase peaks, (0,2,8)t, (-3,5,2)t and (3,S,2h; the 

latter pair being equivalent by symmetry. In this experimental configuration, the 

(-3,5,2)t and (3,5,2)t reflections lie just above and below the scattering plane and 

the relatively poor vertical resolution of the instrument allows both to be 

recorded simultaneously. 

The situation is more complicated at the cubic R-point (0.S,D.S,3,S)e 

where three tetragonal superlattice peaks should appear below T C' (O,1,7)t, 

(-3,4,1)t and (3,4,1 )t; the latter two superimposed. The (O,1,7)t reflection, however, 

which originates in the tetragonal domain with the 'c' axis normal to the crystal· 

face, is forbidden by the 'c' glide condition (Okl: k=2n) in the space group of the 

tetragonal phase. The observed superlattice intensity at any position on the 

crystal face is, therefore, directly related to the proportion of domains, in the 

sampled volume of crystal, with the tetragonal 'c' axis parallel to the crystal 

face. 

Figures (8.2) and (8.3) show that at position -3mm, the crystal is 

predominantly composed of domains with the tetragonal 'c' axis parallel to the 

plane of the face, whilst, at position Dmm, the reverse is true. 

To directly test this hypothesis, the instrument was reconfigured to the 

high-Q-resolution mode and grid-scans of the (l,l,4)c Bragg peak were 

performed at three positions, -3mm, Omm and +3mm as the temperature was 

lowered through Te' Scans recorded at Te+3K and Te-2K are shown in Figure 

(8.4). As with all of the grid-scans shown in this work, the contour intervals are 

arranged in two decades - 1 % to 10% and 10% to 100% - to display weaker 

scattering features without allowing the contour plots to become dominated by 



Figure 8.5 - Grid scan of the point (114)c at T c - 1.4K in crystal II. 
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the strong features. 

The results are, simultaneously, satisfying and confusing. In the cubic 

phase, a single, resolution-limited Bragg peak is visible. Scan (a) shows a typical 

Bragg peak at T e + 3K, in fact at position Omm. Below T e' at position -3mm, the 

sampled volume is composed entirely of domains with the 'c' axis parallel to the 

crystal face whereas, at 3mm the crystal has formed roughly equal proportions 

of both domain types, as expected. At position Omm, however, a much more 

complicated domain pattern is in evidence with, possibly, up to" six Brag"g peaks 

visible. 

Leaving this complication for the time being (see section 8.4), it is clear 

that position -3mm is very suitable for studying critical scattering and the 

evolution of the tetragonal phase in this crystal. 

The domain structure of crystal II was investigated in the same way 

with broadly similar results. In this case, the domain structure was considerably 

more homogeneous across the crystal face, Figure(8.S) shows a contour plot of 

the cluster of tetragonal phase Bragg reflections at the (',' A)e point at 

Te-2K. Once again, as with position Omm in crystal I, five Bragg peaks are 

visible but one is very much more intense than the others. The dominant Bragg 

peak, being closer to the origin of reciprocal space, is clearly the superposition 

of (-3,S,2)t and (3,S,2)t and shows that this part of crystal II is predominantly 

composed of domains with 'c' parallel to the crystal face. 

Although it was impossible to find an area of the face of crystal II as 

completely 'monodomain' as the position -3mm on crystal I, a large part of the 

crystal face was -9S% 'monodomain' and, therefore, suitable for further study. 

8.S) THE GEOMETRY OF DOMAINS IN THE TETRAGONAL PHASE. 

The result shown in Figure (8.4), i.e that a single Bragg reflection of the 

cubic phase splits into a cluster of up to six tetragonal-phase Bragg reflections, 

was entirely unexpected. When crystal II showed almost identical behaviour 

(Figure 8.S) it became clear that this was a real effect and that the domain 

structure of the tetragonal phase was considerably more complicated than the 

simple model, described above, suggested. 
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Figure 8.6 - Grid scans of the point (004)c in crystal II at (a) T c + O.4K. (b) T c - 0.1 K. (c) 

T c - 0.4K. and (d) T c - 1.4K. 
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Figure 8.9 - As 8.8 but with the tetragonal 'c' aXIs parallel to the direction of the 

original cubic 'a' axis. 
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Figure(S.6) shows a series of grid scans of the (004)c reciprocal lattice 

point as the temperature of crystal II was lowered through T c. The single Bragg 

peak of the cubic phase evolves into a cluster of five Bragg peaks in the 

tetragonal phase, whereas, the simple model of the tetragonal phase predicts 

only two. Further grid scans, at a number of positions on the sample face, 

revealed a sixth Bragg peak, completing the symmetrical pattern of two rows of 

three peaks. Three of the peaks clearly originate in domains with the 'c' axis 

normal to the face and three in domains with 'c' parallel to the face. 

The origin of this pattern becomes clearer on consideration of the 

manner in which the three possible tetragonal domains fit togath-er within a bulk 

crystal. In fact, the following explanation is a logical extension of the domain 

model illustrated in Jona and Shirane (1962). 

Figure(S.7) shows a 2-d representation of the prototype-cubic lattice 

with lattice parameter 'a', and a corresponding reciprocal lattice point 'a*'. At T c' 

the tetragonal 'c' axis can develop along either of the cubic 'a' axes with equal 

probability. Suppose unit cell (1) develops the tetragonal axis parallel to the 

crystal face (an 'a' domain) and unit cell (2) normal to the face (a 'c' domain). 

The two tetragonal la~tices must match onto one another at a domain wall. 

Figure(S.S) shows how the domain matching is achieved. The domain 

wall is composed of strained, kite-shaped unit cells and, necessarily, the 

tetragonal 'c' directions are not exactly perpendicular. The presence of a single 

domain wall implies a macroscopic bend in the crystal and, clearly, this is 

unresonable. To retain its original shape, the crystal forms a pattern of 

alternating 'c' and 'a' domains. Note that, in this example, there are two distinct 

'c' domain orientations, misoriented by by an angle 5, where 5 is 

5 = 2(2tan -1 (c/a)-90) 0 

resulting in the corresponding arrangement of three, tetragonal 

reciprocal lattice points as shown. 

It is, of course, equally likely that the crystal will form a 'c' domain, 

with the tetragonal axes parallel to the original cubic axes. In this case, two 

distinct 'a' domain orientations will appear, also misoriented by the angle 5, as 

shown in Figure(S.9). 
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Figure 8.10 - The resulting cluster of six tetragonal-phase Bragg reflections from a 

poly-domain crystal. Note that in 3-dimensions it is possible to generate a cluster of 

up to fifteen Bragg reflections. 
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Combining these two pictures, we now have a pattern of 

tetragonal-phase Bragg peaks, Figure(B.10), very similar to the experimentally 

observed pattern in Figure(B.6). It should be noted that the two models 

described in Figures(B.B) and (B.9) are incompatible in a perfect crystal; their 

co-existence requires the presence of some kind of dislocation or crack. 

Extending the model to three dimensions is quite straightforward. We 

rotate the 2-d examP.le of Figure(B.B) by 90 0 about the tetragonal 'c' axis and 

find that we produce a cluster of 5 tetragonal-phase Bragg peaks. Performing 

the same operation on the model of Figure(B.9) and combining the two, we now 

have a cluster of 10 Bragg peaks. Adding the third tetragonal cell orientation, i.e. 

'c' normal to the plane of the page, we create, at some general position in 

reciprocal space, a grand total of 15 tetragonal phase Bragg peaks! The author 

has no intention of even attempting to draw a figure illustrating this point. 

• 
Figures (B.4) and (B.5) show up to six peaks, and that is because 

several peaks superimpose in this scattering geometry. 

The very important conclusion to be drawn from this exercise is that 

the domain structure of any perovskite, in the tetragonal phase, is extremely 

complicated. High-Q-resolution x-ray scattering techniques allow the 

experimentalist to examine the domain distribution within a particular sample 

crystal prior to embarking on a quantitative experimental study. A failure to do 

so will, almost certainly, introduce serious uncertainties into the experiment. 

B.6) CRITICAL SCATIERING MEASUREMENTS. 

The detailed study of the domain distribution described in section 8.5 

revealed three distinct regions in crystal I. At one end of the crystal (position 

-3mm) there is an area which forms an entirely 'a' domain structure below T c' 

In the centre of the crystal face there is an area with a very complex domain 

structure below T c' and this possible signifies the existence of some kind of 

crack, flaw or strain, whilst, at the other end of the crystal there is an area 

which appears to form almost equal proportions of 'a' and 'c' domains. 

In contrast, the domain distribution of crystal II (which is significantly 

less perfect than crystal I) is quite homogeneous. The crystal forms between 



c,..~ s ta-L I 

Tc. + /.ok 

Tc. + 6.0 k 

-O.oS o 0.05 

-

-0·05 

-+-__ 'tt,t4o.c,(. - ~f'lJ.~~ \ 

S<o.ttt.n~ 

, .. . , , 

o 0-05 
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Figure 8.12 - A log-log plot of the measured wave-vector width in the [00'] directio' 

of the R-point diffuse scattering in crystals I and II. Note that, at temperatures above 

- T c + 4K, the behaviour of both crystals is identical but, close to T c' a narrow 

component dominates the scattering spectrum in crystal II. 
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90% and 95% 'a' domains. The remainder of the experimental studies reported 

in this work were carried out at position -3mm in crystal I and position Omm 

(the centre of the crystal face) in crystal II. 

The critical exponents, y and 'V, describing the static susceptibility and 

correlation range, are obtained from measurements of the temperature 

dependence of the intensity and width of critical scattering from the R
25 

soft 

mode. Measurements of the critical scattering were carried out with the 

instrument operating, once again, in the low resolution mode with graphite 

(0002) monochromator and analyser crystals. Scans along the [001] and [110] 

directions were carried out in the temperature range T c to T c+30K in both 

crystals and some typical results are shown in Figure(S. 11). 

It is immediately apparent that the behaviour of both crystals is very 

similar at temperatures far from Tc but, as T c is approached, a very significant 

difference develops. In crystal II a very narrow, Bragg like component appears, 

superimposed upon the broader, diffuse scattering from the R25 soft mode. This 

feature is completely absent in crystal I. Closer to T c' the intensity of this 

feature increases continuously, eventually completely dominating the scattering 

spectrum. 

The difference in behaviour of the two crystals is quite clearly 

illustrated in Figure(S.12) which shows the full width at half height of the 

measured scattering peak in the [001] direction as a function of temperature in 

both sample crystals. At temperatures above - T c +4K the observed widths are 

essentially identical in both crystals. Closer to T c' however, the Bragg like 

component emerges in crystal II until, at -Tc+1K, the FWHH measurement is 

dominated by its resolution-limited width. 

Very significantly, crystal I shows no evidence whatsoever of this 

narrow component. The measured width of the scattering in crystal I decreases 

monotonically to Tc when a resolution-limited Bragg peak abruptly appears. 

Cowley, Gibaud and Mitchell( 19S6) have sucessfully analysed the above 

data by modelling the observed scattering from crystal II as a superposition of a 

resolution limited Bragg peak and the broader, diffuse component. Within error, 

the critical exponents derived from the two separate data sets, crystal I and 

crystal II, are identical. 
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8.7) PRE-TRANSITIONAL BRAGG SCATTERING. 

The behaviour of crystal II is very similar to the pre-transitional 

behaviour described by Andrews( 1986) in SrTi03; a resolution limited Bragg-like 

peak, superimposed upon the broader critical scattering from the soft mode, 

first appearing several degrees above T c and rapidly growing in intensity as r • c 

is approached. Significantly, though, the Bragg-like feature appears to be totally 

absent in the crystal I data! 

To learn more about the nature and origin of the pre-transitional Bragg 

scattering component in crystal II, the instrument was, once again, reconfigured 

in the high-O-resolution mode with Si(111) monochromator and analyser 

crystals. The objective of the experiment was to find the r;>re~ise location of the 

feature in the reciprocal lattice, thereby identifying it as a cubic or tetragonal 

phase feature, and to measure (if possible) any additional wavevector width. 

Andrews(1986) has shown that the pre-transitional Bragg peak in SrTi03 has no 

additional wavevector width and so the correlations giving rise to it are ordered 

over many thousands of unit cells. 

The experiment is technically very difficult, for two reasons. Firstly, the 

integrated intensity of the pre-transitional Bragg scattering feature is some four 

orders of magnitude less than that of a typical cubic-phase Bragg reflection. 

Secondly, the lattice parameter discontinuity from the cubic to the tetragonal 

phase is known to be very small, - 9x 1 0-4.a (Ridou et al 1980). To ascertain 

whether the pre-transitional peak is located exactly at the cubic R-point (in 

which case it is an intrinsic feature of the cubic phase) or whether it is 

displaced from the R-point, and by how much, is experimentally very 

demanding. 

Before presenting the experimental results we should recap, briefly, the 

crystallography of the phase transition. The reduction in symmetry at T c is from 

the cubic space group Pm3m to the tetragonal space group 14/mcm. The 

transition is known to be slightly first-order and, at T c' the tetragonal cia ratio 

is -1.0002 (Ridou et al 1980). The tetragonal 'c' axis can develop along any of 

the cubic axes with equal probability, and a simple model of the domain 

structure predicts the formation of three orthogonal tetragonal domains. A 

cubic-phase Bragg peak is, therefore, expected to decay into three 
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at Te+O.SK and Te-O.2K. 



99 

tetragonal-phase Bragg peaks at T c. 

At the R-point examine.d in this experiment, (0 5 ° 535) th . , . , . C' ree 

tetragonal-phase Bragg peaks should develop at T C' namely (0,1 ,7)t, (-3,4,1)t and 

{3,4,1)t, indexed on the 14/mcm cell. However, (0,1,7)t is forbidden by the 

'c-glide' condition in 14/mcm (Okl: k=2n), whilst (-3,4,1)t and (3,4,1)t appear 

superimposed. On this model, therfore, a single tetragonal-phase Bragg peak 

should be observed below T c. In fact, as explained fully in section 8.5, the actual 

geometry of the domains in a real crystal is considerably more complicated than 

the above model would suggest. Rather than forming three orthogonal domain 

orientations in the tetragonal phase, giving rise to a cluster of three Bragg 

reflections, a real crystal forms up to fifteen domain orientations - resulting in a 

complicated cluster of up to fifteen tetragonal-phase Bragg reflections. 

In this experiment considerable care was exercised to ensure that the 

area of sample crystal examined formed a simple domain pattern, comprised 

only of domains with the tetragonal 'c' axis in the plane of the face and giving 

rise only to the tetragonal Bragg reflections (-3,4,1)t and (3,4,1)t at the R-point. 

The position, intensity and wave-vector width of the R-point scattering 

were measured by performing grid scans of the region around (0.5,O.5,3.5)c and 

of three reference cubic-phase Bragg reflections, (O,O,4)c' (l,l,4)c and (1,1,3)c' as 

the sample temperature was lowered through T c' Typical sets of grid scans, 

recorded at T c +0.5K and T c -0.2K, are shown in Figure (8.13). It is immediately 

apparent that the pre-transitional scattering peak, at T c +0.5K is clearly offset 

from the cubic R-point and is clearly broader, along both [110] and [0011 than 

the two .reference Bragg reflections shown. Below T c' the scattering has 

developed into a true, tetragonal-phase Bragg reflection and the reference 

Bragg reflections have moved to their tetragonal positions~ with indices (±4,4,0)t, 

(±3,5,2}t respectively, in registry with the superlattice reflection. As expected, for 

tetragonal phase reflections with h+k»I, the displacement is predominantly in 

the cubic [001] direction and its magnitude corresponds to a tetragonal cia ratio 

of 1.00020(5). 

The experimental results are summarised, graphically, in Figures (8.14), 

(8.15) and (8.16). 

(i) Figure (8.14a) shows the measured displacement of the 

pre-transitional peak along the cubic [001] direction with respect to the cubic 

frame of reference defined by the trio of Bragg reflections. Within error, the 
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displa'cement is constant at 0.0004 reciprocal lattice units (i.e. 0.00056A-') and 

does not alter perceptibly at T c' In contrast, the Bragg reflections appear to 

jump discontinuously into registry with the new, superlattice reflection at T 
c 

(Figure (8.14b)). Clearly, the pre-transitional scattering originates in parts of the 

sample crystal which have already transformed to the tetragonal phase whilst 

the bulk of the crystal remains cubic. 

(ii) Figures (8.15a) and (8.15b) show the measured wave-vector widths 

of the pre-transitional scattering along [110] and [00 1]. The widths decrease 

continuously to the instrumental resoluti.on limit at T c' This behaviour contrasts 

quite sharply with the. behaviour observed in SrTi03 by Andrews, where the 

pre-transitional scattering had no appreciable additional width, even at Tc+3K .. 

(iii) Figure (8.16a) shows the integrated intensity of the scattering 

which increases through T c with no apparent discontinuity at the transition 

temperature, although it is possible that a small discontinuity would be masked 

by the temperature 'window' of the measurement (which is approximately equal 

to one temperature increment - 0.04K). 

(iv) Finally, Figure (8.16b) shows the deconvolved correlation ranges in 

the [110] and [001] directions which are, respectively, parallel and perpendicular 

to the crystal surface. Within error, the correlation ranges are identical in both 

directions. Plotting the measured widths as inverse correlation length (K) 

against reduced temperature ((T - T c)/T c) on a log/log scale shows that the 

results are well described by a power law relationship 

where T c= 197.4K, C=44,a and \1=0.68(2). 

What clues do the above measurements provide to the origin of the 

pre-transitional scattering? Firstly, the temperature dependent width of the 

scattering rules out the possibility of a simple temperature gradient across the 

sampled area of crystal. Secondly, it is difficult to reconcile the lack of 

anisotropy in the measured correlation ranges, parallel and perpendicular to the 

surface, with the model of a critically growing surface layer. Thirdly, the 

apparent sample dependence (evidenced by Figures (8.11 land (8.12) and the 

study of SrTi0
3 

by Andrews( 1986)) suggests a connection with the defect 
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concentration or dislocation density. 

The effect of defects on the static and dynamic critical behaviour of 

systems near displacive structural phase transitions has been considered by 

Halperin and Varma (1976). The precise effect depends upon the nature of the 

defect, whether it is mobile or fixed and whether the local symmetry is r oken 

or maintained, but, under certain circumstances, the strain field around a defect 

can couple to the order parameter and thereby stabilise clusters of the 

low-temperature phase. The theoretical model predicts that the lengthscale of 

these clusters is limited by the correlation length of the system, a conclusion 

apparently in conflict with the two experimentally observed lengthscales, 

described above. The theoretical model, however, considers only point defects 

accompanied by an isotropic strain field. A real, mosaic crystal, on the other 

hand, almost certainly contains dislocations which extend over many thousands 

of unit cells and it is quite possible that this may account for the unexpectedly 

long correlation lengths. 

If this, defect-stabilised pre-cursor cluster model is correct we are left 

with a picture of rather large (- 2000a diameter at T c + 1 K), tetragonal-phase 

clusters existing in a cubic matrix, which grow in size as T c is approached, 

eventually encompassing the entire crystal. 

The intensity of the pre-transitional scattering, on this model, is 

governed by the structure factor of the superlattice reflection and the volume of 

the tetragonal clusters. The structure factor is directly related to the 

order-parameter of the low temperature phase, i.e. the rotation angle of the 

CaFs octahedra, and there is good evidence from structural studies of the 

tetragonal phase that this is strongly coupled to the tetragonal strain. 

From Figure (S.14b) it appears that the tetragonal strain is constant 

from T c to T c + 1.5K, then the observed integrated intensity above T C' (Figure 

(S.16a)) as a fraction of its value at T C' should measure the relative volumes of 

the cubic and tetragonal phase regions within the crystal. But at this point we 

encounter a paradox: both the intensity variation of the superlattice reflection 

and its diverging correlation length indicate a continuous evolution from a 

predominantly cubic phase to a wholly tetragonal phase whilst the zone-centre 

reflections exhibit a discontinuous jump to their tetragonal-phase positions at T c! 

In other words, the transition appears to be second-order at the zone-boundary 

and first-order at the zone-centre. 
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A somewhat clearer picture can be obtained by an examination of the 

scan profiles of the (l14)c Bragg reflection and (D.5,D.5,3.5)c zone-boundary point 

shown in Figure (8.17). The figure shows a series of scans, in the [001] 

direction, as the temperature was lowered through T c' The pre-transitional 

scattering peak is clearly visible, offset from the R-point, and continuously 

evolving into a true, tetragonal-phase superlattice Bragg peak below T c' The 

(114)c Bragg reflection, on the other hand, is centered on the cubic reciprocal 

lattice pOint above T c and, even at T= 197.54K, when the intensity of the 

superlattice peak indicates that some 25% of the bulk of the crystal has the 

tetragonal structure, no (lS~Fmetry is evident in the Bragg peak. At T= 197.46K, 

the tetragonal phase clearly encompases some 50% of the crystal and this is 

quite clearly reflected in both the profile of the (114) Bragg reflection and the 

intensity of the superlattice peak. Below T c' there is an obvious Do.~~ rr. ,,-.::~ in the 

profile of the (3,5,2)t Bragg peak until 197.36K, when the ordering curve of 

Figure (8.16a) shows that the crystal is fully tetragonal. 

Why is there no obvious ctsymmetry above T c? The answer may lie in 

a remarkable similarity between the behaviour of this (defect influenced) system 

and the defect dominated behaviour observed at the 

commensurate-incommensurate transition in BaMnF4, described in Chapters 6 

and 7 of this thesis. To briefly recap the BaMnF 4 observations, at - 247K BaMnF 4 

undergoes a second-order transition from a normal phase, with space goup 

A2 1am, to an incommensurate phase in which the symmetry of the average 

structure is monoclinic (P2 1) and the crystal forms twin domains. A crystal in 

which the incommensurate modulation wave was pinned by impurities or . 
defects showed a depressed T c and enhanced critical scattering which 

continuously evolved into an incommensurate phase satellite peak as the 

temperature was lowered though T c' Above T c' critical scattering measurements 

showed that fluctuations corresponding to both low temperature phase, 

monoclinic domains were present in equal poportions in the bulk cystal but at 

T c there was an abrupt freezing of the system into one of the two possible 

monoclinic domains. 

A closer inspection of the Bragg peak profiles, shown in Figure (8.17), 

shows that the width of the (114)c reflection above T c is larger than the 

coresponding tetragonal phase peak (3,5,2)t, below T c' Significantly, the widths 

of this peak and the new superlattice Bragg peak, (3,4,1)t, are identical. 

A possible explanation for the lack of .l.s~nlmetry in the Bragg 
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reflections above T c is that pre-cursor clusters, or fluctuations, with ~ of the 

possible tetragonal orientations are present in equal quantities, but at Te the 

portion of the crystal sampled in the experiment abruptly freezes into a single 

domain orientation. Scattering from clusters of the 'unfavourable' domain 

oientation above T c is, of course, invisible at the zone-boundary because of the 

c-glide absence condition: but at the zone-centre, scattering from both 

tetragonal pre-cursor domains appears with equal weight. As discussed in 

chapter 7, with particular reference to BaMnF4, this abrupt freezing of the 

system at T c is very similar to the behaviour observed at the metastability 

boundary in the, much studied, dtlute Ising "antiferromagnetic systems 

(Birgeneau et al 1985). 

There are two, obvious, experimental tests of this hypothesis. The first 

is to extend the Bragg peak profile measurements of Figure (8.17) to higher 

temperatures and follow the temperature dependence of the Bragg peak width 

through T c' The second is to examine the scattering at an R-point where 

scattering from all of the possible domains is allowed by the space group of the 

low-temperature phase. In this case, pre-transitional scattering peaks 

corresponding to pre-cursor clusters of both domain orientations should be 

visible above T e' but at T e' as the system freezes into the low-temperature 

domain structure, the intensity of one peak should diminish as the other 

increases. 

The author intends to carry out these measurements as soon as 

possible. 

CONCLUSIONS. 

This experimental, high-resolution x-ray scattering study has produced 

a wealth of new information on the 196K antiferrodistortive phase transition in 

RbCaF
3
; information which is, to the best of the author's knowlege, unattainable 

by any other experimental technique. In section 8.5, the domain structure of 

RbCaF
3 

in the tetragonal phase (and, by implication, that of all of the tetragonal 

perovskites) was shown to be considerably more complicated than the generally 

accepted model suggests. A correct interpretation of the results described in 

the subsequent sections depends crucially on the 

domain distribution and geometry contained 

detailed knowlege of the 

in section 8.5. The 
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low-Q-resolution measurements of the R25 soft-mode scattering, described in 

section 8.6 revealed a sample-dependent quasi-Bragg scattering component 

superimposed upon the broader diffuse scattering from the soft-mode, and it is 

the nature and origin of this quasi-Bragg scattering component with which the 

present work is concerned. The diffuse scattering from the R25 soft mode has 

been analysed and the results will be described in detail by Cowley et al(1986). 

Section 8.7 describes a very detailed, high-Q-resolution, examination of 

the nature of this pre-transitional quasi-Bragg scattering component in the 

region of T c. The results are consistent with the formation of metastable 

pre-cursor clusters of the tetragonal-phase structure close to T c and their 

existence appears to be related to the presence of defects or dislocations. The 

lengthscale of the clusters is, at first, rather surprising. Current theoretical 

models predict that certain types of defect can stabilise clusters of the 

low-temperature phase but the size of the cluster is limited by the correlation 

length of the soft-mode. The experimentally observed clusters are, however, 

larger than the theory predicts by almost one order of magnitude. However, the 

models consider only pOint defects. The experiments, on the other hand, reveal 

a correlation between the mosaicity of the crystal and the occurence of these, 

rather large, pre-cursor clusters. This appears to suggest that dislocations, wich 

may extend over many thousands of unit cells, rather than point defects, play a 

major role in the establishment of pre-cursor clusters with a spatial extent of 

several thousands of Angstroms. 

As T c is approached, the clusters grow continously in extent but, at T C' 

there is an abrupt freezing of the system into the ordered domain structure of 

the low-temperature phase. This behaviour is remarkably similar to the 

behaviour observed in other materials undergoing structural phase transitions 

under the influence of random fields and may well turn out to be a general 

feature of all phase transitions in impure materials. 

Unfortunately, .the above measurements give no absolute indication of 

the exact type or concentration of defects within the two sample crystals. The 

conclusion, that the presence of large pre-cursor clusters is connected to the 

crystal quality, is based on rocking-curve measurements of the mosaic spread 

of each crystal. On the basis of this measurement, both crystals would normally 

be considered to be of very high quality and their behaviour would normally be 

considered to be representative of a pure crystal. The surprising aspect of these 

results is that the critical behaviour of a crystal with a mosaic spread of the 
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order of 0.010 should be, quite drastically, altered by the presence of defects. 

It is of some interest to consider the other reported observations of 

pre-transitional Bragg scattering in the light of the above conclusions. Very few 

authors, in fact, report sufficient details of sample preparation or 

characterisation. Of the few who do, Andrews(1986) and Darlington and 

O'Connor( 1976) examined SrTi03 and Ridou et al (1980) examined RbCaF3. 

Andrews SrTi03 sample had a measured mosaic spread of -0.02 0
, and so was 

relatively far from perfect. The intensity of the feature was strongly dependent 

upon the method of sample preparation, being strongest in samples with 

surface layers damaged 'by polishing. Darlington and O'Connor did not report a 

measurement of the crystal mosaic spread but their samples were mechanically 

polished, a process which, as demonstrated by Andrews, inevitably introduces a 

damaged surface layer. In both of the above experimental studies, the intensity 

of the quasi-Bragg scattering component was reduced in annealed sample 

crystals. 

Ridou et ai, on the other hand, examined mechancally polished RbCaF3 

crystals and reported a careful assesment of the crystal quality. The crystal 

examined in the experiment had a bulk mosaic spread, measured by y ray 

diffractometry, of 0.0120 but a mosaic spread of - 0.0 17 0 when measured by 

x-ray diffractometry. The difference was, probably correctly, accounted for by 

the existence of a damaged surface layer. Large pre-cursor clusters were 

observed. 

Recalling that the present experimental study has revealed evidence of 

large, pre-cursor clusters in a sample crystal with a mosaic spread of - 0.0 12 0 

but no evidence of similar clusters in another crystal, from the same source, 

prepared in an identical manner, but with a measured mosaic spread of 

-0.005 0 , the above observations are quite consistent. Very recently, highly 

perfect, flux grown samples of SrTi0 3 have become available. A comparative 

study of ultrasonic attenuation near the 105K phase transition in two sample 

crystals, one flux grown and the other grown by the more conventional Verneuil 

technique, has revealed sample dependent differences which the authors 

attribute to the presence of strain fields around defects in the Verneuil-grown 

sample (Fossum and Fossheim, 1985). Significantly, the phase transition in the 

flux-grown sample appeared to be slightly first-order. It would be interesting to 

examine such a sample using the high-Q-resolution x-ray scattering technique 

and to compare the results with Andrews' study of a Verneuil-grown sample. 

--, 



Conclusions 

The prin'ciple purpose of this thesis was to explore some of the possible 

applications of the high-Q-resolution x-ray scattering technique in the field of 

structural phase transitions in crystalline solids. To this end, we have reviewed related 

work carried out by a number of research group~, we have discussed, in some detail, 

the x-ray optic'al factors determining the instrumental resolution in Q space and we 

have presented experimental studies of structural phase transitions in three materials, 

Ag 3AsS 3, BaMnF4 and RbCaF3. 

In each case, the uniquely-high resolving power of the triple-crystal 

instrument has revealed new, and in some respects surprising, aspects of the phase 

transitions in these materials . .. 

In proustite, for instance, we have demonstrated the existence of a 

(previously unsuspected) incommensurate phase and conducted an extremely detailed 

investigation of the temperature dependence of the wave-vector of the 

incommensurate modulation. As well as showing the nature of the incommensurate 

phase to be considerably more subtle than was first exp-ected, the measurements also 

revealed a very long time constant for the ordering process. The ordering may be 

associated with the presence of mobile defects which pin the phase of the modulation 

wave, thereby inhibiting the establishment of long-range order. This phenomenon 

merits further, more detailed study. 

In BaMnF4 we have, for the first time, directly measured the magnitude of the 

monoclinic distortion angle of the average structure in the low-temperature 

incommensurate phase. This measurement has cleared up a longstanding uncertainty. 

The study also revealed remarkable similarities between the behaviour of an impure 

BaMnF4 sample crystal and the behaviour observed in the, much studied, Random Ising 

Antiferromagnets. 

The investigation of RbCaF3 has revealed a remarkably complicated domain 

structure in the tetragonal phase which, by implication, must be common to all of the 

perovskite family and which can introduce serious complications into experimental 

studies which are sensitive to the domain structure. The experiment also revealed an 

apparent connection between the presence of large pre-cursor clusters of the 

tetragonal phase above T c and the sample crystal quality. 



In fact, a recurring theme of this thesis is the role played by defects. It has 

long been accepted, or at least suspected, that defects play an important role in 

modifying the behaviour of materials near phase transitions. A number of theoretical 

models have been proposed to describe the effect of defects but their role has, to a 

large extent, been neglected. 

The, perhaps surprising but certainly significant, conclusion which has 

emerged from the experimental work presented in this thesis is that defect-influenced 

behaviour is seen in sample crystals which would, by any normal standards, be 

regarded as highly perfect. 

Clearly, if substantial progress is to be made in experimental studies of 

structural phase transitions in crystalline solids, the problem of defects, impurities and 

crystal quality must be overcome. This can be achieved by improving the techniques 

of crystal growth and sample characterisation and trying to gain a clearer theoretical 

and experimental understanding of the way in which real defects influence the critical 

behaviour of real crystals. 
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X-ray- and neutron-diffraction measurements on powder and single-crystal samples of BaMnF 4 have 

failed to show any evidence for the distortion with wave vector. in reciprocal-lattice units. Ci- (0.4. o. O.S) 
recently reported by Scott, Habbal, and Hidaka. The distorted phase which is observed below 247 K is 

described by a wave vector q - (~. 0.5 . 0.5) wit.h ,incommensurate. There is a small ( - 1 %) increase in 
the magnitude of , as the temperature is lowered to 100 K. and the detailed temperature dependence of , 

is found to be different on heating and on cooling. The low-temperature distortion is characterized by a 
single wave vector q - (,. 0.5. 0.5) rather than by a pair of wave vectors (,. 0.5. 0.5) and (,. -0.5, 0.5). 

I. INTRODUCTION 

The structural properties of BaMnF4 are unusual and 
lave attracted considerable interest over the past few years, 
s described in a review by Scott. I At about 250 K the ma
erial undergoes a phase transition from an orthorhombic 
tructure with space group A2 1am (a =5.9845 A, 
, - 15.098 A, C "" 4.2216 A at 298 K). The nature of the 
lw-temperature phase was studied in detail by some of the 
resent authors2 using neutron-diffraction techniques. The 
esults showed that this phase was distorted from the high
emperature phase by a displacement with a wave vector, in 
eciprocal-Iattice units, q - (0.392, 0.5, 0.5). This phase 
'as unusual in that it remained incommensurate down to 
le lowest temperatures and that the wave vector of the dis
mion did not change with temperature within the resolu
on of the experiment. 
More recently Scott, Habbal, and HidakaJ have reported 

!)ecific-heat measurements, and more briefly some 
iezoelectric resonance studies, and x-ray-, neutron-, and 
lectron-diffraction measurements on BaMnF 4. On the 
Isis of the results from the first two techniques, they con
ude that there are two transitions, at 247 and 255 K. The 
iffraction measurements showed many samples to exhibit a 
isordered P2 12121 structure, which was attributed to a par
cular type of stacking fault in which the MnF6 chains are 
licked antiparallel along the b axis. Unlike the sample with 
Ie usual A 21am structure, these disordered samples 
lowed no structural phase transition between 77 and 570 

Samples with the A 21am structure were studied by Scott 
al. below 250 K, and x-ray and electron scattering data 

lowed superlattice reflections at a wave vector q,. (0.4. o. 
S), corresponding to a co'mmensurate unit cell 5a x b x 2c 
ilh respect to the room-temperature cell. However, neu
on scattering results showed reflections of the type 
- (0.392, 0.5. 0.5), in agreement with our earlier work. 2 

his led Scott et al. to suggest that the neutron scattering 
'ises from magnetic reflections due to short-range spin or
:ring at 250 K. 

28 

This explanation seems unlikely to us in view of our ear
lier detailed measurements both at the structural transition 
around 250 K and the magnetic transition at 26 K. but in 
view of the discrepancy, and the suggestion of Scott et a/.·, 
that there is another phase between 247 and 255 K which is 
incommensurate.4 we have performed further neutron stud
ies and new x-ray-diffraction measurements with improved 
resolution to elucidate the nature of the structural phase 
transition in BaMnF4• In Sec. II we describe our results and 
show that both x-ray- and neutron-diffraction results for our 
specimens of BaMnF4 are consistent with our earlier mea
surements and inconsistent with those of Scott et aJ. J We 
then report on measurements of the temperature depen
dence of the modulation wave vector q and on the structure 
of the incommensurate phase, which is shown to have a 
form such that in each domain only one of the modes 
ql- (0.392. 0.5. 0.5) or qJ- (0.392. -0.5, 0.5) describes 
the wave vector of the modulation (the notation is that of 
Ref. 2). In Sec. III the results are summarized and dis
cussed, 

n. EXPERIMENTAL 

The measurements were performed mostly on the same 
powder and single-crystal specimens used in our earlier 
study. The single crystals were grown at Bell Laboratories 
from zone melted materials and several different specimens 
were studied. One crystal was also grown by similar tech
niques at the Clarendon Laboratory. Oxford. In our studies 
no difference was observed in the results obtained from 
these various specimens. 

The experiments were performed USing neutron
diffraction techniques at the Brookhaven National Laborato
ry High-Flux Beam Reactor (HFBR>. x-ray powder mea
surement at Brookhaven, and x-ray single-crystal measure
ments at Edinburgh University. These latter measurements 
were performed partly with an Enraf-Nonius CAD-4 four
circle diffractometer and partly with a high-resolution two
circle x-ray spectrometer with an Elliott lS-kW rotating 
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anode generator as the x-ray source and "a Si m'onochroma
tor to provide a very well-collimated incident beam. 

Initially a search was made for a modulation wave vector 
q - (0.4, 0, 0.5) using neutron-diffraction technique$ and 
the x-ray four-circle diffractometer. No evidence was found 
for any intensity at the corresponding wave-vector transfers 
using x-ray-diffraction techniques. Initially some scattering 
was observed in the neutron-diffraction experiment for a 
wave vector Q - (2.39, 0, 0.5) (Ref. 5) but this was found 
to arise from a small second crystal in the sample misorient
ed by about 40 with respect to the main crystal and is not 
cbaracteristicof- a true single crystal. . . 

X-ray-powder-diffraction measurements were made on an 
an automated General Electric XRD5 diffractometer with 
Cu K a radiation at a number of temperatures between 
20 - 295 K. P Below 250 K, several small satellite reflections 
characteristic of the modulation·q-(0.39, 0.5. 0.5) were 
observed in the low angle region of the pattern in the range 
29-20°-40°, with intensities typically of the order of 1% 
of those of the fundamental peaks. A careful search was 
made for superlattice peaks characteristic of the (0.4, 0, 0.5) 
modulation reported by Scott et al., but none could be 
detected in this region within the experimental sensitivity, 
which was about 0.02% of the intensity of the fundamental 
reflections. 

The intensity of the x-ray scattering from the strongest 
incommensurate peak (which actually consists of two over
lapping reflections) from the power sample is shown in Fig. 
1. This is clearly very similar to the neutron-diffraction 
results shown in Fig. 12 of Ref. 2, and we therefore con
clude that the incommensurate structure with q"'" (0.392, 
0.5, 0.5) scatters both neutrons and x rays in a similar way. 
and hence that the scattering cannot be of magnetic origin. 

A detailed study of the temperature dependence of the 
satellite wave vector was performed on single crystals with 
both neutron- and x-ray-diffraction techniques. In both 
cases measurements were made of two satellite reflections 
corresponding to q - «(, 0.5, 0.5) and {- (, 0.5, 0.5) so as 
to obtain the wave vector, as accurately as possible by tak
ing the difference in the reciprocal-lattice positions. The 

1.5,..-------,-------r--------,.--, 

BoMnF4 (1.39,1.5,0.5) + (0.61,3.5,0.5) 

- x-roy powder 
!! 
c 
::I 

.Q 1.0 ... 
~ 

OL---------~----------~~--~~~~~ 
o 100 200 

TEMPERATURE (K) 

FIG. I. Temperature depe.ndence of the x-ray intensity of an in
commensurate peak consisting of two overlapping satellites in a 
p<>lycrystalline sample of BaMnF 4. The behavior is similar to that 
shown by neutron diffraction in Fig. 12 of Ref. 2. 
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FIG. 2. Neutron scattering from a smgle crystal of BaMnF. at 
240 K at two satellite positions. 

results of typical scans are shown in Figs. 2 and 3. The 
results for the temperature dependence of the wave vector 
are summarized in Fig. 4. 

It is quite clear from Figs. 3 and 4 that slightly different 
wave vectors , were obtained in the x-ray-diffraction mea
surements on heating and cooling. On cooling, the wave 
vector , slowly but steadily increases from about 0.390 to 
0.394. but on heating, remains largely independent of tem
perature until the temperature is close to Te. Although the 
lower-resolution neutron scattering measurements were not 
performed in such systematic detail. they are broadly con
sistent with the x-ray results. The width of the incommens
urate reflections along , (Fig. 3) is also somewhat larger 
than the experimental resolution as shown by the results for 
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Heating Cooling 
~ + Neutron data 
~. , x-roy dota I 

0.395 j 

t 
0.390 

tj 
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G.4. Temperature dependence of , of the incommensurate 
: vector (" 0.5, 0.5) in BaMnF 4' 

18g reflection suggesting that the incommensurate phase 
,ssible pinned by defects. 
Ie nature of the scattering was found to change abruptly 
~7 K as revealed by the width of the satellite reflection 
'n in Fig. 5. No evidence was found for a second phase 
ition at 255 K. 
our earlier work 2 we showed that the low-temperature 
: of BaMnF4 might be either of type (j) in which the 
Icement cPt associated with wave vector qt- (0.39, 0.5, 
was the same as cP2, the displacement associated with 
(0.39, -0.5, 0.5), or of type (ij) in which either cPt or 

zero. These two structures have different types of 
d-order satellite reflections because domains of type 
ill show reflections for qt + q3- q7- (0.78, 0, 1) as 
IS for 2q I and 2q 3, whereas for type (ii) single scatter
'ocesses cannot give rise to scattering for the wave vec-

I 

o 
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5, Neutron scattering measurement of the widths of an in
Isurate reflection and a nearby fundamental reflection as a 
of temperature. 
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FIG. 6. X-ray scans through possible second-order satellite reflec· 
tions in BaMnF4• 

tors with q - q7 and only scattering from 2ql and 2q) 
would be present. 

The scattering at a large number of second-order satellite 
reflection positions has been measured using the CAD-4 x
ray-diffraction instrument. Some typical scans are illustrat
ed in Fig. 6 and the measured intensities along two lines in 
reciprocal space are given in Table I. Clearly, there is no in
tensity for Q - T + q 7 but there is substantial intensity at tbe 
positions Q - T + 2 q I. (T is a reciprocal-lattice vector.) We 
conclude that the low-temperature structure is 'of type (ij) in 
which the distortion is characterized by only a single pair of 
wave vectors ± q 1 in each domain. 

Ill. DISCUSSION AND CONCLUSIONS 

Firstly, we have found no evidence of distortions charac
terized by a wave vector q - (0.4, 0, 0.5) as reported by 
Scott et al. 3 The distorted phase observed in our samples is 
characterized by a wave vector q- (0.39,0.5. 0.5) in both 
neutron- and x-ray-diffraction measurements, and so this 
scattering cannot be of magnetic origin as suggested by Scott 
et al. 3 We are unable to account for the discrepancy 
between the x-ray and neutron results reported by these au
thors. In addition, we find no evidence of two transitions In 

our diffraction measurements, in contradiction to the results 
of Scott et al.) Of course, there is always the possibility of a 
distortion with a very different wave vector and amplitude 
too small to be observed by powder-diffraction techniques. 
but we consider this to be unlikely. 

Secondly, we have measured the temperature dependence 
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. 
T ABLE I. Intensities (arbitrary units) of second-order satellite reflections along the lines <0.216. k. J) lnd 

(0.784, k, /). 

h 

0.216 
0.216 
0.216 
0.216 

0.184 
0.784 
0.784 
0.784 
0.784 
0.784 

k 

7 
9 

11 
13 

2 
4 
6 
8 

10 
12 

I 

625 ± 50 
215 ±40 
247 ±42 
161 ±36 

2 6-5 ±45 
2 137 ±43 

'2 170 ± 42 
2 585 ± 47 
2 - 61 ± 39 
2 259 ± 38 

of the incommensurate wave vector in BaMnF.. Slightly 
different results are obtained on heating and cooling as also 
found6 in other insulating incommensurate systems. 7 

Furthermore, the linewidth of the scattering is larger than 
the resolution width, showing that the incommensurate 
phase is not properly periodic. This behavior suggests that 
the incommensurate phase in BaMnF4 may be pinned by 
defects. However, the affect of defects in phase transitions 
IS not clearly understood, especially so in incommensurate 
systems where there is some evidence that they playa more 
significant role.1.8 We plan to investigate their role in more 
detail by studying samples where defects are admitted in a 
controlled manner. 

Thirdly, we have determined the structure of the low
temperature phase to be of type (ij) in which the distortion 
is described by a single wave vector, either q= (0.39, 0.5, 

'Permanent address: Hahn-Meitner Institut fUr Kernforschung Ber
lin. 0-1000 Berlin 39. West Germany. 

IJ. F. Scott, Rep. Prog. Phys. 42. 1055 (1979). 
20. E. Cox. S. M. Shapiro. R. A. Cowley. M. Eibschiitz. and H. G. 

Guggenheim. Phys. Rev. B.12. 5754 (1979). 
3J E. Scott. F. Habbal. and M. Hidaka. Phys. Rev. B 25. 1805 

(1982). 
4J. F Scott. F. Habbal. and M. Hidaka. Bull. Am. Phys. Soc. 26. 

303 (1981), 
50. E. Cox. S. M. Shapiro. M. Eibschiitz. and H. J. Guggenheim. 

h k I 

0.216 6 32 ± 44 
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0.216 12 -13 :: 36 
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0.784 9 2 -85 :: 38 
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O.S) or (0.39, -0.5, O.S). As pointed out by Golovko and 
Levanyuk,9 the structure of the low-temperature phase is 
then monoclinic with an xy strain. No evidence of this dis
tortion was found in the measurements so its amplitude 
must be small and is of opposite sign in the different 
domains, which presumably make up the sample at low 
temperatures. 
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AbstrllCt. The techniques of time-of-flight neutron diffraction and high-resolution x-ray 
d,ffract,on have been used to show Ihal Ihe second-order transition on cooling proustile 
(Ag,AsS,) through-6l K is 10 an incommensurate phase, with a"further transilion to a 
c()mmensurale phase at --49 K. 

The material proustite (Ag]AsS3) has attracted considerable interest over the past ten 
year~, principally because of its realised and probable optical and electronic applications 
(B<lrd~ley et a/ 1 %9, O'Hara et a/1982). The room-temperature structure of proustite 
W<I\ investigated by Harker (1936) and Engel and Nowacki (1966), and found to have 
'pacc group R3c (ct) Other phases have since been discovered at low temperatures: 
therc 1\ a ,ccond-ordcr transition at ~-58 K (reported values range from 56 K to 60 K) 
and a lirq-order transition at -27 K (reported values range from 24 K to 30 K), first 
dclected in NOH spectra by Baisa eta/ (1l)7J) and subsequently by a variety of other 
ex pClllllcnt al tcchniques (bridly summarised by Ewen et a/1983). Smolenskii et al( 1979, 
Il)H2) have \uggested that Raman scattering spectra show a further transition at 200 K, 
but 11m ,eerm not to be confirmed by a later detailed study (Ewen eta/1983). Very 
rl'ccnlly Bondar el III (Il)H3) have found evidcnce in NOR spectra for two distinct phases 
belwccn the prevlOmly known transitions at -27 K and -58 K: they confirm the 

• 'l'(.(IIHI ordcr tramilion at 5H K (they oblaln flO K), but then find another small bUI 
d"tlnct tir ... t-order change in the spectra al 4l) K in addition to the abrupt change at 

27 K horn the characler of their spectra. they argue that the phase between 49 K and 
flO K " InCOlllmen\llfate. 

Nil very clear picture ha, yet emergcd a\ to the structural nature of these phase 
11,111,,11011' In thc 111",1 relcnt structural work, Allen (ll)H4) has now succeeded in 
,h"wllig the pha<;e below 27 K to be mOnOcilllll'. with space groupCc(C-:), but he wa~ 
un;tbk tll rc.l(h .11l~ ddlllllc conclusion about thc phase (or phases) between 27 K and 

I (In tca\c frum Ihe "AI ( I{nl'.lfch F,I •• I>I"",,,,·nl 1 UL." Itl'l!(hh, NSW, Au,lralt" 

t_I:.' \l1'ilil '211Hld ~ 11<i\112.2'i©11),,,-, Ihl'lll,tllutt'ofPhyslcs L861 
, 
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58 K. The balance of evidence appeared to be in favour of space group R3(d) in this 
range (Allen 1984, Taylor et a/1984), but Allen was unable to detect any breaking of the 
c-glide absence conditions (of R3c) in x-ray photographs. 

We report here on neutron and x-ray diffraction experiments we have recently 
carried out with the aim of clarifying this unresolved problem and investigating the 
proposed incommensurate phase. The neutron experiment was performed on the 
single-crystal diffractometer (seD), described by Schultz et al (1984), at the Argonne 
National Laboratory pulsed-source (IPNS): the problem of searching for weak changes 
in a diffraction pattern is well suited to the ability ofthe pulsed-source SCD, with its area 
detector and time-of-flight analysis, to survey reciprocal space with good signal-to-noise 
sensitivity. The x-ray experiment was performed in Edinburgh on a high-resolution, 
two-circle diffractometer mounted on a rotating-anode source with a primary heam of 
Si( 111)-monochromated Cu KO'I x-rays. The same single-crystal sample of proustite was 
used for both experiments, and was from the same source as the samples used in the 
Raman scattering studies of Ewen et al (1983). 

In the neutron-diffraction study, performed first, attention was concentrated on the 
reflections which are absent in space group R3c but allowed in R3. Adopting hexagonal 
indices, these are the (hiiO/) reflections with 1 * 2n. (The R lattice imposes the condition 
that -h + k + 1 = 3n for a general (hkil) reflection, and so h + 1 = J" in the hhOI 
plane.) Data were first recorded at 66 K, above the 58 K transition, and then at 38 K: 
each run, at one orientation of the sample crystal, took about six hours. This proved 
sufficient to detect additional weak peaks in the hhol plane at 38 K. These were followed, 
on warming back towards the transition, in runs at 48 K and 54 K; and they disappeared 
when the temperature was raised above 58 K again, to 61 K. Figure l(a) shows part of 
the hfiol plane from one of the runs at 61 K. The ridges are Debye-Scherrer powder
diffraction rings from the aluminium radiation shield in the cryostat. Otherwise the only 
distinct features are the Bragg reflections allowed in this plane for space group R.k: 
namely (9900), (66()(), (llIT02), (8HOl), (5502), (101004) and (7704). There appears to 
be some extremely weak scattering at the position of some c·glide absent reflectiolls, 
like (770f) and (9903), which was thought to be possibly attributable to multiple scat
tering. Figure l(b) shows the same part of the h"O/ plane from one of the runs made 
after again cooling the sample below the transition, to 35 K. The additional peab 
reappeared, and can be seen located in pairs around each c-glide absence positioll 
most clearly, in this figure, around (l)903) The very weak scattering at some of the ('
glide absence positions remains (e.g. at (l)903». 

A computer peak search through alltlH; 35 K dala, covering a region of reciprocal 
space around and including the hhO/ plane, revealed new weak peaks around many 01 
the Bragg reflections in this region These satellite peab were all at one or lIlore of thc 
six positions (h :!:: b. k :;: b, ,/::t b), (h ± b. k,. ,I:; Il) and (h, k + b, ,I:;: M around 
any (hki/) allowed by the R lattlcc. with Il close to!. In the h/iol plane, the only \;11l' II I IL" 

strong enough to be detected around reflections with II 2" (i.e. the c-glidc ah'l'nt 
reflections) were at the two position\ lying 111 the plane- namely (Ii ::t b, r, :, Il, 0.1 t 

b)-whilst for reflections with 1 = 211 the detected \ateillte\ were rl'\trictl'd tothc (Ithn 
four, out-of-plane, positiom Inlhc plane, adJacent to 1I110/(hli!111 and 1111 I II) th .. 
reverse was true 

I hL x-ray experiment was Ihcn carried (lut to invc\tlgatc thc\c hn(lillg' IIII1HIIC detail 
and With higher reciprocal-space rc,olution Measuremellh WCll' lIIade hy reflection 
from a pol"hnl flat face of the s;tnlpk, which was carefully ortentt'll with one 01 th .. lihol 
planes In Ihl' (horizontal) scall<:rtng plane 01 thL ddliartolllcl<:r I he ,allIJlI<- Wd' 111,1 

'. 
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cooled 10 48 K, a nd the fea tures revealed by the neutron-diffraction experiment were 
[ound to be reproduced i e . satellites at (li t-b. fr =+= b. O. I ± b) around the c-glide 
absence pO<;ltlons (I t 2n), generally so mewhat weaker peaks at the c-glide absence 
po.,i tl o n, themse l ve~. and no de tectable sa te llites In the hhOI plane aro und any of the ten 

. \ t rnng Bragg renectton., (I 211) accessib le to measurement. On raising the tempera ture 
the sa lc llil e Int e nslll e!. decreased , and lIi sappeared at 61 ± 1 K. But the peaks at hhO/ , 
I "I 2". werc unaltered . clearly pe rsisltng we ll above 61 K: this was unexpected because 

'11 'lll1!!C' lcJ Ihal Ihc true space group IS RJ above as well as below the 58 K transition . 
III "can'i made below 'iH K It was found . (I) thaI lhere was detectable intenSity at all 
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of the tene-glide absence positions accessible to measurement; and (ii) that the intensities 
generally increased towards the higher index positions. Two of the strongest 'absent' 
reflections. (3309) and (3309). were scanned as the temperature was rais,ed . in steps of 
10 K. up to room temperature . The intensities of both reflections simply decreased 
smoothly with increasing temperature , and remained plainly detectable. though very 
weak, at room temperature . Hence, either the true space group was R3 even at room 
temperature or the observed intensity arose from ),/2 or multiple scattering . A direct 
test for a weak ),/2 component was made first, by red~cing the x-ray generator voltage 
to 16 kV: the relative intensities were unaltered . To test for multiple scattering some 
separate x-ray measurements were made subsequently, at - 45 K, with the same experi
mental arrangement except that Mo Kll'1 x-rays were used . With the shorter wavelength 
there were several 'absent' reflections accessible to measurement for which it was 
possible to rotate the sample around the scattering vector. The intensities of all these 
reflections displayed the strong orientation dependence characteristic of multiple scat
tering , and it was concluded that the true symmetry of proustite at room temperature. 
and down to and below the 58 K transition, is R3c. 

Attention was next turned (in the main experiment, with Cu Kll'1 x-rays) to the 
temperature dependence of the satellite intensities and positions below the 58 K tran
sition. On cooling below 61 ± 1 K , the intensity was found to rise linearly to 49 ± I K, 
where the rate of increase of the intensity with cooling approximately doubled . This 
larger linear temperature dependence was maintained down to 37 K. the lowest tem-
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perature reached in the x-ray measurements. A discontinuity at 49 K was also observed 
in the satellite positions. Below 49 K they are at positions with () = t as shown in figure 
2(a). On heating through 49 K there is an abrupt displacement from the commensurate 
position. as shown in figure 2( b). With further heating towards the 58 K transition there 
appears to be a smoothly varying additional small increase in this displacement. 

In summary, then, no changes in the diffraction pattern of proustite have been 
detected between room temperature and -61 K; at -61 K there is a second-order 
transition to an incommensurate phase which has satellite reflections near (h :!: (), k + (), 
. , I :!: h). (h :!: 6, k, . ,I + h) and (h, k =+= 6, . , I =+= b), with () - ~ and - h + k + I = 3n; 
and at . -49 K there is a further transition tll a commensurate phase, with () = ~. No 
evidence wa<, found for any other change in symmetry at these transitions. The nature 
of the two phases below -61 K, and of the transition between them, is in accord with the 
conclusions reached by Bondar el al (1983) from their NOR measurements. 

This work is supported by a research grant (to R J Nelmes) and a Visiting Fellowship 
(for C J Howard) from the Science and Engineering Research Council. Work at Argonne 
I~ <;upported hy the Office of Basic Energy Sciences (Division of Materials Sciences) of 
the US Department of Energy und~r contract W -31-109-Eng-38. 
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Ah,tract. J he sequence or incomnrcn,urate/commensurate phases occurring in TMATC
('0 Mound room temperature was" udicd hy means or x-ray dirrraction. The resuhschanged 
JUrIng the course or the experiment, due 10 radiation damage caused by the x-rayheam. The 
change, Ineluded a pinning of the moJulatlon wave into components with different wave
veclO", and a lowering a'> well a, a ,mea ring or the normal to incommensurate transition 
Icmperature 

leI ralllcthylaml1lonium tetrachlorocobaltJle-TMATC-Co for short-undergoes sev
eral phase transitions at and helow room temperature (Sawada eta11978), The material 
has ;llIracted inlerest lately because of the sequence of incommensurate and commen
,urate phases which occur when it is cooled (Hasehe et a119HO, Shimizu et al 1980, 
Marion I ')H I , Tsuchida et a11982), At normal atmospheric pressure an incommensurate 
phase is followed on cooling by a ferroelectric commensurate phase which then becomes 
InUlnll11emurate again (Sawada et al197H, Hasehe et a11980), 

'1 he Illodulallon wave vector has previously been studied by meansofx-raydiffraction 
by lIasehe 1'1 al (I <JHO) and Marion (l9H I). The results are in general agreement with one 
anolher alllwugh they difler somewhat in dClail. Some problems with a lack of repro
duclhilily were nOllced hy Hasehe etal, who oblained their besl result~ when a small AC 

held was applied 10 Ihe crystal. 
\1.,1 l' he n: I eport resulh I rom a high-inlensil y x-ray diffraclion study of the modulation 

III the lemperalure regHln of the incolllmen,urale phases The results were found to 
changc dlamallcally during Ihe course of Ihe experimenl, devialing increasingly from 
t hml' reported hy I Li,ehe ellli (I IJHO). Wc arguc t hal the reason is Ihal radialion damage 
10 Ihl' S;1I111'1L- IS cau,cd hy Ihe x-ray healll This illuslrales that Ihe propertiesofmaterials 
\\ IIh IIIl ,,"l1l1l'n'lrralc phases are parllnilarl), ,usceplible to the presence of defecls, and 
I hat m ;lle I I a I, cOllt a I Iling hyd roge n a re pari ieu larly prone 10 damage by x-rays, as sim ilar 
dicIt, have "ot hl'en oilsl'lvcd in similar experimenls on Rh,Zn( 'I, (Andrews and 
~b,III\;lllla 19H1) and \I;IM"I, (Cox /'1 all<JHl) 

Slflgle uy\lals "I I M A I { ',( '0 were growll by slow evaporation al 14 DC from an 
,I 'I11l'\ ,,/\ solullon COil 1;11 II III !! a stoKhlOIllC I I IC prllporl ion of N( ell \ ),( 'I and <. 'oCI,hll/ ) 

t Pcr 11I.ll\t"nl .uJdrr\\ I I{ 11,1 Ill1lenl 01 Ph,"H. \ I he Nt If \\ q!I.ln In\lIlulc or I lOt hntllo~,', N 7tl q I rondheun 

N III N",,,,,, 

'.,22 171'1,I.(~II_'I.141 • IItIS02 25© :IX~ IlllllI\lllutcofl'hY\lc\ l41 

'J " 
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A (100) face of a crystal of size 4 x 5 x 8 mm was ground and polish~d wilh diallHlIld 
powder. The crystal was mounted in a variahlc-temperatur~ cryostat 011 a IW\l-cirdl' 
diffractometer so as to allow for scans in the (hOI) plane, A rotating anod~ tuhe pfllvidl'll 
high-intensity eu K (\ rauiation, with a graphite monochromator for som~ of t h~ 
measurements and a flat silicon monochromator for th~ r~st. 

As the experiment was not initially uesigned to monitor the radiation dos~, no 
precautions were taken to ensure a uniform dose over the scattering volum~, The doses 
given in the following paragraph are therefore only estimates, indicating a weighted 
average of the doses for each part of the scattering volume (the weighting factor heing 

proportional to the contribution made to the observed scattering), 

o 40 
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o 35 
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/0 
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270 280 290 

Temperature IK) 

Figurr I, Modulation wavenumber C versus IcmperalUr( at (5, (), 1:) (or radiallllll d",,', Ir" 

than () I Mrad 

Our measurements initially agreed with the previously reported behaviour 01 Ihe 
modulation wavevector(lIasebeelaII1J80, Marion IIJHI). Figure I showslhl' modulation 
wavevector ohtained from scans along (5,0, ') at a spot on the cryslal nol prl'vf()mly 
irradialed. The curve,lenlalively drawn through Ihe ralher sparse sel of dala, Indicales 
Ihat the modulation wavenumber ,decreases with temperature through Ihe IIKommen, 
surate region, temporarily locks in at' = ~ and finally aI' = ~. By assumlllg a IL'lIIPl' I 

alure dependence 01 

loc (11 - T) 2f/ (2/-J=075) (I) 

(Ila~ehe t:I al IIJHO, Marlon 19HI) for the integraled IIlll'nslly 101 Ihl' ,,,Idlllt', Wt' 
estimated the incom!llcn~urate Iramillon lemperature 1 1 10 he 1t 2')·"~· 0 , K 

Latermea<,urelllenls wllh the x-ray beam incident on the ,aflle pall on tl,,· \I y\tal did 
not give the same results Altel a while, Ihe satellite peak ,plih Into sl'vl',al pe;lk" each 
of which was pinned al " fixed WaVl'VL'ctor The waveveclOl s of t he pc .11--, 1111 he \l alll'l I"~ 
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are illustrated in figure 2. indicating the presence and positions of the peaks throughout 
the temperature range. Apart from I; = ~ and possibly C = 0.416 = ft. the positions are 
not related to any reasonable commensurate value. In particular. it is surprising that the 
modulation characterised by C = i no longer appears at any temperature, although this 
commensurate phase was initially present between two incommensurate phases, figure 
I. 

The relative balance between the various peaks was clearly dependent on the recent 
thermal history of the sample. In general, however. it was found that the balance shifted 
towards lower wavenumbers with decreasing temperature, as did the original satellite 
intensity in the initial measurements. As an example, the relative intensity in each peak, 
as found during slow heating/cooling (I - I degree per hour) starting well outside the 
initially incommensurate region, is shown in figure 3. Notice that, on cooling, the 
modulation jumps from C = 0.405 to C = ~ at 278 K where, on heating, the modulation 
jumps back to ~ = 0.390. bearing at least some resemblance to the original lock-in 
transition. The modulations at C = 0.416 and 0.423 seem on the other hand to be quite 
unaffected by this transition. 

~ 

o 40 

o ]S 

270 280 290 

Temperature IKI 

Fllure 2. Modulalion wavenumber C ver'u~ temperature at (5, O. ~) for radiation doses 
greater than I ~ Mrad 

A clear indication thai the pinning of the satellite is due to the x-ray radiation is seen 
in Ilgurc 4 Curve (a) shows the (5, 11.0 satellite profile at 281.4 K (i.e. inside the 
intcrmcdlate , = i pha<;e). after the exposcd volume of the crystal has acquired a dose 
of -0.2 Mrad. Thc peak at ,= 0.405 is seen to dominate. although a minor part of the 
\latlcnng "stilliert al the initially expected position I. possibly due to the non-uniform 
Irr'Hllalllll! Curve (h) was recorded ihimediately afterwards and at the same tempera
ture. hut with Ihe crystal translated by 0.5 mm sideways in the beam. thereby exposing 
a preViously unc){po<,cd region. The satellite is now a single peak accurately positioned 
Oil ~ = ~. a\ we would expect for a pure cry\lal 

l44 Letter to the Editor 

\ 

~: 113 

" .. 

+= 0 ]90 
:::\ iii 
c 
~ . 
= ... t.~··D"""""'. .,." .. "0· . 
..z: t ' i , 
~ 0.405 
a I 

.. .:·rIl:~·" 
L~, __ -' __ -4~~~·-' __ ~~~'o~"~.~P~,o~po~o~---

~ .......... 
Poe 

... -... .. .. .. .. .°·0 

270 280 290 

Temperature I KI 

0.416 

0.423 

FlgureJ. Peak intensities of the pinned modulations at (5, O. ~) versus tcmpcr;lIurc. Symhols 
are as follows: crosses, heating run. radiation dose 4-4.5 Mrad; triangles. cooling run. dose 
1.5-3 Mrad; squares. cooling run. dose 5-5.5 Mrad. I 

The integrated intensity of the scattering at (5,0,1;) was studied in particular in the 
vicinity of the incommensurate transition. Figure 5 shows-the integrated intensity versus 
temperature as obtained on a cooling run after a dose of -5 Mrad. A subsequent heating 
run showed no significant difference. It is clear that equation (I) with 2fJ = (1.15 is no 
longer a good description of the observations. However. formula (I) with 21J = 0.75, 
modified to allow for a normal dist ribution of the transition temperature 7'1. gave a very 
satisfactory fit to the data. The filled curve is shown in figure 5 as a solid line. The averagc 
transition temperature was found to be (Tt ) = 293.72 ± 0.0) K and the standard dcvia-

tion aT, =1.28 ± O.()6 K. . 
Our x-ray diffraction results initially agreed with results previously obtained lor this 

material. However, continued exposure with the same scattering volumc gavc very 
different results. We believe that the results, in particular figure 4, show that the changcs 
arise from damage to the crystal inflicted by the x-ray beam. 

The results show that in the irradiated sample Ihe modulation wavc is pinncd 10 

particular wavenumbers. This is known to happen whcn impurilics arc plc\cnl in 
incommensurate systems (Mashiyama el al 1982), and has abo bccn oh\crvcd and 
ascribed 10 radiation damage by others (Moudden t'l al I !)X), Durand t'l til IIJX-1) II is 
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possible that the differences in detail between the works of Hasebe el al (19HO) and 
Marion (1981) can be ascribed to the same effect. It is further seen from our results that 
several pinned modulations of different wavenumbers may be present simultaneously. 
thus revealing a metastability in the irradiated sample. The pinned modulations are in 
a varying degree affected by the original phase transitions in the system. 

We have also seen that the incommensurate transition temperature TI is affected by 
the changes in the crystal. A general shift downwards. from T, = 294.4 ± 0.3 K to 
(TI ) = 293.72 ± 0.03 K for a dose of =5 Mrad. seems to occur. The spread of r" 
described by the standard deviation aTI' may partly be ascribed to non-uniform irradia
tion, but it seems as if a genuine spread in TI may be another consequence of the 
accumulated irradiation. It has been suggested (Sham and Patton 1976) that a lowenng 
as well as a smearing of the transition temperature are effects that are likely to occur as 
consequences of impurities in an incommensurate system. 

In conclusion these measurements have shown that x-ray irradiation of TMATC -( '0 

modifies the properties of the incommensurate phase and effectively prohibits a detailed 
study of the phase transitions in this material with x-rays. Since similar effects have not 
been seen in x-ray experiments on Rb2ZnCI" and on BaMnF •• we suspect that incom
mensurate materials containing hydrogen are particularly susceptible to these effects. 

This work was supported by the Science and Engineering Research Council and by the 
Royal Norwegian Council for Scientific and Industrial Research. 

References 

Andrews S Rand Mashiyama H 1983 J. Phys. C: Solid Slale Phys. 164985-% 
COli D E, Shapiro S M, Nelmes R 1, Ryan T W, Bleif II 1, 'Cowley R A. Eibschutz M and Guggenheim II J 

1983 Phys. Rev. B 18 164!}'3 
Durand D. D~noyer F. Currat Rand Vellier C 1984 to be published 
Hasebe K. Mashiyama Hand Tanisaki S 19BOJ. Phys. Soc. Japan Lett. 49 16)3-4 
Marion G 198IJ. Physique 42 469-72 
Mashiyama H, Tanisaki Sand Hamano K 19821. Phys. Soc. Japan 512538-44 
Moudden A H. Moncion D E and Alle 1 [) 19RJ Phys. Rev. Lell. 512390 
Sawada S. Shiroishi Y. Yamamoto A. Takashige M and Matsuo M 197R Phys. Leu. 67A 5f>- R 
Sham L 1 and Pallon B R 1976 Phys. Rev. B IJ 3151-3 
Shimizu H, Kokubo N, Yasuda N and Fujimoto S 19RO J. Phys. Soc. Japan 49 22J..9 
Tsuchida K. Imaizumi S, Abe R and Suzuki I 1982 I Phys. Soc. Japan 512199-204 



J Ph), C '>"Iod Sidle Phy' III (I<,IX'i) 2793-2791< Pronh:d III (ircal Brilain 
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Ahslracl. X·ray measuremenls on Ihe ~Id" qale of Rbi ,(NH,),H,PO, have been made for 
, = 1171<.1175. II 72,0.68 and 1I ~'1 Ilw rr'lIlls ,how short-range antiferroe\ectric ordering 
for. > (I 70 whICh JI,appca" on Warmlll!! ,lhoVt: flO K. There is abo evidence for a tendency 
10 order with a wave-vector. q = (C,II.III. wilh ~ - O.35a·. The tendency increa~es wilh 
decre",mg • and largely dl\appe"" 011" ,"mmg ahove lOll K. 

Systems In which there are competing interactions have attracted a great deal of interest 
recently, A structural analogue of the magnetil' spin glasses is the mixed system formed 
from ferroelectric HhH 2P0 4 and antifcrroe\cctric NH 4H 2P04 • Single crystals of this 
nllXl'd syqem. Rbi .(NH 4),H 1P0 4 • have been grown for all values of x. and have been 
studied hy birefringence and dielectric mcasuremenh (Courtens 1982. 19X3, 19R4). For 
small values of x. \ < 0.22. the crystals hecome ferroelectric at low temperatures and 
have a Similar structure to that of ferroelectric HhH 2P0 4 . For large values of x. x> (l.X 
the cry\lals have an antiferroelectric transition similar to that in NH 4H 2P0 4 · In the 
IIllL'rmediate range 11.22 <: t < 0.8. optIcal and dielectric measurements show that the 
uyst;d, rl'matn tetragunal down to the lowest lcmperatures although Ihe crystals show 
nlllcnce 01 long relaxatIon times (Courtens IlJ84) and olher hehaviour which is charac
tL'rlStie III syqem" with competing interactIons 

III this paper we report on x-ray diffuse scatlering measurements on five samples In 
th" IIltl'rmediatc 'glass' range with t = 114lJ. lI.oX, 11.72, O.7S and 0.78. X-ray me as-
1I1 C IllC n Is on a S;II11ple of \ = (I. JS ha ve a \so hL'L' n pcrformed hy Courtcns etal ( IlJ84 ) and 
morc leLClllly on sample' with x = 11K, 0.7 and 00 by lida and Terauchi (llJ83), by 
I L'IOIliChl ,'I tI/ (1'1X4). alld by Hayase £'1 (JI (I')HS) We shall compare our results with 

thclIs \;IIL'I 
I hc 1I1,·"SUrl'melll\ '\l'IC perforllled (In crystals In the Illrm of (100) plates of sile 

,!i,,'lll \ ~ "\ )( I nll11' I h,' cryslals were l1lolilltcd WIth ('E70."\ I varnish to thc variablL'
Il'lllpCI.ltlllL' SLIj.!L' III a ll,,'C'd Lyell' crYllstOit I hL' temperature could be varied hetween 
7 K ,llId \tHI K .IIHI held LllllstOillt to + 0.112 K I hc u \sLds were thcn mounted lin a two
,I "S \·1,1 \ d ill I ,Il 11l1I1l' t "I A Marcon I I· !I III It IIlLI t Illg anode t uhe ga vc an intense sour L'l' 
ot (u K,I l"dl,1111l1l ,lIld 01 p\lolytlC grOlpllite 1I1111111LhromatIH was used to coilimatc the 
IIllllkllt he ,1111 ;\Illlthn (1\ rllhtlc gr;lphlll' 1lIl"H'lhIIlIlLI\(H was uscd til define the x-ray 
1>,',1111 ,<,IIIt'It't! h\ II,,· ~,lIl1pk I he dllll,lll,"l1"iL'll(lllld he clllltrolled til pClllllm ~cans 

t.'22 nil} H"/11'7'n t 1)(, \112 2S (e) II/I''' I he II"tltlitC (lll'hyslCs 27'U 
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along predetermined directions in reciprocal spac~. All of the crystals had a tetragonal 
structure on cooling down to 7 K. 

Measurements were made of the scattering at 7 K in the neighhourhood of anti
ferroelectric Bragg points (h 0 /) with h + / odd. Scattering with a similar form and 
temperature dependence was observed around each of these positions and typical scans 
through (601) are shown in figure l. For x = 0.78. the scans along II have the resolution 
width (FWHM), 0.0225 ± 0.001 a*, but along / the observed width 0.041 ± 0.003 c' is 
significantly larger than the resolution width of 0.017 ± 0.002 c'. In the crystal with x = 
0.75, the intensity is much reduced and both of thcse widths are larger: (1.060 ± 0.003 ,," 
and 0.21 ± 0.02 c*. The intensity is further reduced and the widths increased with l = 
0.72, while for x = 0.67, there is nn observable antiferroelectric scattering. This decrease 
in the tendency towards antiferroelectric ordering when x is less than (UI is surprISingly 
rapid. 

The temperature dependence ofthe scattering observed with a wave-vcctor transfer 
(601) is illustrated in figure 2. For x = 0.78 the scattering decreases rapidly when the 
temperature is raised above 50 K and disappears for temperatures ahove 5X K. For 
smaller values of x the decrease in the intensity occurs over a wider range of temperature 
and shows a more rounded behaviour. The widths of the scattering arc illustrated in 
figure 3, which shows that the widths are independent of temperature for lcmperaturl's 
below 40 K. but that the widths then begin to increase. Even in the case of x == O. 7X. the 
width increases for temperatures just above 50 K. well below any 'phase transition' 
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which might be suggested by the temperature depelllknce. tJgure 2. These !'I.'sults arc 
qualitatively similar to the effects observed due to random fields in destrllying the l(lllg
range order in antiferromagnetic materials in field cooled experiments (Hagell 1'/ til 
1983). 

The results for x = 0.78, shown in figures 1, 2 and 3, arc the results of healing 
the sample steadily after one particular cooling. When the sample was recooleJ. the 
scattering was different in that the width along I varied between (l.Il] c* and (1.(17 c· 
dependent upon the particular conditions. while the intensity varied to give a nearly 
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line (h(l2) for x = (I 7H.O.7'i.O 72.0.1>7 and (I.4'Jal7 K 

constant integrated intensity. This lack of reproducihility is characteristic of sy~tl'lIl~ 
with metastable states and competing interactions. 

Besides the antiferromagnetic ordering, evidence was also found for a hroad diffll~l' 
peak in the scattering along the u" Jirection. This hroad peak in the scatterillg 1ll'l'II11l'd 
for each concentration although as shown in ligure 4, it was most well ddillcd lor \ 
O.4IJ and had almost disappeared a~ a peak for x = O. 7H. The waVl'Vl'ctor of the ilia x 1I11l1l1l 
was about 11.35 i/' lor x = 0.75 and 0 (IH. and was slighlly slIIalll'l, (13211', for \ = (I .11) 
The temperature Jependence of this \catterillg is illustraled III figurc 'i which \how\ Ih.ll 
there is still a fairly well delilled maximulII at 12() K hUI Ihat hy 1(111 K it ha\ 1;lIgely 
disappeared 

The resulI~ for the scattering frolll the antlferroclectrtc C(lJrelaltoll\ are l"t11l\1\11'1I1 
with those of lida and Tcrauchi (IIJH2). of Terauclll 1'1111 (1I)H41. dlld 'I, II.,Yd\C 1'1 

al (II)H5) for x = 0.7, although our~ arc considerably lIIore dl'ladcd ,1\ a IlIlIctloll 0' 

wavevcctor. temperature ,tntl concentration 
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FIKun 5. The temperalure dependence of the scallering observed for wavevectors along Ihe 
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The results show that short-range antiferroelectric correlations are present at low 
temperatures for 0.68 < x < 0.78 and that these correlations persist up to about 60 K. 
The correlations are of greater spacial extent in the ab plane than in the c direction. We 
do not· understand why these correlations occur for only such large values of x, as 
il would seem reasonable to expect the anliferroelectric correlations to persist for 
considerahly smaller values of x. 

The results shown in figures 4 and 5 arc more unexpected. They can be compared 
with the observation by Courtens el 1I/ (19X4) of somewhat broadened peaks with a 
wavevector 0.25 (I. for x = 0.35, which could not be observed above 50 K. Since the 
Illuch broader peaks in figure 5 persist up 10120 K, it is unlikely that they result from the 
",me ferroeleclric correlations. The persistence of the peaks to 120 K suggests that they 
Illay he associaled wilh ordering of the N If 4 ions because NMR measurements (Courtens 
I lJX3) ~lI!!!!est that I he reorientation of the N I f 4 ions is by then very slow. Figure 4 shows 
Ihat Ihls \ratlerlng is reduced when x = lUX and there are nearly fully developed 
antilerrocledric correlations. It is of interest Ihal al XU K when there are no longer any 
anliferroelectric correlations. figure 2. Ihere is a peak in the scattering for wavevectors 
clme to (() .lS. O. - 2). The origin of these peaks in the scattering is clearly by no means 
yelunder\IOod They dearly persisl throughoul much of the 'glass' phase and correspond 
III nlrrelalion~ helll!! frozen he low ahoul 120 K. Further measurements are in progress 
IlIl'Iul'Idalc Ihe nalure of this scattering. 

Al'knll" It"d~lnt'nt 

1111\ wllrk wa\ \lIpporled hy Ihe Sciencl' and I:ngineering Research Council. 
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Structural ordering below Tc in KDP and DKDP 
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Abstract. High-resolution neutron diffraction studies have been carried out on KH 2PO. at 
1 K, \0 K and 20 K below Tc (123 K), and on 95% de ute rated K(D.H, .hPO, at 2 K. 6 K 
and 10 K below Tc (224 K). The results show that in both cases the structural ordering is 
homogeneous: the temperature dependence of the proton (deuteron) ordering is the same. 
within error. as that of the heavy· atom displacements, And the temperature dependence of 
this structural ordering is the same as that of the spontaneous polarisation, 

The neutron diffraction studies by Bacon and Pease (1953, 1955) established that the 
structural phase transition on cooling KH 2P04 (KDP) from its tetragonal para-electric 
phase (space group 142d) to its orthorhombic ferroelectric phase (space group Fdd2) 

involves: 

(i) ordering of the protons in the short O-H-O bonds, almost in the xy plane, 

connecling neighbouring P04 groups; allll 
(ii) relative displacement of the K and P atoms along the z axis--the direction of the 

spontaneous polarisation, /"-

WI: have previously made more detailed diffraction studies of the temperature and 
pre""lIfl: depl:lHknce of the tetragonal-phase structure of KDP and its deuterated form, 
I> K I> I' (Tihhalls el a/I 4K2, Nelmes el all I)K2, Tihhalls and Nelmes 1982); and recently 
WI: I: ... tablished that-like the deuteron distribution in DKDP (Nelmes el a/1982)-the 
proton d"trlbutH1I1 in KDP is clearly two-peaked ahove Tc (Kuhs el a/19K3). But since 
t hI: work of Bacon and Pease there has not heen any more accurate study of the 
krrot:iectric-phase ... tmcture, excepl the x-ray diffraction work on DKDP at J~ - \0 K 
by Nakano ('I (// (11)74) In particular, thl:re is no information as to how the structure 
ch;mge\ WIth temperature in the range Ju ... t below 1~, where it is expected to he only 

partIally ordered 
\\le now report re\ult\ oblained from hlgh·resolution neutron diffraction dala col-

Intl'lllrol1l KI)I' ahout 1 K, 10K and 20K below 1~ (I11K), amI from 94o(6)(;~ 
dellll'l'lled (Ndllll" ('I (// It)R2) DKDI' ahout 2 K. 6 K and \0 K helow Ie (224 K). 
~k;I'"Il'l1Iellh of /" (S;II11Ma 1973, (,hahln alld (,llIella 1977) suggest Ihat over the ... e 

,(lllle"Hf,,,,,, '\AI ( f{nc,Hlhl·.rahl"hmCIlI I 1I""lk'ghh,NSW2232,Au'lfl,hd 

H N",,- ,,' '>clllc. I.,. l'I<III,IIIf""kn,ng, Bllnde.n (hi" J, Norway 

IMI22 '71'1 ,.,,, ~11I7Il t 1II,$02.25(gl 'JK" lite 11l~llllIle()fPhysics L711 
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temperature ranges the ordering of KDP varies from -60% at Tc - 1 K to -95% at 
Tc - 20 K, and that of DKDP from -75% at Tc - 1 K to -95% at Tc - 10 K, 

All six experiments were carried out on the D8 and D9 four-circle diffractometers at 
the Institut Laue-Langevin, Grenoble, The single-crystal samples were maintained in 
an almost completely monodomain state by the application of -400 V mm· 1 electric 
field between electrodes painted on the c faces. The first experiments to be done were 
the two at Tc - 10 K. In both cases a neutron wavelength of -0.70 A was chosen, and 
full three-dimensional data were collected out to (sin f:J)/)' = 1.2 A -I, giving aboul 1 JOO 
independent reflections altogether. Analysis of these data sets showed that a higher 
resolution would be required to study in detail the -60% ordered structure anlicipaled 
for KDP at 1 K below Tc: accordingly data for that experiment were measured with a 
neutron wavelength of -0.55 A, outtoa(sin f:J)/)'limitof 1.6 A -1.ln thiscase a sufficient 
number of independent reflections (-1200) was obtained by collecting complete dala 
out to 1.6 A -I in the (hkO) , (hOI), (Ok/) and (hhl) layers of the orthorhombic reciprocal 
lattice, and only the stronger general (hkl) reflections. This same procedure was then 
adopted for the remaining three experiments. 

Temperature stability was monitored by use of a thermocouple in thermal conI act 
with the sample base. For the first two experiments (i,e, at Tc - 10 K) the recorded 
variation was within ±0.5 K; for the subsequent experiments the stability was improved 
to ±0.15 K. The absolute value of the temperature, relative to Te, was obtained for the 
experiments at - Te - 1 K by careful measurement of the angular separation, 211,v. 
between a strong (hhO) reflection and the weak 'side' peak attributable to the very small 
amount « 1 %) of the sample that remained in the reverse-poled state. For KD P, 
this measured angle was then compared with values of u'Y = (2 tan-I(a/b) - 90)0 as a 
function of temperature derived from the accurate lattice parameter measurements hy 
Kobayashi el al (1971); for DKDP we made our own high-resolution x-ray diffraction 
measurements of u,y as a function of temperature (unpublished), Table I shows the 
temperatures thus obtained, after taking account of the known hysteresis and of the 
effect of the applied field on Te (Kobayashi ela11971, Uesu ela/1974), The temperatures 
given in table 1 are relative to the value of Tc on heating (appropriate to dala collection 
in the low-temperature phase) with the field applied. Because du.JdT is too small 
to employ this technique successfully at the lower temperatures, they could nor he; 

Table I. The values obtained at the given experiment temperatures lor the degree 01 prolon 
(deuleron) ordering, the displacement &z(K) of the K atom along z relalive 10 Ihc I' alolll, 
and the distortion (&(P-O): see the lexl) of the po, groups, compared w,lh Ihc lelllpcralure 
dependence of the spontaneous polarisalion (Samara 1973, (,halllll amI Gillella Inn lor 
(a) KH,PO,; and (b) 95% deuterated K(D,II, .I,PO,. 

/" II(D) ordering 
Temperature (/Ie cm ') (%) I\l( K HA) I\(/' 0) (A) 

(a) KDP 
T, - I 3(3) K 325( IS) 636(6) 1)0672(n 00\7\( 7) 

T, . IIJ(O 5) K 4 6( I) 86.H(H) 0(971)(7) o O~ 12( n 
T, 21)( I) K 4H';(~) 9IH(II) I) 102,)( 14) I) l)')IlII(H) 

(b) DKDI' 
I, I H(6) K 525(20) 84.6(4) I) 114'1( 14) OOtllN)( 10) 

1 c 5 11(6) K 5110(5) 931(4) o 1267( 14) 1)1)(,(,(,('/) 

Tc- IO(I)K 6 (N)() 96 0(2) () 12'IH(7) o Ot,'I1( t.) 
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determined so directly: they were obtained simply by adjusting the temperature con
troller relative to its reading at Tc (with the field applied). Careful measurement of the 
width of the 'side' peak just below Te , where dUxy/d T is at its maximum, showed the 
thermal gradient across the samples to be ",,1 K for both KDP and DKDP. The errors 
given for the experiment temperatures in table I include estimates of the temperature 
stability and of the uncertainty in the determination of the temperature relative to Te 
(see above), but exclude the thermal gradient. This is because the structural parameters 
obtained from the experiments are themselves averaged overttie same thermal gradient. 
So the average sample temperature is the relevant quantity provided the ordering is 
sensibly linear over a range of 1 K: the P' measurements of Chabin and Gilletta (1977) 
show that that is the case. 

After standard data reduction, all reflection intensities were corrected for absorption, 
and for one- and two-phonon IDS; they were then used for least-squares refinement of 
positional and harmonic thermal parameters, and anisotropic extinction parameters. 
These corrections and refinements, and the mapping presented later, were all carried 
out with the PROMETHEUS suite of crystallographic programs (Zucker et aI1983). 

In the refinements, the proton distribution was represented by two overlapping 
gaussian functions, one on each of the two proton sites, () apart, in the O-H-O bonds 
(() - 0.34 A for KDP and -0.45 A for DKDP): see Nelmes et al (1982). Above Te, the 
two sites are related by the two-fold axis of 142d and so are equally occupied, 50:50. 
Below Te , one of the sites becomes increasingly occupied at the expense of the other: 
for a refined distribution of X:(IOO - X) the degree of or"ering is 2(X - 50)%, and 
X - 100 as T- 0 K. As the protons order in this way onto sites closer to, say, the 'upper' 
two oxygens (02) of each PO. group, the P atoms displace along the z axis towards the 
'lower' twooxygens (01) ofthe group. Hence the bond length P-02 becomes increasingly 
larger than P-Ol, by an amount i\(P-O). Relative to the oxygen framework, there is 
also an oppositely directed, and nearly equal, displacement of the K atoms along z, by 
a total amount i\z(K) relative to the P atoms. Table 1 shows the refined values of the H 
(or D) ordering, i\z(K) and i\(P-O) at the given experiment temperatures. The table 
also includes values for the spontaneous polarisation P' at these temperatures, taken 
from the measurements by Samara (1!)7J) and by Chabin and Gilletta (1977). The lattice 
parameters used to calculate the tabulated values of i\z(K) and i\(P-O) were obtained 
f rom Kobayashi el al (1970, 1971) for KD P, and from Nakano et al (1974) and Uesu el 

al (I !J74) for DK Dr-with <;tllowance for the effect of the applied field. The full details 
of the experiments (i.e. of the effect of the applied field on the estimation of li,y' I" and 
the lattice parameters; of the evaluation of elastic constants for the TDS corrections; of 
how ;Iccollnt has heen taken of varying est imates in the literature for DKDP deuteration 
levc:b; and of the 1c;I\t-squares rctinemenh, including values for all the refined structural 
P;ILlIllL'ler\) will he puhlished in a separale comprehensive account of this work by Kuhs 
/'1 ii/ (l'IK'i) 

I he le nl ral pili pose oIl his Let ter is 10 examine whether or not P', the Ii( () ordering .• 
,\: ( K) .lIld /\( P (» have I he same lempcr alure dependence Figure I (1I) shows the curve 
(II I"~ velSIiS lemperalure for KDI' (S;lIllara 11I73, Chahin and (iilletta 1977) compared 
III IUln With the lemperature dependcnCl' 01 Ihl' refined proton ordering, i\z(K) and 
1\( I' (») valul'\ III lahle II he II ordn valul'\ have heen plotted by accepting Samara's 
(\'17 ') e\tllll.lll' ,>I 'i. III/Ie em 2 Illr Ihl' tllliv ';llulatcd magnitude of I'"~ the II order a\ 
I, 20K Ihennllrnpondstol)\ K(K)"; (sl'elahk l)of'i 1O,1('cm- 2,andsoon. The 
.\:( K) .lIld ;\( I' (l) \ .dlll·' have hCl'n p\OIlt'l\ hy normalising them to Ihl' /" curve at 
1< 2fl K. '" he fl' lite 1;11 t' (If ch;lII).!c Wilit Il'mperature is very small h).!ure I (h) shows 
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the results for DKDP, plotted in the same way, using the P' measurements of Samara 
(1973) on -91 %t deuterated DKDP and his fully saturated value of 6.20 jlC cm- 2

. 

Of the four quantities compared, only the H( D) ordering yields an absolute mag
nitude for the degree of order attained at each temperature: the values of p', Az(K) and 
A(P-O) can be expressed in percentage terms only on the basis of some estimate of their 
fully saturated values (as Samara 1973 has done, by extrapolation, for P': see above). 
But that is not an impediment to a comparison of the relative temperature dependences, 
which can be seen to be remarkably similar, with just one minor departure: the proton 
ordering in KDP displays a slightly less rapid saturation with cooling than do P', Az(K) 
and A(P-O). Figure 2 shows the refined (model) proton distribution function as it 

101 T,-2 K IbJ T, -13K 

lei 

0.2 )\ 
-----i 

T, -10 " IdJ T, ·20 K 

F1lur~ 2. SeclloO\ Ihrough Ihe rehned I"olon dlslnbullon 10 KIf,PO, al (a) T, f 2 K (Kuh, 
t'l u/l 'II! \ J; (h) 7, .- I .1 K; (c) I,' 10 K; (d) Tc - 20 K In each case the section conlalOS (i) 
Ihe line II II JOlnong the Iwo prolon 'lie' and (Ii) the line at constanl z perpendicular to 
II II (In rel.lllon In (a) nole that Kull, l'1 al (1981) published a f'"urta map "I the prol"n 
d"llIhlll",n 31 T, + 2 K Whal" ,110"" here is the refined modrldlSlrihullon denved from 
Ihr 'a me d .• I.. ) I he (ontou" ,tl<' all t'quallv spaced on a common arbitrary scale 

, I he UI1all.hlkrcnre 1>('I"'CClllhI5 \, .• Iue (Iud~cd "01111 Iht' qUoIlClI 1, "I 2191!(I)K) dnd Ihe 95",01 "ur 

\dmple"\ II nol e1:pcdrd 10 .I{frll thr furm of I" \C'r\u\ I 
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progressively orders from 50: 50 disorder at Te + 2 K (Kuhseta/1983) to nearly complete 
(96: 4) order at Te - 20 K. Without other information it is not possible to decide whether 
the remaining asymmetry at Te - 20 K is wholly disorder (as assumed for simpl icity here) 
or partly an intrinsic anharmonicity. The latter does in fact seem the more likely, because 
the proton in an O-H .. ·0 bond is in a (relatively) shallow asymmetric potential. (This 
is less true for the deuteron in O-D .. ·0 because of the greater 0 .. ·0 separation 
and the greater mass of the deuteron.) We believe this is the most probable explanation 
for the slightly, but significantly, low degree of the refined H ordering at Te - 20 K 
compared with P' and the heavy-atom displacements. 

The results displayed in figures 1 and 2 represent the most complete and accurate 
study yet made of the onset of order, at the microscopic level, for the KDP-type 
transition. From these results we conclude that the structural ordering in KDP and 
DKDP is homogeneous: the progressive ordering of the proton (deuteron), on cooling 
below Te , shows the same temperature dependence as that of the heavy-atom dis
placements down to well below Te. Furthermore, the structural ordering follows the 
same temperature dependence as the spontaneous polarisation p'. That this need not 
be the case is shown by recent work on the phenomenologically similar transition in 
PbHP04, where the proton ordering has the same temperature dependence as P' bUI 

the heavy-atom displacements apparently do not (Lockwood et a/1985). 
Further work will be required to ascertain to what extent, if any, the proton dis

tribution in KDP may remain asymmetric (because of anharmonicity) even when fully 
ordered. 

We are pleased to thank Mr J Archer for invaluable technical support. We gratefully 
acknowledge the support of a Visiting Fellowship (C J Howard) and a Research Associ
ateship (J E TibbaIls) from the Science and Engineering Research Council. and also a 
collaborative research grant from NATO. 
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Structural evidence for centre-of-mass motion in the 
ferroelectric fluctuation of KDP and DKDP 
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Abstract. Using high-resolution neulron diffraction data, the thermal vibration amplitudes 
of Ihe K. P and () atoms, and the pmllltln5 of the .I(D).atoms have been determined as a 
function of lemperature near 1, for KII,PO, (KIJP) and 95%-deuterated K(D,HI.)lPO, 
(IJKIlP)I he data were collecled from KllP at 2 K ahove T, (123 K) and at I, 10 and 20 K 
helow 1,. and froln IJKDP at2 K ahove 'I, (224 K) and at2, 6 and )() K below T,. The results 
,how changes in ,orne thermal amplilude, and in the H(D) positions. at and below T" that 
'Irongly ,upporl a model of the fcrrocicci riC fluctuation revised to include a locailluctuation 
of Ihe cenlre of ma,s along the krroctcllfiC aXIS 

Tht: patlt:rn of atomic displacements in Iht: crilical fluctuation near the ferroelectric 
\ 

transition in KH 2P0 4 (KDP) and KD21'04 (IlKDP) was first determined from diffusc 
nt:utroll scattering Illt:asurements on IlK!)1' al l~ + 4 K by Skalyo et al (1970). They 
ohlaint:d Ihe results illustrated in figure I Tht: [) alollls move between two sites separated 
by 2Da in tht: xv plane and by 2Dz along z, where z is the direction of the fourfold axis 
III tht: Idragonal paraekctric phase. As Iht: D atolTIs move onto sites near the 'upper' () 
atollls 01 t:ach PO 4 group (i.t:, [) I and (), in ligure I), the P atoms move 'down' along z 
by I', alld Iht: K atoms 1l1OVt: 'up' by K z ' as shown by the arrows in figure I(a), The 
dlsl~lacelllt:nt of the 0 alollls along z, 0" was found to be very small. The magnitudes 
of I',. K l' () 1 and n. obtained by Skalyo l'f ill ( I !J70) are given in lable I, column 4 scaled 
to a value of ()224 A for n" laken from the structural study of IlKDP al T, + 'i K by 
NL'llllcs ('/ ill (jI)H2) I"hese displacemenh were 111 good general agreement with the 
stluctur;d dlspLICl'IllCIlIS found in tht: Icrrllelel"lllc phase of KDP by Bacon and Pt:ase 
()I)<;<;), With ont: IIllportant t:xception: where;!s the)) aloms moved along z in phase with 
Ihl' I' ;!tOIll III thl' krrol'kctric modl' (Ii!!UIC I. tahle I, column 4), the slructural 
dl'I,I;!cl"Illl'nt of thc II atolll helow 1, 1111'1'1' \\<lS III tht: oppositt: senst:, At that time no 
sllllltllLd Infornl.lll!lIl was "\,,liahle for ll"III'. "Ild Skalyo ('( al (1970) suggt:stt:d this 
d",lgrl'l"Illl'lIl 1I11~hl Simply IIldlC;Jle a dllkll'llll" hetwt:l:n Kill' and IlKIl!' in Iheir krro
ell"! III! Illode dl'l'l.ll'l"IIll"Ills 

11,,\,<,\,'1, suhsl"qucnt 1ll'lIlrOn dllll,ll'II"11 ,llIdles of the crystal siructurt: of IlKIl!' 

(;lIld "I) I') ,d'OH' I, hy Ne IlIles ('I at ( 1'),,\2 I rl'Vl'a led lu r t her disCfcpancio' 

'( II) Ie." .. fr"rn Ihe ·\AI ( H",,'.«,h I ,1 .• hl"h<l"·1)1 I Ill." Ikl~h". NSW nIl. Au,,,,,I,,. 
I Nu~ .• t Ihe 'cnler fClf IlIdu'lrI'OI,krull¥ Blllltit-rn. (hit! \ NOI"", 

111122- 171 '/, I\'i:'~.' 11121 I 111\ ~II.) 2'i ctJ IYS'i -, he Inslilute of l'hY'>lcs L1023 

~ ,. " 
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(i) the 0 sites, well resolved hy the high resolution of the diffraction data, were fOllnd 
to be separated alongz by only 0.058(3) A. much less than the value of 2I>, ofO. I S4( 16) A 
obtained by Skalyo el al (1970); and 

(ii) the T-dependence found for 1133(K) and U
11(P), the mean square thermal ampli

tudes of K and P along z. suggested that K z should be much smaller than /\. 

These observations led to a re-analysis of the diffuse neutron scattering data, and the 
collection and analysis of new diffuse x-ray scattering data for DKDP at 1~ + 2 K hy Bleil 
el at (1982). These authors showed that a much improved fit to the data was achieved hy 
allowing a local fluctuation of the centre of mass along z, with amplitude L\z, as a 
component of the ferroelectric mode. The results of their re-analysis of the neutron data 
(from Skalyo el at 1970) are given in table I, column 3. The centre of mass moves in 
phase with the P atom, thus increasing the total z amplitude of P and decreasing that of 
K, in agreement with the conclusions noted under (ii) above. Also D, is reduced 
substantially, though it still remains larger than expected from the structural studies. 

The diffuse x-ray scattering measurements for DKDP made by Bleif el {II ( IIJS2), and 
similar measurements for KDP byCowleyelat(1983) have recently been analysed further 
by Andrews and Cowley (1986). Their results are given in tahle I, columns 1-2. where 
the quoted standard deviations apply to the relative magnitudes: the ahsolute values all' 
sensitive to the approximations inherent in establishing a scale. In the case of Dld)1' the 
refined displacements were indirectly scaled to the D.-value of 0.224 A by fixing I'z at 
-0.080 A (see table I and Bleif et at 19S2). For KDP the absolute magnitudes were 
scaled by comparing the relative strengths of the ferroelectric mode and acoustic lIlode 
scattering in KDP and DKDP (Andrews and Cowley ]986). The x-lay work does not, of 
course, yield values for Hz and D,. 

Just above Tc the overall thermal amplitudes of the K and I' atoms, along;:, all' 
expected to be 

llJJ(K) = u?3(K) + K~ u 11(p) = lliH(P) + P; (I) 

where u!l(K) and ll~l(P) are the 'intrinsic' thermal amplitudes in the ahsence of the 
ferroelectric mode motion. The revised model for the mode, incorporating the centre
of-mass motion, can then he seen to predict,a large decrease in ull(p) but only a velY 
small change in u "( K) on cooling through 1~, whereas the purely optic mode denved hy 
Skalyo et al (1970) would predict approximately equal decreases in both parameters (sec 
table I). Figure I and table I also show that, in the revised model, a large part of /), IS 
due 10 the centre-of-mass motion. As long-range order is established below I;" thc local 
ct:ntre-of-mass motion is expected 10 frt:ezt: llUt. IIt:nlT Ihe progrt:ssiv(' oldcl in~ of Ihc 
[) alom onlo one of its sites below l~ (Nelmes el al I !JX'i I-say I) I at tht: exPCllsc of 1>., 
in figure I(h}--should thcn bt: accolllpallit:d by a movt:lIlt:nl of tht: 1)1 sill' towards Ihe 
o .. () lillt:, whert:as Iht: purely optic lIIodt: modd of Skalyo 1'1 III ( I'no) would pi edict 
no such displact:ment (as tht:y notcd: st:t: ahove) 

The revised modd is thus opt:n to It:~t by diffradlon studies, In Ihis I.clll"! we "'I'"II 
rcsllih oblaint:d frolll high-rt:sollliiollllt:lliroll difflacliollllicaslllt'IlIl'1l1s catllnf oul III 
It:sl tht: above prt:dldlollS hy dt:lt:rmilllllg Iht: K, I' (alld (» Ihclmal palallll'll·l\. alld Iii .. 
location of thc Hand D ,ilt:s, as a fUllction of It:lIlpnatllll' Ihro\l~h I" I>ala well' 
collt:ctt:dfromKIlPat2Kabovt: 1,(I2."lK)alldat 13, 1(1;lIId20Khelow I.: alld frolll 
IlKDP al 2 K ahovt: '/ < (224 K) alld at I.X, 'i.X ;tlld 10 K ht:low I, I lie 111..1)(' was know" 
10 bl' l)4 o(fl)'1r, dt:ult:ralcd (NdllIcs 1'/ III Il)H2) ~1caSllIl"IlIt'1i1s of Ihe SptllllalH'llus 
polarl\allllll, I"", ,how IILII tht: ordcrlll~ of IU>I' V;HIt's fltlill lV:j at I, I" I)'>'; ;11 
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Figure I. The ferroeleclric mode displacemenls delermined by Skalyo el al (1970) for DKDP 

al T, + 4 K are shown in (a), omilling Ihe very ~mall displacemenls o[ Ihe 0 aloms along z 
and Iheir(\' displacemenls. The posiliom 01 Ihe Iwo D siles in Ihe 0-TD-TO bonds are 
illustraled in (hi: Ihe z separalion of Ihe ~ilc,. 21>" is exaggeraled. 

Table I. Ferroeleclric mode ampliludes along z in KIIP and IIKDP [or Ihe K. P, 0 and H(D) 
alom, mum" of HI 'A The values in WIUIllIl' 1-3 include a local cenlre-of-mass mOlion 
along lof amplilude <1,. whereas Ih",e in column 4 are wilh <1, conslrained 10 be zero. 

X-ray dala 
An"rew~ and Cowley I I'IKh) Neutron dOl a 

Blei( el al (1982) Skalyo el al (197111 
KIIP 1)1\1)1' DKDP IIKIIP 

] 4 

I', ~ I( I) Ktl' K.lIKI 4hl51 
", 1111 I ) 121 I) 7( 101 55(4) 
(I ~ I( II - IK(~I 22(31 7(41 
1/ / J -1-1(71 'I2(KI 
.\ I'll II 241 I) 27(4) II 

til,", ,''''pillude ",", ".cd allhe n,,',111 "I Ih .. I"" ,h/(hlly ",fkrenl ,·"Iuc\ obtamed from" 
phPlIlJfl I1lot.kl ."ht .• (l't'udu·\pln modd b\ Bkll t,,"1 (19M2) 
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Figure 1. The values oblained [or Ihe mean square Ihermal mOlion along Ihe z axis. u", as 
a [unclion o[lemperalure for Ihe K alom (o),lhe P alom (e) and Ihe 0 alom (0) in (II) Kill' 

and (b) DKDP. For Ihe 0 aloms below T, Ihe mean value of u"(O) is shown (Ihe IWI) 
independenl values are jusl wilhin Ihe given error bars for KIIP, bUI are separaled hy 2.5 
limes Ihe error bars for [)KDP). The dOlled lines show varialion proporlionallo Ihe absolulc 
lemperalure; Ihe full curves are guides 10 Ihe eye for Ihe T-dependenee of u 1\( P) helow 1; 
The disconlinuities <1u11(P) are discussed in Ihe lexl. 

Tc - 20 K, and that of highly deuterated DK()P varies from -65% al 1~ 10 -1J5(}'t, al 
Tc - lO K (Samara 1973, Chabin and Gilletta 1977). Any changes associaled wilh the 
transition should then have their onset abruptly at Te and become aimosl completed 
(saturated) over the temperature ranges of the Iwo sets of expniments. 

All eight experiments were carried out on the DR and DIJ four-circle diffraClollIelers 
at the Institut Laue-Langevin, Grenoble. Bclow Te. the singlc-cry~tal sampks were 
maintained in an almost complp.tely monodomain siale by the applicalion or a 400 V 
mm- I electric field between electrodes painled on Ihe c faces. Data were l'olleCled out 
tosin(tI/A.)= 1.2A- l intheexperimentsal T~- IOKandollll(Hin(II/A.)-llIA lin 
all the other experiments. We have already used these same dala sels 10 ~tlldy Ihl' omel 
of structural ordering below I~ in KDI' and DKDP (Nehnl" /'/ 01 IIJH'i). and rurlher 
experimental dctails are given in the reporl or thaI siudy. All rellCl'llon inlclI,il in well' 

o 
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corrected for absorption, and for one- and two-phonon IDS, before being used for least
squares refinement of positional and harmonic thermal parameters, and of anisotropic 
extinction parameters. The data collected previously from KDP and DKDP at Tc + 5 K 
(Nelmesela/1982) had not been corrected for IUS and these were completely re-analysed 
in the same way. (Values quoted from the Nelmes el al (1982) in this Letter are as 
obtained in the re-analysis.) The corrections and refinements were all carried out with 
the PROMETHElJS suite of crystallographic programs (Zucker el aI1983). 

The refined values of the mean-square thermal amplitudes of the 0, P and K atoms, 
along z, are shown in figure 2. (Values for all the other refined structural parameters, 
together wi t h full details of the experiments and analysis, will be published in a separate 
comprehensive account by Kuhs el al (llJI)5).) The most striking feature is the sharp fall 
in u~~(P) at Te, larger in DKDP than in KDP, followed by a further decrease in the ordering 
range below Te· On the basis of (1) we can estimate Pz by extrapolating from the value 
of II l~( p) at Tc - 20 K for KDP (at Tc - ]() K for DKDP) back to T" proportionally to the 
absolute temperature: the differences marked /',u 1~( P) on figure 2 can then be identified 
with P;. (This procedure will slightly underestimate Pz because the structural ordering 
1', not quite complete at Tc - 20 K in KDP or Tc - 10 Kin DKDP, as shown by Nelmes el 

al (IlJHS). However, the difference is negligible within the inherent approximations.) 
The estimates thereby obtained are O.oSO(S)A and O.075(3)A for Pz in KDP and DKDP, 

respectively, in good agreement with the values for the revised model in table I, columns 
1-3. For both materials the Kz-values forthe revised model imply an additional amplitude 
of only 0.0001 A2 in uD(K) above Te, and hence no detectable change is expected at 
7~ within the uncertainties of the structural measurements. This is seen to be so, except 
for the slightly elevated value of U

33(K) at 7~ - 1.3 K in KDP, for which we have no 
definite explanation at present. For the 0 atoms there is the complication that below Tc 
there are two independent atoms, 0 1 and ()2 in figure I. Based on the mean values 
of 111\0) at 7~ - 20 K (KDP) and Tc - 10 K (DKOP), there are small changes at Tc 
corresponding to O,-amplitudes of -0.02 A for KDP and -0.03 A for KDP, in approxi
mate agreement with the values in table I, columns 1-3. 

Further information about the nature of the ferroelectric mode can be extracted 
from a comparison between the amplitudes in the mode and the static (structural) 
displacements, relative to the centre of mass, that are established in the ferroelectric 
phase For example, if the ferroelectric mode involved simply a pseudo-spin-like fluctu
ation of all the atoms between the two opposite ferroelectric configurations, then the 
fully saturated displacements of mean atomic positions would be equal to the optic mode 
components of the fluct uation. Relevant mode amplitudes and structural displacements 
arl" set (Jut in table 2. First, in columns 1- 4 In the table, the x-ray results of Andrews and 
Cowley (191)6) from tahle 1 have been separated into two components: the centre-of
Illd\\. or ;ICOll\tIC mode, amplitude (A), and the optic mode amplitude (0) derived by 
suhtractlll~ t\.. fro III the ovelall amplitudL's 1'" K" Oz and Hz (DJ. For II and 0 the 
oVl'Iall ;llllplitudcs have heen taken to be half the site separation along z obtained from 
I hl" st ruct u r;ll st udies at Ie + 'i K (Nclme\ 1'1 1111 ')H2) Then, in column 5, the purely opt IC 
l1lodl" amplilude, dl'll\cd by SLlly() el III (1'J70) are reproduced Finally, the alm(J~t 
s.tluratcd dlsl'hll"lIlenlS flOIll the structural sludles at Tc - 20 K (Kt>1') and Tc - 10 K 
(I>(O;()I') arl' ~Iven III l"(llllml1S h ,llld 7. 

I I call hc scc 11 111.1 t the sl I lilt ur;11 d "pl.ll l' l11l'lll" of t he heavy atoms do not dlst i nguish 
tit"< l'I\Tly hClwel'n Iii,' two 1I10deis of the l11ull<- ahove l~-i.e. with and without the 
Cl'lltll'oimass mollon Ihc IIllHlt:Is arc 111 ;tl(Uld III having a small (),«(J) optic fllllde 
.l!lll'llllIde and so Iltn 1,,"1t plnlll"l ;t Vl'n '"1.111 dlSplaceml'llt for the () aloll1s. III 
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Table 2. Cotumns 1-4 show the ferroelectric mode ~mptilUdes along z in Kill' and IlKI>I' 
separated into the centre·of-mass. or acoustic mode. component (A) and Ill<; optic lIlode 
component (0). Column 5 shows the purety optic mode cl)mpOnelll> of SI..alyll t·t ,,/ (1l}7t1). 
Columns (, and 7 show the structural disptacements atong z relative 10 the cenlre of ma" in 
KDP at T, - 20 K and in OKOP at T, - HI K. All vatues arc in units of to' A. Wilhin elfor. 
the separate structural displacements of the two independenl 0 aloms are Ihe same as Iheir 
mean vatues (marked wilh asterisks) given here. 

KOP DKl>P DKDI' KI>I' DKllr 

0 A 0 A 0 
2 3 4 5 (, 7 

P, -32(1 ) -19(1) -56( 1) -24( I) -46(5) P - 5l}(2) -71>(2) 

K, 29(1) -19(1) 36(2) -24(1) 55(4) K 42(2) 56(2) 

0, -2(1 ) -19(1) .6(2) -24(1 ) -7(4) 0 t(2)' -1(2)' 

H,/D, 2(2) -19(1) -5(2) -2ol( I) -92(8) HID 22(-') '2(2) 

agreement with the structural results. The values obtained for the P and K displacements 
agree better with the revised model insofar as the P displacement is found to be larger 
than that of K, in both KDP and DKDP; but the absolute magnitudes of the displacements. 
are larger than the optic mode amplitudes of both models. (This difference in mag
nitudes-whereas, as shown. the changes in the U

31 thermal parameters of P and K 
agree well with the Pz and Kz amplitudes just above Te-suggests that thc hcavy-atol\l 
behaviour is more phonon-like than purely pseudo-spin-like.) We are then left with thc 
structural displacements of the Hand 0 atoms: they displace in the same directioll as 
the K atoms (table 2, columns 6 and 7), rather than the direction of thc P atollls as 
expected for the Skalyo el al (1970) model. It is on this crucial feature of the structlll al 
displacements in table 2 that we focus allention. 

In the structural refinements the Hand 0 distributions were represented by two 
overlapping gaussian functions, one on each of the two H(D) sites (e.s. D I and D! il; 
figure 1 (b». It is the large xy amplitude of the H(D) atoms (2D. - 0.5 A in figure I ("» 
that makes it possible to resolve the two sites in this way, and thereby gain the important 
advantage of being able to measure the H(D) z amplitudes above 7~ directly (as the z 
separation of the sites) despite their small sizet. There are then diffcrences between the 
interpretations applied to changes in the H(D) and hcavy-atom distliblltlon~ at and 
below Te. The following two are important here. 

(i) The freezing out of the ferroclectric mode motion of H( D) is observcd as Ihl' 
progressive ordering onto one site (say, DI in figure I(h) at thl' cxpensl' 01 the othel 
(D!), whereas for K, P and 0 it is ohscrved in thc reduction 01/111 (h l/ II and I) t he /I" 
thermal parameter is Simply the mean squarc amplitude ahout cach site I l' , /I," in 
(I )-and, as then expected, docs not show any discontInuity at Ie.) 

(ii) Table 2 shows that in the revised lTlodel allllost all of the z Illotlon ollhe () and 
H( D) atoms IS attributable tothe cenlre·of-rnass motion, !\., "or Ihe () .11 0 III , <IS lor I' 
and K. the freezing out of any centle-of-mass mollon WIll Sllllply hc pall ot the dl;tIl'~L" 
In u l1 under (i) abovc, and could not be unambiguously dlSllnguished f'OIll the Irecllng 
out of optic mode motion. However. for Ihe II (D) atol11s Ihl' Ireellng 0111 "Ilelllle ot 

t Ihemulhlargerz<unplilutJt:'ol PInDI(I)I'\lIl1gl\T'.t\lIl· ... Cp.U.111t11l "!./' II IhA,IIIO\lIIaJlcuhcfc",clhnl 

In d dlrtr,JClI(HIl"p~rllnt'nl. 4u11c: .tp.trllrolTlllic ("\I{iL-'lll" (.,hove) 111<-11.1 \1I1I1'1c tWI) \lll' d .... I'II\llllolIlII.I,·11I11 

he dPP'('PII,lk I(lr the hl-,IV) JI<Hll'" 
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T.bk J. I he ValllC' ohlained 311hl" glv"n cxpcrimenlallemperalures (or Ihe z separallon o( 

Ihe I' (()) aloms (rom Ihe adjaccnl () "IOIll, in unils of 10 'A. for (a) &z(O-H) in K[lP and 
(h) i\z(O D) in UKUP (see figure I(h)) I he: T, + 5 K resulls are from Nelmeselal(1982), 
I he vaillc, arc also expressed as a P" 'ponion ("Ic·) of Iheirestimated fully ordered magnitude, 
as explalncd on Ihe lexl, and comparcLi wllh Ihe sponlaneous polarisation, 1". expressed Ihe 
same way from measurements hy Samara (l'Jn) and Chahin and Gillella (1977), 

(a) KDP 
T, ~ 20 K T,' 10 K T,- 1,3K T, + 5 K 

-------_. 

tu(O-I/) 8(2) 'I(~) 10(2) 28(2) 
('.'1,-) 95 90( III) 57(10) 0 

'" (%) 95(1) (10(2) 64(3) () 

(h) IlKIJP 
T, ~ WK T, - ~.H K T, - \.8 K T, + 5 K 

- ----
i\z(()-(») 4(1) 7(2) 1\(2) 38(1) 

("Ir) 97 H9(h) 77(6) 0 

P' ("I( ) 97(()S) 94( I) 85(3) () 

mass motion would be manifested as a movement of the increasingly occupied H(D) site 
along z relative to the mean position of the adjacent 0 atom--changing the separation 
labelled ~z(O~D) in figure I(h), and the eyuiva\ent .1z(O-H) in KOP. 

An analysis of the T-dependence of the H( [)) distributions can thus afford important 
additional Information, The study of the onset of structural ordering by Nelmes el al 
( 19H5) has already shown that the progressive ordering of the Hand 0 atoms onto one 
slle -( i) ah()ve- has the same T-dependence as P", We restrict attention here to (ii), the 
I-dependence of the 11- and D-site locations, 

tahle -' gives the refined values of ~z( ()~H) and ~z(O-D) at Te + 5 K (Nelmes el al 
19H2) and the Ihree temperatures helow Te , The study of structural ordering (Nelmes el 

ii/ I 9H'i) shows KDP al 7, - 20 K to he 9'i( I )";' ordered and DKDP at Te - 20 K to be 
()7( I)t;', ordered If the values of ~z«)~II) and ~z(O-D) at these temperatures arc 
taken 10 reprnent ()'i'i and 97';',.. respectively. of the fully saturated changes. the two 
values c\()\er to I, can aho he expressed in reLtlive percentage terms and compared with 
Ihe I-dcpcndcnce of I .... expressed likewise (sec Nelmes et a/19H5), Clearly ~z(O- H) 
and /\z«) ()) hoth change slgnlticantlyoll cooling he low 7~and, Within the (yuite large) 
l'II(lIS do '0 wllh thc ,alllc T-dependence ;I, /" (Iahle -') Whilst the t.z(O-H, D) 
l h d 11 )!l'S Illlll r (llli a Ic I he dl'placc me n hot I he ( ) ,llorns as their [erroe lect ric mode mot ion 
frn'/e' out. Ih" can hc ,een from tahle 2 10 he a \'ery small componenlt, Thus the 
Il·IIl.lllllng. Illuch Lllgel, (l,11I of Ihc Ch;lll)!eS Ill/\:«)-H) and t.;:«)~J) must hc altri
hUll'd 10 Illl'lo" lit a lCIlIll' (If-lllaS'> cOlllponcnl In II, alld /), helow re. and thus affords 
dlll'lIn Idcnce tlll Ihc prl'scllce of thiS UIIllI'"lll'lll 111 Ihe ferroelectric mode 

Ikllll·. Ihl' ch;IIl)!l'S 1l(.lh Illlhc II" Ihonl.11 p;II<1Illl'lrrs of the hcavy atoms and also 
III I hc rc I.III\'C d ISpl.lll'ml' Ills ot I he II (I)) al (III IS ,dllllg z, on cool i ng t hruugh 7~. sl IOngl y 
,upport ,I Illodl'l (It Ihl' "'11(Jell'lllll Illll(k Ih,ll IIlLIlldl'S a fluctuation of Ihe cenlre ot 
IIl.lSS ,dlllll-!: In ph.I'l' \, Ilh Ihe optic Ill(Hk IlHlIlllll ot Ihc I' alolll hll I(IlI' thc siruclllral 
Il',ull S ,I)!I l't' " II h I hl' It'\' 1'(' d lIlodc ,11111'111 IIdl's ( 1;1 t'ks I and 2) and sIIggCSI a sllllple I wo
'UCl.III,,("IIIl-,lplh 1l'I,,.,Ic.:mlllll .. lllflh("('allll11"'\l"f\ 'm.dllhC'lh.III~("'lnL\'j{) II 1)I.lIcdo\elolhc II 

II) I ,I r III lur .• 1 d"pI.IU-I1IC III' In I.lhle 1 
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site (pseudo-spin) behaviour of the H atom coupled to a more phonon-like bt'haviollf 
ofthe heavy atoms. Below Te the H atom orders within error onto the location of one of 
its two tetragonal-phase sites (Ne\mes el al 1985), just displaced along z as the local 
centre-of-mass motion is lost: in fact, almost all of the z motion of II in KDI' above T, is 
attributable to the centre-of-mass motiont. For OKDP there is a similar agreement 
between the structural results and the revised mode amplitudes, with the exception of 
the 0 atom. As already noted, the magnitude (U)44(7)A obtained for D! hy Uleif t'l al 
(1982) is significantly larger than the 0.029( l)A obtained in structural studies a,t both 
Te + 5 K (Nelmes el al 1982) and Te + 2 K (this work). Also. the almost saturated 
structural displacement alongzofO,032(2)A + O,OOI(2)A for 0 relative toO (see table 2) 
is significantly larger than the predicted relative displacement ofO.024( I)A - O,()06( 2),t\ 
from the D,(A) and OleO) amplitudes in table 2+. (The same comparison shows very 
good agreement in KOP.) These are small, hut puzzling and significant, discrepancies 
that merit further investigation. 

Finally, we note that Andrews and Cowley (1986) made measurements of diffuse x
ray scattering from the 'walls' separating oppositely poled domains in polydomained 
crystals of KOP and OKOP below Te; and analysis of the data yielded the surprising 
conclusion that the frozen-in displacements, relative to the centre of mass of the whole 
crystal, include the local centre-of-mass fluctuations. Th:lt is to say, oppositely poled 
domains are displaced 2.1, - 0.04 A relative to each other along z. 1I0wever, even if 
accurate diffraction data could be obtained from a polydomained crystal they would be 
insensitive to this effect, because coherent elastic scattering from different domains adds 
as intensities not as (phased) amplitudes. Our results apply to a freezing in of the 
ferroelectric mode motions within a single domain, whether that is one of many in a 
polydomained crystal or-as in our experiment-the whole crystal, 
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