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Als een kristal met verplaatsingsmodulatie scherpe satellietreflekties

vertoont in het diffraktiepatroon, dan heeft de verplaatsingsgolf een

statische komponent.

P.M. de Wolff, Acta Cryst. A30 (1974) 777.

-2-

De opeenvolgende faseovergangen hexagonaal-monoklien-gemoduleerd van

natriumcarbonaat kunnen begrepen worden uit één mechanisme waarbij het

zacht worden van het kristal voor afschuifkrachten in het hexagonale

basisvlak een grote rol speelt.

-3-

Een grondige kennis van de kristalstruktuur is noodzakelijk voor het

begrijpen van fysische eigenschappen van een kristal.

-4-

Het eerste orde karakter van de insluitfaseovergang kan verklaard

worden door in de theorie van McMillan het diskontinue gedrag van

de golfvector te koppelen aan een diskontinuiteit in de amplitude

van de modulatiegolf

W.L. McMillan, Phys. Rev. BJj» (1976) 1496.

-5-

De responsie van Rb.ZnBr,, vlak boven de insluitfaseovergang, op een

uitwendig elektrisch veld kan begrepen worden uit de aanwezigheid van

een polarisatiegolf met de periodiciteit van de derde harmonische van

de modulatiegoli.

Dit proefschrift, Hoofdstuk 6.

-6-

Heeft een kristal een gemoduleerde fase, terwijl de normale fase een

niet-polaire puntgroep heeft dan is de puntgroep in de gemoduleerde

fase eveneens niet-polair.

M. Wada, A. Sawada, Y. Ishibashi and Y. Takagi, J. Phys. Soc. Jap.

42 (1977) 1229.
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Aan een Afdeling Technische Natuurkunde van een Technische Hogeschool

verdient fundamenteel onderzoek aan eigenaardige materialen een plaats

in te nemen, zelfs als ze geen direkte technische toepassingen hebben.

-8-

Als de basisstruktuur van een gemoduleerd kristal een symmorfe, centro-

symmetrische ruimtegroep heeft dan kan er geen ferroelektriciteit ontstaan

bij de insluitfaseovergang naar de kommensurabele fase.
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Het moet mogelijk zijn een metaallegering te maken die bij verandering

van de temperatuur drie overgangen supergeleidend-normaal of andersom

vertoont.

B.H. Verbeek, G.J. Nieuwenhuys, H. Stocker en J.A. Mydosh,

Phys. Rev. Lett. 4£ (1978) 586.

D. Davidov, K. Baberschke, J.A. Mydosh en G.J. Nieuwenhuys,

J. Phys. F, l (1977) L47.
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Eysel merkt terecht op dat de olivijnfase van Ca.SiO^ sterk vervormd

is ten opzichte van de trigonale hoge temperatuur struktuur, maar het

door hem gebruikte argument is onjuist.

W. Eysel, Habilitationsschrift, Aachen (1971) p.34-35.

D.K. Smith, A. Majumbar and F. Ordway, Acta Cryst. 18 (1965) 787.
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Eén voordeel van het gebruik van diffraktometers ten opzichte van

fotografische methoden bij röntgenverstrooiingsexperimenten is dat

aan diffraktometergegevens weinig visueel valt waar te nemen.
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De grote oliemaatschappijen kunnen een belangrijke bijdrage leveren

aan de beveiliging van het milieu van de West-europese kusten door

hogere veiligheidseisen te stellen aan het vervoer van olie langs

die kusten.
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CHAPTER 1 .

INTRODUCTION

Modulated crystals

Crystallographic information plays an important role in fundamental materials

research. For the study of macroscopic properties of solids, it is often

necessary to possess detailed knowledge of the structure and particularly

the degree of order on an atomic scale.

In crystalline materials the atomic arrangement is usually idealized by des-

cribing them as three-dimensionally periodic arrays of molecules. Solid state

theory has benefitted enormously from this approximation since it leads to a

great deal of simplifications. The ideal crystal model is found to be an

excellent approximation in most solid materials and it has come to be accepted

as a completely universal property of a crystalline material.

However, in the past decades a wide variety of materials were found to possess

a crystalline phase with a long range correlated deviation from three-dimensional

periodicity. The peculiar character of such a quasi-crystal is marked by the

modulation of a local, atomic property with a period which is incommensurate

with the underlying lattice. Such a property may be the magnetization in heli-

cally ordered antiferromagnets1 or the charge density in conductors2. Also,

the composition may undergo a periodical variation, as occurs e.g. in certain

alloys3. All these phenomena can be accompanied (as is observed especially in

the last two cases) by deformation waves, that is displacive modulation.

The object of the present study is the class of crystals possessing purely

displacive modulation. This class is characterized by a basic lattice structure

with a superimposed deformation wave4. In such a crystal an atomic position

does not exactly repeat from cell to cell but it is given by an average position

plus a periodic shift:

?» t ?? ) (1)r0 = IK
t (q .?? + * )
K o IK TK'

where H numbers the ce l l s , K designates the atomic type and q i s the modulation

wave vector.
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Hodulated crystals are interesting from the point of view of fundamental

physics since the breaking of three-dimensional periodicity destroys some

of the basic assumptions of solid state theory. Of possible importance to

materials science are the new phenomena which can be expected in a modulated

crystal.

In this thesis some of those properties of modulated crystals will be studied

which are directly related to their exceptional structure. Throughout the

entire study much attention will be paid to the relationship between structural

and physical properties.

Let us first consider more closely the definition of a displacively modulated

crystal as given by Eq. 1. In the simplest case, the periodic function u may

be thought of as sinusoidal, with a negligible contribution from higher har-

monics. In this case the displacement of the atoms is a spatially continuous

variable.
->

As another extreme the function u may alternate between two discrete values.

The chance of finding an atom in either one of the two discrete positions may

then be modulated sinusoidally .

Usually, the continuous type is termed displacive whereas the discrete type is

classified as order-disorder, with reference to the transition to the normal

state. We will sometimes use the term displacive for all modulated structures

which are characterized by deformation waves. When the fore-going classifi-

cation is employed in the discussion of experimental results we will define

the two types in order to avoid confusion. Although both the continuous and

the discrete type occur in nature, it is often hard to distinguish between

the two models when dealing with real crystals.

If an approximately sinusoidal deformation exists in a crystal, as has been

observed in Na2C036, a description in terms of a frozen-in lattice vibration

is appropriate. In such a picture the basic structure exists in the normal

as well as in the modulated phase, neglecting the usual changes with temperature.

In the latter phase one of the vibrational modes of the basic lattice is con-

densed: the amplitude has a static component. This can be studied most clearly

in a neutron diffraction experiment. The frequency of a mode can then be seen

to decrease in the normal phase when approaching the transition temperature,

T , and in the modulated phase satellite reflections appear at distances ±nq

from the basic lattice reflections.
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Th e dynamics of a transition with a soft mode mechanism has been treated by

Cochran for ferroelectrics7. His theory can/be very well extended to the

softening of a branch in a general point of the Brillouin Zone. In the incommen-

surate phase however, a difficulty arises as to the determination of the

vibrational states. That is to say, there is no plane wave ground state since

translational invariance is lost. Most vibrational states of the crystal will

not be strongly affected by the deviation from the high temperature lattice

since the atomic displacements are small. The case of the modes corresponding

to the soft phonon in the high temperature phase is special, however, since

these vibrations are directly coupled to the lattice deformation. The eigen-

functions of these states cannot be labeled with the help of the basic lattice

symmetry. At most one can say that these states are linear combinations of

the basic lattice modes.

Although the theoretical situation is not clear as to which soft vibrations

can be expected in the incommensurate phase, two kinds of vibrations have

been predicted and observed3. These are the phase and amplitude modes (in

short: phasons and amplitudons). A phase fluctuation mode is a periodic shift

of the modulation wave's phase; in the long wave-length limit this becomes

a uniform shift of the wave. It must be distinguished from an amplitude

fluctuation for two reasons: it has a different symmetry and contrary to the

amplitude mode, its frequency is zero at the modulation wave vector. The

latter property is the most interesting one of the phason and it is the

reason why it has attracted the attention of many experimentalists and

theorists.

The acoustic-like dispersion of a phason near a satellite reflection can be

easily understood from the incommensurate nature of the static distortion. A shift

of the distortion wave does not require energy since the phase is arbitrary

with respect to the basic lattice. Hence, a long wave-length phase fluctuation

has a frequency proportional to its wave vector.

A similar situation is met in a Heisenberg ferrcmagnet, where the magnon

dispersion relation is gapless at q = 0 (except for pinning effects).

Originally, the motivation behind the present study was founded in the novel

dynamical aspects summarized above. More recently, still another interesting

property of modulated crystals has been discovered. This is the so-called

lock-in transition below which the wave vector remains at a commensurate

position
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An essential difference between the commensurate and incommensurate phase

should be found in the higher harmonics of the deformation wave. As long as

q is incommensurate the points 2q , 3q , ... occupy the whole Brillouin Zone

(in most cases a line or a plane results due to a special value of some compo-

nents of q ) . On locking in, the number of higher harmonics becomes finite

because one of the higher harmonics will become identical to a q = 0 mode.

The order of such a higher harmonic is determined by the commensurate wave

vector: the n-th if q = - t, where i is a reciprocal lattice vector. This

particular higher harmonic may give rise to a macroscopic polarization or

strain. So, the crystal becomes ferroelectric9 or ferroelastic.

Obviously, ferroelectricity of this kind is a secondary effect of the commen-

surate deformation wave. Such a crystal with a reversible polarization which

is not the primary order parameter is called an improper ferroelectric1".

Some members of this class are characterized by the appearance of spontaneous

polarization in the absence of a peak in the dielectric susceptibility. The

incommensurate crystals behave differently since the dielectric response

peaks at the lock-in transition, if any. This can be related to one of the

most interesting phenomena in the incommensurate phase: the formation of a

very long wavelength polarization wave. In some crystals such a wave reaches

a wave-length of a few hundred X, close to the lock-in transition. In this

respect the incommensurate phase is inhomogeneous.

If one defines a crystal as a three-dimensionally periodic array of molecules,

the incommensurate phase is non-crystalline. We prefer a more general definition

of a crystal, based on the degree of order of the atomic arrangement11 :

a crystal is an array of molecules possessing long range order. In that sense

an incommensurate phase is perfectly crystalline.



-15-

A0BX., structure family

The compounds itt̂ ZnBrj, and Na2C03 are structurally closely related. Of these

two, Na2CC>3 is an exceptional member of the family of displacively modulated

dielectrics since most compounds are of the A2BXi,-stochiometry.

About half a dozen structure types can be distinguished in the A2BXi,-fataily.

In Fig. 1 the respective structure types are plotted as a function of metal

ion radii12. Many of the modulated crystals are found in the B-f^SOi, structure

family.

2. -

£1.2
to

I''
.4

0 -4 .8 .12 .16
RADIUS OF ION B(A)

Fig. 1. Structure field map of compounds with AJiX.-stoahiometry (taken

from ref- 12). RbJ.nBr^ belongs to the §-K£04 family; the structure

of Na2COs is closely related to this structure type.

This structure type has isolated BX^-groups of which the internal bonds are

much stronger than the binding to other ions. The latter property can be inferred

from the frequency of internal and external vibrational modes. In ger.aral it

can be said that the internal bonds are stronger for the oxides than for groups

containing Cl or Br.

In Fig. 2 the g-K2S04 structure is drawn in two projections. The structure is

pseudo-hexagonal and the pseudo-hexagonal axis is chosen as the c-axis (most

authors denote it as a-axis, in accordance with the convention of the Inter-

national Tables).

. p.K,SO«

ollvin*
1

^-""spintl

f CoFjO,

1 1
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Fig. 2. Schematic drawing of the &-K?SO4 structure, in the (a, a) and

(a, b) projections. Shaded atoms in both projections correspond to

one another. The two inequivalent A-ion sites are indicated.

In the (a, b) projection the pseudo-hexagonal cell has been

drawn. In Na^O? the tetrahedral groups are replaced by the

triangular CO, groups and the monoclinic phase has an oblique

{a, c)-net.

Along the pseudo-hexagonal axis chains of A-ions can be seen whereas BXi,-groups

and A-ions alternate along the pseudo-triad axis. Thus, there are two inequi-

valent A-sites: one has about 9 and the other 10 X-neighbours.

Generally, the A-ion on the pseudo-hexagonal axis is bound strongest to its

neighbours. The incommensurate structural deformation consists of displace-

ments along the b-axis and rotations of the BXi,-groups about the a- and c-axis13.

Na2C03
 nas a similar structure6 , with the tetrahedral BXi,-groups replaced

2_
by planar CO3 -groups. The (a, c)-net of Na2CO3 is oblique since this structure

is monoclinic.

Closely related to the B-^SOi* structure is the olivine structure which also

contains independent BX^-tetrahedra. In the latter case, both A-ions are octa-

hedrally coordinated by X-ions leading to a more symmetric sub-lattice of X-
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ions than in the 3-K2SO4 structure type. The t^NiFi, structure is also close

to the g-K2S04 structure. For example, K^MgCl^ belongs to the former and

Cs2MgCli, to the latter family
11*.

Probably, the existence of independent tetrahedral or triangular groups is

closely related to the occurence of incommensurate phases. For example, the

K2NiFit-structure contains perovskite-like layers and the olivine structure

hexagonal closepacked layers. Here, neighbouring X-octahedra may rotate with

respect to each other but it seems likely that an alternating array of plus

and minus rotated units will result. Members of the g-^SO^ family lack a

highly symmetric network of X-A-X bonds and therefore an incommensurate

phase is more likely. Still, the existence of rather loosely bourd isolated

groups can not be considered as the only cause for an incommensurate defor-

mation. Rather, one should say that such a structure is susceptible to several

mechanisms which may create an incommensurate deformation.

Coulomb interaction between strongly polarizable groups (i.e. BX^-groups)

provides such a mechanism15. If a structure has the property that for a certain

mode a subtle balance exists between the anharmonic part of repulsive and

attractive forces, a small anomaly in the Coulomb interaction may lead to a

deformation. Moreover, such a long range force may lead to an instability at

a general point of the Brillouin Zone.

Table 1: Some modulated dielectric* of AJ?X in - 3S4) etochiometrjf. Claee I has basic lattice

tpaoe group Pom, olaee II hoe C2/m and 211 ie orthorcmbic. The transition temperaturee

from the normal to the inaoimeneurate phaee IT.) and from the incokwmneurate to the

eomeneurate phaee (TQ) have been given, if any. The jimp of the mpontantoue polarization

at T ie denoted by AP .

Class

I

11

Coapouod

HbjZnlr,,

HbjZnCU

K2Z«CU

K2Sa0,

m,n*en

N«2CO3

nif.

16

21,23

21

17

IB

6,20

T j ( K )

355

4 » 0

440

130

9S

620

IC(W

200

192

-

93

92

130

;„ n

<i-«r
(- - 6)"**

5 c * ( a t 3 0 0 r . )

<5 - 6>r

(i - «>?
(J - «,)S* •

(--»>**

.13

.Ot

-

.05

.06

-

) critical branch

optic, overaaapsd

-

-

optic, vell-*«fine4

optic, oversa«pa4

probably acoustic.

ovari—>•<

I I I ICJMOOl, 710

70S

735

basic lattice

changes

M

660

Urn

II?

prokably oraar-

4isoraer
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In Table 1 the different properties of modulated A_BX structures are given

in anticipation. In contrast to other incommensurate crystal classes, e.g.

the CDW(Charge Density Wave)-systems, so far no common mechanism of the modu-

lation in dielectrics has been found.

The present study will be confined to classes I and II of Table 1. The only

common features of the incommensurate phases are the transverse polarization,

the direction of the wave vector (neglecting the a -component in Na2CC>3) and

the lock-in transitions.
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CHAPTER 2.

THEORETICAL CONSIDERATIONS WITH REGARD
TO STRUCTURAL TRANSFORMATIONS

I. INTRODUCTION

In a structural transition the high temperature symmetry group G of a crystal

is often reduced to a subgroup H in the low temperature phase. For example

inversion symmetry may be lost as happens in certain ferroelectric transitions.

The basis for this general rule is found in the transformation properties of

the lattice deformation. In a transition of the second order where a small

deviation from the high temperature lattice is involved, one finds that the defor-

mation transforms according to a single irreducible representation of G. Since

the symmetry of the low temperature phase is given by the transformation proper-

ties of the lattice deformation, it follows that H is a subgroup of G.

On the basis of these assumptions it is possible to find the group H from the

known representation of the lattice deformation. This is done by relating the

totally symmetric representation of H to the irreducible representation of G

which is connected with the deformation.

In a normal to incommensurate phase transition H is a four-dimensional space

group. It will be shown how the symmetry operations of H can be derived from

the irreducible representation whicl. is connected with the lattice deformation.

II. GROUP THEORY OF LATTICE WAVES

In the preceding section the relation between the symmetry of the low and high

temperature phase was mentioned. Now, the discussion will be made more specific

by assuming a soft phonon in the high temperature phase. Also, it is assumed

that the static wave below T o has the same symmetry. That is to say, both waves

are linear combinations of the same basis functions of G.

Suitable basis functions can be obtained through the well-known symmetry re-

duction of the lattice dynamical problem1. Furthermore, these symmetry-adapted

basis functions can be easily related to the four-dimensional space groups

introduced by de Wolff2.
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A method will be illustrated which allows one to project out basis functions

of the dynamical problem that transform according to an irreducible represent-

ation of the group of the wave vector q. The latter group is relevant for the

present problem since the lattice structure makes it possible to use the

Fourier components of a spatial function with respect to wave vector q. In

this way the dynamical problem of 3Ns atoms (where N is the number of cells

in the crystal, assuming periodic boundary conditions, and s is the number

of atoms per cell) is reduced to a 3s x 3s eigen-value problem at each of N

q-values.

In the harmonic approximation the potential energy is written:

V - V + i I I I V (JK,1V)U (k)u U V )

where i. numbers the cell and K the type of the atom; a and B number the car-

tesian componsnts of the shift u from the average positions.

The equation of motion is:

On Fourier transforming, the desired eigenvalue problem is obtained:

D(q) e(q) = 0)2(q) e(q)

with: D^'(q) --J I V U K,£V) e
iq-(r« " V >

I e
q,j

where eK(qj) is the polarization vector of branch j, Q(qj) is the normal

coordinate and j labels the eigenvalues to2(qj) belonging to q.

By choosing plane wave states the translational symmetry is accounted for.

Proceeding with the symmetry reduction of D(q) a multiplier representation,

T( g i), of Gq is introduced
3: T(gi)D(q)T(gi)

+ = D(q) (gt e Gq, so g.? = q).

The operators T leave the eigenvalue problem invariant. So, they may help to

diagonalize the matrix D(q). In most crystals elements g. occur with the

property: g.q « -q. Since D(-q) » D (q) and D (q) » K D(q)K the following

result is obtained:
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T(gi)KD(q)T(gi)V = D(q) (2)

where K symbolizes complex conjugation. In such a case the symmetry group G

is augmented with elements g. to form the group G _ .

The extra symmetry expressed by Eq. (2) is called time-reversal invariance,

corresponding to complex conjugation in the case at hand of spin-less particles1*.

The reason for the appearance of this symmetry is obvious from the derivation

of the eigenvalue problem. Thi original Eqs. (1) are real but on Fourier trans-

forming complex quantities are obtained. These commute with operators T(g.)K»

which follows from the properties of Fourier transformation. Consequently,

the irreducible co-representations r of G have to be used instead of the
c q,-q

irreducible representations, Y > of G in order to find the basis functions (co-

is to remind of complex conjugation).

The p-th irreducible multiplier co-representation of dimension d(p) is denoted by

r (q»p)» The operator which projects out the basis functions belonging to the

v-th row of representation p is:

h j-l °

and the projection property is written:

P(q»P»v)e(q,p',vi,v') = 6(p,p')6(v,v')e(q,p,u,v)

MULTIPLIER CO-REPRESENTATIONS

In this section a procedure will be given for the calculation of r from the

Y which are tabulated in several books5. First, the complete matrices of the

representation T will be given. The space group elements g. = {a.|a.}

belonging to G are represented by operators T defined by :

Tj;X(q,gi) = 6(<,g.X) a f exp{iq.(rK - a.^)} (3)

where v and v are indices of cartesian components and the indices K and X

run from 1 to s. The delta-function assures that only the matrix element is

nonzero for which g. sends atom X into atom K.
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The elements g. are represented by:

The multipliers corresponding to:

TOq.lK) . T(q,hj) = <Kq,hiSh.)T(q\ ,h£. hj) ; (h E Gq>_q)

are given by: (jjCq.g-̂ h.) = exp{i(q - (ou) q).a.}

and $(q,giSh.) = exp{-i(q + (ou) q).a.}

According to Wigner4 the group G is divided in unitary (g.) and anti-unitary

operators (g.)- If Y is an irreducible representation of G the corresponding

co-representation r of G has twice the dimension of y . In most cases r
c q,-q q c

can be decomposed into two equivalent irreducible representations- Thus, r

is written:

Yq((g,) 'g.g,)

rc<

The elements (g.) g.g., (g.) g. and g.g. are unitary operators, so the re-

presentation is completely defined by y . The element g. with gjq = -q will in

most cases be chosen to be the inversion.

Three cases can be distinguished, depending on the behaviour of:

- - - 1 - * •* - * •*• - •

a) y is equivalent to y , i.e. a matrix M exists such that: y (g.) = M y (g.)M

for all i = 1 h. Furthermore: M.M* = <Kq,Ij,I,) Y (I,-I,)

Consequently, there is no degeneracy of the eigen-values io2(q,p,vi) and V

is given by:
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rc(q,g,) = M

r(,(q,ii) = •Kq.g^g,) Yq(gi)M

b) The representation y is also equivalent to y but:

M.M = -(|>(q,g,,gj) Y (g,'g,)-

It can be shown that some of the eigenvalues belonging to different rows

of the representation are degenerate : u2(q,p,p) = u)2(q,p,y').

c) In the third case Y (p) is equivalent to Y (P') which implies that eigen-

values belonging to different representations are degenerate :

u2(q»P»u) = (D2(q,p',p).

One finds the matrix M from the equation:

h

I Y.Cp'.gO.Y.YCp.gi) = M <*>
i=l 1 1

Y has to be normalized, M is obtained by inserting a d * d matrix Y with

one element nonzero and evaluating the sum. If the sum is nonzero one

normalizes and obtains M. If not another element is tried of Y.

AN EXAMPLE: NavCO,

The fore-going treatment of the symmetry of lattice waves will be applied at

some interesting points in the Brillouin Zone of Na2CO3. Modes at the zone-

center will be analysed as well as the plane qg - 0. In Table 1 the atomic

coordinates are listed and the average structure at room temperature6 is shown

in Fig. 1. Na2CC>3 has space group C2/m with b as unique axis. The point group

operations are: g( = {e|0}, g 2 5 = {l|0}, s27
 = ^ x 2|0}and g3 - {C2 |0} (where

the indices correspond to Kovalev's notation5). The primitive unit cell contains

three different Na-positions and one carbonate group position. One Ma-position,
2- 2-

Na(3), as well as the CC^-position are doubled by the inversion. The CO3 -

group can be considered rigid, so only three translational and three rota-

tional degrees of freedom will be assigned to it. As a result, the polari-
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W "-o° eft o

Fig. 1. Average structure of HaXO^ at ZOO K, in two projections. The

atomic displaaements with respect to the basic lattice are in-

dicated by split atoms. Atoms on the mirror plane shift along

b and the rigid CO? groups show rotations about the (a, a)-axes
o

(taken from ref. 6).

Table 1. Atom coordinates of NaJZO? (in the centered cell) taken from ref. 6.

Na(l)

Na(2)

Na(3)

C

0(2)

0(1,3)

0

0

. 1706

.1641

.2897

.1016

y

0

0

.5

.5

.5

.2940

0

.5

.7478

.2496

.1771

.2555
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zation vector is written:

e(q) = (ei(q), e2(q), e3(q), eh(q), e5(q), e6(q),

where K = 1 : Na(l), K = 2 : Na(2), K = 3 : Na(3), < = 4 :Na(3)',

< = 5 : C03 and K = 6 : CO3
1.

The atom transformations are indicated in Table 2.

Table 2. ATOM TRANSFORMATION TABLE

Atom

type

1

2

3

4

5

6

Na(l)

!

Sl»g25>827>83

Na(2)

2

Sl»g25'627»S3

Na(3)

3

81.827

83.82s

Na(3)'

4

83.825

81.827

CO3

5

Sl»S27

83.825

CO3'

6

83.82s

81.827

From the form of the table one sees that phase relations can be obtained

between atoms Na(3), Na(3)' and CO3, C03', only. A slight change in Eq. (5)

for the representation has to be made in the case of rotational degrees of

freedom. The latter correspond to axial vectors while the translations are

polar vectors. Since the sense of an axial vector is reversed by an improper

transformation an extra factor C is incorporated in T. The factor C » ±1,

where the plus sign applies to proper and the minus sign to improper rotations.

So, the factors are easily calculated: C - Det (g.)- For translations C is

always equal to 1.

A) In the T-matrices for q = 0 the phase factor is always 1. The character

is easily calculated from the atom transformation table. It is given in

Table 3, together with the irreducible representations. Decomposition

gives: T - 5A + 4B + 6A + 9B .
g g u u
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Table 2. Representations of the group of q = 0 (Cph) and the character

of the T-representation. C = Vet(g.).

Si g3 g27 825

1

24

1

1

1

1

1

-2

1

-1

1

-1

-1

4

1

-1

-1

1

-'

-6

1

1

-1

-1

Table 4. Symmetry-adapted polarization vectors at q = 0.

a+ = a_ =

K

A
g

B8

Au

B
u

1

0

0

a

a
+

2

0

0

b_

b
+

u

3

a+

a_

c_

4

~a
+

-a.

c

c
+

5

b+

b_

d_

6

™D

d_

R

5

c_

e
+

e_

6

c_

c
+

" e
+

So, all irreducible representations are contained in T. The symmetry-adapted

eigenvectors can now be projected out with the T-matrices. We define:

a
+ * (ai»0,a2) and a_ • (O.aj.O). The eigenvectors are given in Table 4.

Since at q « 0 for all elements g. = g., the eigenvectors are real.

B) Now, vectors q » (ii>0,q3) are considered. In this case the group of the

wave vector consists of the elements gi,g27- The group G is augmented

with operations g-:g3>g25- All multipliers are equal to 1 since the space

group is symmorphic. The co-representations can be easily calculated and

they are given in Table 5.
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Table 5. Co-representations and ehavaeter of T-representation at

81

1

g27

1

-1

83

1

-1

S25

1

24

Table 6. Symmetry-adapted polarization vectors at q -

a denotes a complex quantity.

K

I

\

2

I

i a
+

2

ID

ID

3

£+

c_

u

4

-x*<

-X*c*

5

a+

d_

6

-xV

-x*a:

5

e_

K

R

6

xV

X*e*

Decomposition yields: T(q) = 14y + JOy . The phase factor in Eq. (5),

e i q K ~ a i r A % is given by e l q c' = A for atoms that are transformed

into one another by the inversion or rotation. The polarization vectors are

given in Table 6. Note that the present gauge in the co-representations yields:
-Mt

-e
K

(-<= IK) except for the rotational parts. The phase factor X

appears since all atoms are chosen inside the primitive unit cell.

Four-dimensional space group

It will now be shown that the fore-going results, i.e. the atomic phase

relations in a mode, are completely equivalent to the four-dimensional

space group of Na2CO3, as derived by van Aalst et al.6. These authors used

the four-dimensional symmetry operations in the simplest case of (q,-q) in

the star. However, such a theory can be easily extended7 to the more general

case that was considered in section II.
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In order to compare the results it is necessary to go over to real dis-

placement functions:

where X is the position-vector of an atom within a group with respect to

the centre of mass and <}> = q.r + 8 .

The displacement function becomes:

X ,R ,
K,2 K,3

: _ — X , R - + X _R .
K,2 K,l K,3 K,3 K,l

-X ,R „
(C 1 K 2

\,2W

where e.g. the first component is: u . (<J>) = nX 0{Re{R _}cos<J> - Im{R ,}sinij>}

The transformation properties of u are easily determined from the trans-
-* -* K-*

formation properties of X , R and e which are listed in Table 7. Note

that complex conjugation of R, e corresponds to reversal of $ in de Wolff's

notation2.

Table 7. Transformation properties of X , R , e under operations

91> 927> g25'93'

gl

827

825

S3

(XL-X2.X3)

(-X!,-X2,-X3)

(-Xi,x2,-x3) R* -e

It is seen from the atomic positions in the modulated crystal (see Table 8)

that suitable phase shifts are needed in order to have u transform like r.

So, the four-dimensional operations are listed in Table 9, with a shift by

IT for g27, S3. The result is exactly equal to the operations in Eq. (II) of

ref. 6.

An interesting physical result of this analysis is that a nodulated crystal's
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point group which has inversion symmetry in the high temperature phase

always contains the inversion in the modulated phase, as well.

Table 8. Atomic positions of Ma0CO in the modulated phase.

81

82 7

825

83

x +

x -

-x -

-x +

y +

-y +

-y -

y -

U2(T)

U2(T)

U 2 ( -T)

u (_T)

z

z

—z

-z

+ U3(T)

- U3(T)

- U 3 ( -T)

+ U3(-T)

Table 9. Four-dimensional operations of

gl

g27

g25

83

X

X

-x

-x

y

-y

-y

y

z

z

-z

-z

+ IT

-<J) + IT
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III. LANDAU THEORY

In the Landau theory of second order phase transitions8'9, the starting-

point is the thermodynamic equilibrium condition, given by the minimum of

F = U - TS (1)

By expressing the free energy as F = F(T,p), this condition can be related

to the structural change:

6p(r") = p(r") - pQ(r") (2)

(where the density p (r) and p(r) correspond to the crystal in the high

temperature and low temperature phases, respectively). In this way equations

can be obtained which govern the phase diagram of the crystal given by p (r).

Generally, 6p(r) is small so that an expansion of F in the density change

can be applied, in order to use the complete knowledge of the symmetry of

p (r). Especially in complicated crystals this may be the only way to cal-

culate thermodynamic quantities. That is to say, the numerical values of

coefficients which appear in the expansion of F can not be evaluated but the

functional form of F is known. For example, in most crystals the inter-

atomic potentials cannot be calculated while the space group is easily

determined.

Now, one chooses in the space formed by the functions p(g r), where g is

an operation of the space group G of the crystal, a set of basis functions

for each invariant subspace S.: <J>P(k = l,...,m.). Quite generally the
J ^ J

density change can then be written:

6p(?) = J jj
J >

Usually, the linear transformations of the coefficients Cp are considered,

instead of the <f>J. The coefficients CJ are called the order parameters, since

they describe the degree of order given by <(>J.
k

The expansion of F becomes:

F-FO+IA^(T) I|cV + I A1
3\V I {<£<*'\*

j k j.j k,k' K k

We will assume that only one coefficient becomes zero at the transition,

which is characterized by a temperature T . So the index j can be suppressed:
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I K l 2 + A2(T) I |C C ,
k k k,k' k k

p(r) = p (r) +

° i
The functions <Kr) belong to one invariant subspace, so they transform

according to one irreducible representation. In order to use the above

equations, it is necessary to find suitable functions and coefficients

that describe a structural transformation. Clearly, in a structural trans-

formation which is induced by a wavelike deformation, a suitable coefficient

is the amplitude of the wave. A convenient basis function is then the polari-

zation vector of the deformation wave. Here, a function of wave vector q

is used instead of spatial coordinates.

This choice has a solid experimental basis since in many of the crystals which

undergo structural transformations it is found that the polarization vector

is nearly constant at all temperatures, while the amplitude is strongly

temperature dependent11. In a neutron diffraction experiment, this means

that, at different locations in reciprocal space, the intensities of the

soft phonon branch, the critical diffuse scattering and the satellite

reflections do not change relative to each other (except for certain

diffraction effects to be treated later).

So, we write for the displacement of atom of type K in the Jl-th cell:

u = Re{Q e (q ) e °* Jlie}

The density is given by: p(r) = J 6 (r - r - u )

Here, Q is the normal coordinate of the mode and e (q ) is the polarization
qo K o

vector af atom K. A slightly different form is used compared with section II,

Q •* Q'/N and e •* e'/^m" yields identical resulsts. We will often use the

non-normalized expression in order to simplify the notation. Note that the

branch index is suppressed.

An important feature of incommensurate structures is that q is inequivalent

to -q . Hence, the normal coordinate is complex and in the Landau theory the

coefficient is written: C. » Q « r\e .

An incommensurate transition is thus described with a two-component order
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parameter: the amplitude ri and the phase <J> of the modulation wave. We will

now formulate two conditions on a representation r of G according to which

the deformation transforms. The first states that no third degree term is

allowed in the expansion of F. The presence of such a term would shift the

transition from the point where A\ becomes zero, T , thus giving rise to

a first order transition. In the language of representation theory: the

symmetric cube of r should not contain the unit representation:[r ] 3 $ E.

Especially relevant for the present study is a second condition, given by

Livshitz, which bears upon transformations characterized by a wave vector

that does not lie at a point of high symmetry.

THE LIVSHITZ CONDITION

Assumption: If in thermodynamic equilibrium the coefficients C. can be

replaced by slowly varying functions of the coordinates, the density p(r)

will cease to correspond to a crystal since it will loose its property of

being periodic. Consequently, in this situation a second order phase

transition is impossible, since it is assumed that the deformed low

temperature phase falls within the symmetry of one of the 230 crystallo-

graphic space groups. Hence, the Livshitz condition formulates the sta-

bility of the density change with respect to long wave-length fluctuations.

This is put into a mathematical form by expanding the free energy in the

spatial derivatives of the coefficients C. :

F( T, 3C/3x) = F Q (T

/FdV - /F dV +o

, c ) + ]

3 C k ] •

I. '*..

i1 F, £(T)
3 Ck

,k',f

3Cj

L 3 x l

+ )

I

- , k,k'

3Ck, ^

k' 3 x £

, 2 ( 1

v

3(
1 33

3C f c ,

'k 3x^

The symmetric term in the expansion can be ignored since it corresponds to

a total derivative. Furthermore, the linear term in the derivative is zero in

I equilibrium. The antisymmetric bracketed form leads to the above-mentioned

! slowly varying functions. Thus, the Livshitz condition reduces to the state-

f ment that if the transition is associated with the representation r , the
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, 3 C V 3Ck,
volume integral of the expressions |C. C, , -r—j should not be ln-

K dX^ K dX^

variant. In other words, the antisymmetric square {T }z should not contain

a representation which is part of the vector representation, since
3 3 3

( -r—, -r—, -r— ) transforms like a vector.

ox dy dz

The Livshitz condition is often used in order to reduce the number of

possible transitions between space groups12. In most space groups only

representations at the zone-center or zone-boundary satisfy the Livshitz

condition. For example, in most cases transitions at a point 1/4 or 1/3

in the Brillouin Zone are excluded.

In view of the experimental studies on incommensurate phases, we will now

discuss the Livshitz condition, and its fundamental assumptions.

According to Livshitz, a crystal should possess three-dimensional trans-

lational invariance. In that respect an incommensurate phase is not re-

cognized as being crystalline. We should like to call a phase like y~Na2C03

crystalline since it has perfect long range order. Consequently, trans-

lational invariance can be restored in such a modulated crystal by the

use of a phase coordinate in addition to the spatial coordinates, from

which it appears logical to extend the definition of a crystal. Of course,

this generalization requires an extension of the number of space groups,

too.

A definition of a crystal that includes the incommensurate phase was given

before: a crystal is an array of atoms that possesses long range order.

On account of the fore-going argument the Livshitz condition must be

rejected in the Landau theory of incommensurate phase transformations.

Yet, the formulation of the Livshitz condition is useful because it pays

attention to the slowly varying functions which are typical of a modulated

crystal. In a later section Landau theory will be applied to such a pheno-

menon.

A general condition on the occurrence of a transition characterized by a

certain wave vector q comes from the soft mode theory. A necessary con-

dition for a vibrational branch to condense at q is the vanishing of the

group velocity: ( —• ) - 0. In other words: a critical point in the fre-
°<1 1o

quency distribution is related to the point q . In complicated crystals,

the symmetry does not even restrict the number of critical points let

alone the wave vectors for which ( -r— ) • 0. The only remaining condition
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is then the vanishing of an eigenvalue of the dynamical matrix. Obviously

this is very well possible, though unpredictable in a complicated crystal.

Let us now consider more closely the group theoretical treatment of the

Livshitz condition9. Particularly, the discussion is aimed at the incommen-

surate structures with one modulation vector and q, -q in the star (e.g.

K2Se0t,,

Let q be one of the vectors of the star K of G which is the group of q;

gq = q if g e G . The vectors e (m = 1,2) form a basis. They are multi-

plied by e "' as a result of a translation t-±.

Also, y is an irreducible representation of G . Every vector in the star

is obtained by operating on q with elements gi2'">>Si£ (in the present case:

1 = 2 ; gl2 = I, Iq = q2 = ~q)-

If we put r (I)e = e , the e , e form a basis of r where T is an
q qm q2 m 1 m ~1m 1 1

irreducible representation of G. In the present case r is a two-dimensional

real representation (i.e. - \ x(g2) = 1» N is the order of G ) .
g

On these assumptions the representation {r } 2 is analysed. The star K2 of

{T } 2 consists of vectors q. + q.(. The representation {V }
2 is decomposed

in TQ which contains the nullvector and Tj containing all other vectors.

Only T can have representations in common with the vector representation V.

Therefore one has to know the character of I , only. The condition can be

reduced to the vanishing of the sum S = = \ \ (g)V(g), where
otf F

Xo(g) * X o (g) + Xo _ q(s). g = {a|a} and F is the point group of G.

The sum can be written:

S = N I {X0,q
(SmS> + Xodg)V(Ig)}

Now, the characters x (g) and x (Ig) are calculated with the help of
o,q o,q

the representation matrices:

F q ( I g ) pqa6 " " Yqpa ( 8 ) \ ^ qvu

(where p are basis vectors and a, 8, uand v number their components).
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And one obtains: x o (g) = X (g) XA1

! where x is the character of Y •

; For a one-dimensional representation y it follows:

t X q(i~ g D = xq(g)

:. and S becomes:

jj I {xfl(g)
2V(g) - X.(IgIg)V(Ig)} = | I V(g)

-" q q aeF

If G lacks a central point S ^ 0. By definition this is true for 0 < q < {.

In a similar way one can show that for non-real r the livshitz condition

is not fulfilled in a general point q.

The foregoing derivation has been given in order to prove that the anti-

symmetric invariant can always be used in the discussion of modulated

crystals. From coefficients Q , Q belonging to the basis functions e , e

invariants can be formed:

Near an incommensurate pUase transformation the free energy can be written:

with Q = pe"1* , a = a(T - T ) + £(6 - 6 ) 2 and q = (q - ? ) ; ̂ is theq o 2 o o ^c ^c

commensurate wave vector. So, F is initially minimized at a wave vector 6 .

Using the antisymmetric invariant this can be written in an equivalent form:

2ir/6 B 3 * « 3

O 4 4 4 4

where: a = a{(T - T Q ) + — S*} and Q - pe"l(<|) + 6 z ) .
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In the latter form of the free energy it is irrelevant which wave vector

is chosen as q (1/3, 1/4, ....)> since F is independent of z. The choice

of the commensurate wave vector depends on the spatial variation of F. The

spatial change of the free energy density is related to the variation of

all quantities that depend on the interatomic distances.

In order to describe the inhomogeneity of the crystal we consider a free

energy density which is invariant under all rotational elements of the

space group and under translations which are short compared with distances

over which the inhomogeneity occurs13.

So we split the order parameter in a part that describes the short range

spatial variation of the atomic displacements (by the normal coordinate Q

connected with wave vector q = -x ) and a slowly varying part e with

<fr = £.r = (qc - qQ).r : Q = Q^e' 1 * •

Under translations we then have: tQ = Q e e c* e * = Qe c'
1c

The above approximation is valid for: |t| << 2TT/|5| .

An inhomogeneous invariant is written:

IB (Qpn + (Q*)
pn) = ̂  pP

n
Cos(pn6z) (p = | Q q J )

since: t ̂  (Qpn
 + (Q*)pn) = ^ (eipnqc.t(Q)Pn + e-i Pnq c.t ( Q. ) P n ) =

= ^ (QPn * (Q*)pn) if Pnqc.t = 2, .

It follows that p = 1,2,3 depending on the space group symmetry.

Assuming that the coefficients Y are all of the same order of magnitude,
n

it follows that such inhomogeneous terms favor a commensurate cell with the

lowest number of subcells.

In Rb2ZnBr4, the wave vector lies initially in between 1/4 and 1/3 (q =

.29c ). It is not surprising that it finally locks in to 1/3 which is

favoured by a 6th degree term. The alternative commensurate value 1/4

corresponds to an 8th degree term. Generally, the latter will be smaller

and the crystal will increase q in order to minimize the inhomogeneous

part. However, there are exceptions to this rule: Na2CC>3 locks in to a

12-fold cell while a 10-fold cell would also yield a minimum of F.
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CHAPTER 3.

AVERAGE STRUCTURE OF

C.J. de Pater

Ahstvaat

The average structure of Itt^ZnBr^ has been determined from neutron

diffraction powder diagrams at 373, 300 and 4.2 K. These temperatures

correspond to the three known phases: the normal high temperature phase,

the incommensurate phase (between 355 and 200 K) and the phase with a

tripled c-axis.

The basic lattice space group is found to be Pcmn (D-.) and the structure

is of the B-^SOj, type.

In the average structure refinement in the low temperature phases, the

displacement wave is observed as anisotropic smearing-out of the atoms.

It is found that the average anisotropic component of the thermal amplitude is

independent of temperature, which means that the long range correlated

static displacement wave in the incommensurate phase goes over into

dynamic fluctuations in the high temperature phase.
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I. INTRODUCTION

The room temperature diffraction pattern of Itt̂ ZnBrj, shows satellite reflections

which are typical for a modulated structure. Related materials with a modulated

phase are ^SeOi,1 and (NH^>2BeFit
2. The latter compounds were found to possess

the B-K2SO1J structure. From the cell constants it was concluded that Itt̂ ZnBri,

also has the B-K^SOi, structure3. The average structure space group is presum-

ably Pcmn or Pc2jn (where the pseudo-hexagonal axis is denoted as c-axis),

as determined from systematic extinctions in the diffraction pattern.

Rb2ZnBri, has orthorombic symmetry from the melting point down to helium

temperature. However, below 355 K the lattice is deformed by an incommensurate

displacement wave1* which is characterized by a wave vector q = .292c . At

about 200 K the wave vector locks in to 1/3 c and the crystal becomes ferro-

electric with spontaneous polarization in the b-direction.

Of course, a structure determination is essential for an understanding of the

phase transitions. The preliminary structure refinements presented here were

undertaken on the basis of neutron diffraction powder diagrams since the low

incoherent cross-section in the case of neutron diffraction favours this

method in comparison with X-ray diffraction. An X-ray single crystal deter-

mination of the structure at room temperature has been undertaken and is in

process5.

II. EXPERIMENTAL

The neutron powder diagrams were obtained on a diffnctometer at ECN (Petten),

at a wave-length of 2.57 A. Structure refinement was done with the profile

method6. Horizontal collimation was 30' (both in front of the monochromator and

the counter) for the 4.2 K and the 373 K diagrams; for the 300 K diagram 10'

collimation slits were used.

In the instrumental range of 140 in 26, 220 reflections are found, resulting

in severe overlap of the peaks. All satellite reflections are relatively weak

compared to strong main reflections3 (less than 5%). Separately observed

satellites were excluded from the calculation.
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III. RESULTS

First, the structure was refined at 300 K in space group Pcmn. Since no
* *

satellite reflections are found in the (a , c )-plane the displacement wave

is b-polarized. That is to say, atoms in the mirror plane shift along b; the

tetrahedral ZnBri,-groups are allowed to rotate about the (a, c)-axes.

Since only main reflections were used in the refinement the displacement wave

is observed by an anisotropic smearing-out of the atoms. This is simulated

in the structure refinement by splitting them up in accordance with the

polarization of the wave. An overall isotropic Debye-Waller factor was applied;

individual Debye-Waller factors did not significantly improve the fit. The

resulting fit to the measured profile was good, as shown in Fig. 1.
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Fig. 1. Neutron diffraction powder diagram at 300 K. The calculated diagram

is fitted to the raw data minus a graphically determined background.
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Fig. 2. Structure of RbJLnBr^ at ZOO K in the (a, c) and (a, b) projections.

.In the (a, bJ-projeation some of the atoms are omitted which

coincide with the Zn-atom.

i rratttcmal ooorHmtn at ttrat tmmttmOmv ef mjbmrt. Stmdmri inimtiom at intiaattd
in partnOtttt. 71m BtHJfUtlUr factort art lUtti it TatU I. for * 4tfinttio* of O»
K-footor tmd UttUutl, am nf.lt>.

M i a

«k(»

«M2)

! •

fcd)
«e(2)

*I(3)

«c(4)

tatties

m

h

c

•(mm.)
• • • { •Ml

• 17X1)

•M3(l)

•>24(2)

••21(2)

.0*4(2)

•H3(2)

•M3(2)

(1).

T • 4.2 I
r

•211(3)

•2M(»

.237(11)

•2M(3)

.301(4)

.413(5)

• 324(J)

7.3*3(2)

..401(2)

I K

17

•

.017(2)

.372(2)

•711(2)

.022(1)

.442(2)

.713(3)

.MOW

.175(1)

.M0(O

-•23(1)

.two

.(*•(•)

.•ltd)

.«3<l)

T«3M

.1H(S)

.217(3)

.224(4)

.2*1(2)

.2*1(2)

.477(3)

.324(3)

I3.33N3)

7.<3i(2>

«.7*7(2)

I K

*

•

.•17(1)

.373(1)

.774(1)

.•ltd)

.«70(2>

.**5()>

.<(3(1>

.171(1)

• W7(l)

•t23(2)

•t2*(2)

• • » ( • )

.117(3)

•M2(2)

t • 371 K
T

.272(11)

•273(11)

•**l(»)

.275(1*)

•3OM3)

.*»(»

•53M3)

l) .3*4»)

7.47»(2)

*.7S>(2)

•n
7

m

.«WI)

.373(1)

.7*4(2)

••17(2)

.MH2)

•«72()>

.4*4(1)

1

4.3(1*)

4.4(10)

3.3(10)

7.4(1)

1.3(7)

3.3M)

1.5(4)



-45-

The significance of the splitting up of the atoms was tested by refining

the structure without split-up atoms. The R-factor on the basis of intensities6

was twice as high for the latter model as compared to the former. Consequently,

the splitting up is significant although the split-up atom model requires

8 parameters more than the model without split-up atoms.

In Fig. 2 the structure is drawn in two projections. It is seen that appre-

ciable rotations of the ZnBr4-groups about the pseudo-triad axis occur, as

well as rotations about the a-axis.

The atomic positions are listed in Tab.le 1. The corresponding bond lengths

and angles of the ZnBr^-tetrahedron are listed in Table 2, together with the

average nearest neighbour distances of the two Rb-sites.

Table 2. Interatomic distances of Rb^ZnBv. at 600 K (in %).

a) Distances, within ZnBrij-group, Angles,

between average atomic positions

Zn - Br(l)

Zn - Br(2)

Zn - Br(3,4)

Br(l) - Br(2)

Br(l) - Br(3,4)

Br(2) - Br(3,4)

Br(3,4) - Br'(3,4)

b) Average distances

Rb(l) - Br9

Rb(2) - Br ) 0

2.39(2)

2.39(2)

2.37(2)

4.00(2)

3.92(3)

3.81(3)

3.83(3)

Rb-Br neighbours

3.61

3.86

Br(l)

Br(l)

Br(2)

Br(3,

(where n

- Zn •

- Zn -

- Zn -

- Br(2)

- Br(3,4)

- Br(3,4)

4)-Zn-Br'(3,4)

=• 9 or 10)

114°

111°

106°

108°

The tetrahedron is far from regular as is usually found in Zn-halogenide

group67>8. Probably, the Zn-Br bonds are not very much stronger than the

Br-Rb bonds9. The length of the latter depart strongly from each other for

the three Br-sites, which fact may explain the deformation of the tetrahedron.

The helium temperature diagram was analysed in a similar way with split-up

atoms, and using space group Pcmn. The real space group at this temperature

is Pc2in, with a tripled c-axis . However, the deviation from inversion

symmetry of the average structure is supposed to be small. Anyway, the polar
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space group yielded no significant decrease of the R-factor.

Above the incommensurate transition temperature a structure refinement was

done as well. The vanishing of the satellite reflections might be supposed

to correspond to a disappearance of the splitting up. However, at 373 K still

a significant smearing-out was observed. In this case we assigned individual

isotropic Debye-Waller factors to the atoms. Just as for the room temperature

structure refinement we tested the significance of the split atom model for both

the 4.2 K and the 373 K structure refinements. Approximately the same R-

factor ratios were obtained, from which the conclusion can be drawn that

at all three temperatures there is a significant anisotropic smearing-out

of the atoms.

Table 3. lists the splitting amplitudes at three temperatures, as well as the

overall Debye-Waller factors and the average Debye-Waller factor at 373 K.

Table 3: Splitting (aptitudes at three temperatures (in Angstrom).

Atom

M>(1)

Rb(2)

Zn

Br(l)

Br(2)

Br(3.4)

B

u (X)

T - 4.2 K

Ax Ay Az

.24(4)

.29(4)

. 10(8)

• 33U)

.39(3)

.20(3) .08(4) .06(3)

.21(18)

.07(6)

T - 300 K

Ax Ay Az

.14(4)

.28(2)

.20(3)

.30(2)

.29(2)

.15(1) .09(2) .01(3)

2.6(1)

.26(1)

T » 373 It

Ax Ay Ax

.17(8)

• 19(8)

.31(5)

• 19(8)

•38(2)

.23(3) .22(4) .12(6)

4.3(7)

-33(5)
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IV. DISCUSSION

On comparing the results at different temperatures we note two features. The

Debye-Waller factor seems to be a good measure of the thermal amplitudes since

it is nearly zero at helium temperature. At room temperature the Debye-Waller

factor is already high indicating large thermal vibrations. This is in agree-

ment with the softness of the material1*.

Secondly, the splitting up of the atoms is nearly equal at all temperatures.

This seems puzzling since the satellite intensities were found to decrease by

a factor of 100 between helium temperature and the incommensurate to normal

transition (where the diffuse intensity is measured at the latter temperature,

in ref. 4). From the structure refinements one may derive the following mecha-

nism of the transition. In the normal phase large but uncorrelated atomic dis-

placements occur which can be separated in an isotropic and an anisotrcpic

component. Upon lowering the temperature, the overall isotropic thermal ampli-

tude decreases, while the anisotropic component remains constant. In Fig. 3

the temperature dependence of both components is plotted. The transition

occurs at a temperature where the two components are approximately equal in

magnitude.

(XI

s
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.2

.1

0

o

•

i

NO

Splitting

/

2N

amplitude

ttitrmil jmylitiid*

y

Trusllln
. f .

300 IM
TOO

Fig. 3. Temperature dependence of the isotropio thermal amplitude:
u = JB/4-n'i , where B is the overall Debye-Waller factor.
Also, the average splitting amplitude has been plotted, calculated
from the data in Table S.
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In the low temperature phase the static long range ordered displacement vave

(corresponding to the satellite reflections) takes the place of the thermal

displacements in the high temperature phase.

The present results agree with the findings of inelastic neutron scattering

studies1''11. At high temperature (I5O°C) a rather strong quasi-elastic diffuse

peak was observed at a wave vector of about .29 c corresponding to short

range correlated fluctuations having a relaxation time of about 2.!0 sec.

In the present structure refinement these fluctuations are seen as anisotropic

smearing-out of the atoms.

In the low temperature phase satellite reflections appear and the diffuse

scattering intensity decreases. The static displacements are seen as splitting

up of the atoms in the average structure. The splitting amplitude remains

nearly constant in view of the decrease of the anisotropic thermal amplitude.
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CHAPTER 4.
A NEUTRON SCATTERING STUDY OF THE INCOMMENSURATE
PHASE TRANSITION OF Rb2ZnBr4-

C.J. de Pater and C. van Dijk

Abstract

A neutron scattering study is presented of the modulation phase transition, at

T =82 C, of Itt̂ ZnBri,. A derivation is given of the structure factor for the

diffuse scattering that appears near the transition which is described with a

complex order parameter, i.e. amplitude as well as as phase fluctuations of the

order parameter are treated. The displacive character of the modulation is

established and the spectra of the critical diffuse scattering in the high

temperature phase are interpreted with the help of a soft phonon model. The

soft excitations are overdamped near T and become underdamped only far above

the transition temperature. The frequency of these excitations remains very

low, i.e. below .1 THz. The acoustic branches and one optic dispersion branch

along crystal axes were measured, at room temperature, and found to be stable

in the entire temperature region of interest. In the low temperature phase a

broad diffuse scattering distribution was found around the satellite reflections.

The spectra of this diffuse scattering are overdamped and no propagating exci-

tations, corresponding to a soft mode, were observed in the low temperature

phase. Since phase or amplitude fluctuations of the order parameter will give

rise to scattering close to the satellite positions our data provide evidence

for an overdamped phase or amplitude excitation branch.
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I. INTRODUCTION

The object of this paper is the study of dynamical aspects of the modulation

phase transition and ground state of the compound I^ZnBr^. In the high temper-

ature phase the structure of Rb2ZnBri4 can be described like that of any crystal,

on a three-dimensional lattice. However, below 82 C extra reflections appear in

the diffraction pattern that can only be explained by introducing a fourth

index m, besides (hkl). With the help of the four Miller indices (h,k,l,m),

the reciprocal vector of a satellite-reflection can be written as:

t = (h + mk )a + (k + mk , )b + (S, + mk )c
O j3 0 j D O }C

where k , k and k are the components of the modulation wave-vector k .
o,a o,b o,c o

In real space, the cause of these reflections must be sought in an extra

coordinate that is required to describe the crystal's periodicity. The struc-

ture remains perfectly ordered, as required for a crystal, but it is only

periodic on four coordinates. De Wolff1 has given an extensive treatment of the

consequences of this phenomenon for the symmetry of the present crystal. Here

we will limit ourselves to a definition of the structure:

r . = rn + r + A sin(k .r. + * ) , (I)

where r is the position vector of the unit cell and r that of atom of type K

in the cell.

The phase of the modulation wave appears here as the fourth coordinate, provided

that k is irrational with respect to the reference lattice. This reference

lattice, given by {r ,r } remains prominent at all temperatures. So we consider

the modulation as a perturbation of a three-dimensional periodic structure.

The motivation to study such modulated compounds is mainly founded in the

departure from three-dimensional periodicity. An additional interesting

point is, that the modulation phase may be regarded as a generalisation of a

ferro- or antiferro-electric phase. Perhaps, the modulated structure can be

explained by extending existing models of ferro-electrics2. On the other hand,

there will be completely new phenomena in a modulated crystal, e.g. the

excitations corresponding to fluctuations of the phase of the wave. This is

possible because a phase shift corresponds to small atom shifts; the phase of
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the wave is in no way fixed to the basic structure lattice. The phase fluctu-

ations at the modulation wave vector require no energy, so one expects a new

vibrational branch that goes to zero frequency at the satellite position.

The present study concerns a particular member of the A2BXi4-family (A=NHit,K,Rb;

B=Zn,Co,Se; X=Br,Cl,O). Several structures in this family are modulated whereas

others have rational superstructures (k = 1/4 or 1/3).

The average structure has been determined from a neutron diffraction powder

diagram. It fitted very well in the g-^SO^ model. So we may say that there

are chains of Rb-ions and of alternating ZnBr^-fetrahedra and Rb-ions in the

c-direction, which is the pseudohexagonal axis. This average structure shows

translations of the Rb-atoms and the tetrahedra perpendicular to the mirror

plane and rotations of the tetrahedra around the c-axis, resulting

in an amplitude of all atomic displacements at room temperature of about .25 A.

We described the average structure in spacegroup Pcmn with cell constants:

a=13.343, b=7.656, c=9.7O8 8, k =.292 c (the modulation wavelength is about

33 8).

Since the covalent Zn-Br bonds are much stronger than the other bonds, we expect

only 6 degrees of freedom for a tetrahedron in the lattice modes. This yields,

together with the degrees of freedom of the Rb-ions, 48 modes for the external

vibrations.

The resulting complexity of the dynamics of Rb2ZnBrt, makes a full solution of

the lattice dynamics, as well as a complete measurement of the dispersion

branches impossible. In this respect, our study has to be limited to a few

aspects of the dynamical problem. He shall sometimes refer to Na2CO3, the

structure of which is also related to the family of A.BX, . structures, which

we now consider.

The Na2CC>3 structure has been determined3 and we know that the modulation is

of the type described in (1). In other cases the situation is not

quite clear yet, mainly because higher order satellites are lacking. Consequently,

a disorder modulation is possible, which means that going from cell to cell

(along the direction of the modulation wave vector) the atoms are shifted from a

basic lattice, but can only be found in two positions. The probability for the

occupation of these positions may again be modulated sinusoidally, with the

period of the modulation.

The present study describes measurements in the temperature range of 20 C to

200 C, in which kQ is constant. However, after completing these measurements

it was found that at lower temperatures k increases continuously and jumps

at -80 C from .308c to the commensurate value of 1/3, thus undergoing a
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so-called lock-in transition

II. EXPERIMENTAL

The neutron scattering experiments were done with a triple axis spectrometer

at ECN-Petten1*. A schematic diagram of such a set-up, together with the

scattering diagram in reciprocal space, has been given in fig. 1.

sample

monochromator analyser

a main reflection

a satellite

Fig. 1. Configuration of triple axis speetrometer and corresponding

scattering diagram in reciprocal spaae. The figure shows the

definition of wave vectors.

The neutron path was defined by 20' horizontal collimation slits before the

monochromator and before the analyser. Vertical collimation before the niono-

chromator was 1 and in the other parts of the spectrometer a few degrees.

Bent pyrolytic graphite crystals, with a mosaic spread of about 35' were

used as monochromator and analyser. Incoming energy could easily be chosen

by setting the monochromator angle, which was kept constant during the energy

scans. A 10 cm thick pyrolytic graphite block, placed after the monochromator,

removed second order contamination. We used the filter for incoming energy of

12.3 meV as well as 5.5 meV because the available beryllium filter was too

thick for optimum performance. However, the remainder of the second order

contamination in the beam does not interfere with our measurements. Neutrons

of half the chosen wavelength could only give a spurious intensity at first

order satellite positions (near hk£), if there were strong second order

satellites at 2h2k2£. As these do not exist, we can disregard the second

order neutrons.

We used an incoming energy of 12.3 meV to get a rough picture of the scattering;
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5.5 meV neutrons were selected when high energy resolution was required. The

higher resolution has to be paid for with a fall in intensity by a factor of

ten compared with 12.3 meV neutrons. Consequently, rather long measuring times

were needed: a typical energy scan took about 20 hours.

The spectrum of scattered aeutrons is determined by varying the analyser

crystal setting. Thereby its reflectivity enters into the final intensity.

This effect can be neglected, however, because of the limited energy ranges

involved and the small energy dependence of the reflectivity. The sample was

mounted in a furnace that kept the selected temperature constant within .2 C.

Absolute temperature is determined with a commercial chromel-alumel thermo-

couple, having an error of 1 C.

Spectrometer angles are set by programming a computer that is on-line

attached to the spectrometer. The furnace controller is also set by this

computer.

Sample Preparation

Crystals were grown at the Chemistry Department of the Technical University

in Delft by slow evaporation of an aqueous solution of RbBr and ZnBr2 at

40°C, which yielded single crystals with a volume of 3 to 7 cm3. Unfortunately,

the crystals contain small amounts of the solution. This is probably due to

the large temperature dependence of the solubility, which causes irregular

growth via slight temperature fluctuations. Consequently, we must heat the

crystals very carefully to avoid rupture. Since the incoherent scattering is

much higher than expected, we conclude that inclusions from the solution (i.e.

the hydrogen) are responsible for the main part of the incoherent intensity.

III. THEORY

Neutron scattering can be used as a spectroscopic method which is especially

powerful in the case of atomic vibrations at short wavelengths; i.e. wavelengths

in the order of 10 8 and frequencies of about 10 1 2 Hz. The fluctuations

associated with a modulation phase transition are expected to be in this region

both in the high as well as in the low temperature phase. Particularly in the
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high temperature phase the fluctuations will have a frequency accessible for

neutron spectroscopy, on condition that they correspond to small oscillations

of the atoms. We assume such a critical mode in the high temperature phase,

and a distortion of the structure in the low temperature phase which has the

same polarization vector symmetry. Consequently, our model is that of a purely

displacive modulation and the transition is of the order-order type. In contrast

to this model, we have the possibility of disorder modulation as suggested for

certain A2BOt,-structures
5. In the low temperature phase the disorder type should

be an occupation modulation, i.e. the probability of finding an atom in one out

of a set of positions is modulated. Here, the critical mode corresponds to large

jumps of the atoms. In general, the frequency of such a mode will be much lower

than normal phonon frequencies.

On approaching the critical temperature from below, the displacive model predicts

continuously decreasing amplitudes A . The most important prediction of the model

is the occurrence of diffraction harmonics, arising from a modulation of the phase

of the atomic diffraction amplitudes. Neither of these features of the displacive

model belong to disorder modulation. In practice, however, the distinction can be

severely blurred. For instance, if the wave is anharaonic, second order satellites

will also occur in the disorder model. Moreover, a disorder mode could couple

in a modulation wave to a displacive one.

The situation is even more complicated when considering the dynamics of the

fluctuations in the high temperature phase. Ideally, the displacive type corres-

ponds to a soft phonon model and a pseudo-spin model applies to the disorder

type. This distinction is only relevant if the soft mode is underdamped or the

tunneling frequency in the disorder case is low compared with normal oscilla-

tion frequencies. In between these extrema, we cannot distinguish between the

dynamical properties of the two models.

He will proceed now with a derivation of the structure factor for our model

of a modulated structure, in the high as well as in the low temperature phase.

Secondly, we will give a formula for the dynamic part of the structure factor,

which will be applied in the high temperature phase. These expressions do not

represent a rigorous theory of a modulated crystal, but we use them to analyse

our data in a phenomenological way. One should be aware that we give just those

formulas that fit best to the experimental results.
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Saattering Cross Section

The partial differential scattering cross section is given by:

d 2 o k f k f » _ i u t 3 £ * •*

dildm 2irk. ' 2 ? r k . •• •* '
1 l —^°

(kj and k. are final and initial wave vectors).

The scattering properties of a crystal are contained in the scattering law,
->•

S(Qjai), through the density correlation function G(r,t):

G(r,t) = / d3r' <p(r,O) p(r' + r,t)> with the scattering density:

p(r,t) = I b, 6(r - r.(t))
# J. x.

I

(b. is the scattering length of the i-th particle).
Defining F(Q,t) = £ b . e i j the scattering law becomes:

i
co t

S($,<o) = / dt e"l(0t <F(-Q,0) F(^,t)>.
—CO

These formulas are quite general and now we substitute our particular model \

of a lattice structure with displacive modulation: j

X n ( V r

(in the last part A and $ stand for the average amplitude and phase,

respectively).

Here the shifts of the atom positions, due to the amplitude and phase

fluctuations, are written as:

V ( t )
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We introduce two different fluctuation modes, because the incommensurability

of the lattice deformation (i.e. the irrationality of k ) demands a description

with a two-component order parameter: an amplitude and a phase.

Now we use the Jacobi-Anger transformation

r im<j> T ,_«

I e v z )

m

to expand the scattering amplitude exp(-i($.r .(t)) in a product of sums of

Bessel functions. In this product we retain the zeroth and first order Bessel

functions, which have the fluctuation amplitudes as argument.

These can be approximated to first order in the argument and using a Fourier

expansion of the fluctuation amplitudes:

AX .(t) = T u (t) X elq'Xl (£ is the polarization vector),

q

we obtain the following expression for the scattering law:

S^.o.) = I |F_(Q)|2 A(Q + !mtn) +FB(
m

I |F a m p l(Q)|
2 A(5 + P k o - ^ ) <uq(0) u_q(t)>

+ P^° " ? ) <<!>q(0) *-q(t)>"

Where:

V K

¥
- ha* -I

h.k.i
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In this expression we have neglected the fourth order terms in amplitude and

phase fluctuations because they represent two-phonon processes. We also neglect

the term of the form <u 4 > because it will be small at small q (note that
q -q

this cross term is not necessarily zero, since in general amplitude and phase

modes cannot be associated with normal coordinates of the Hamiltonian). We see

that the long wavelength fluctuations of the order parameter are observable

around first order satellites. Furthermore it is important for experimental

reasons that both the phase and amplitude fluctuations are strong at positions

where the satellite intensity is strong. This follows directly from the struc-

ture factors, which contain similar atomic scattering amplitudes in the case

of Bragg reflections and amplitude and phase fluctuations.

In particular there is no way to distinguish between scattering from amplitude

and phase modes by selecting different positions in reciprocal space. Although

these modes are 'out of phase', since one is represented by a sine and the

other by a cosine function, the square of their structure factors is identical.

In the high temperature phase the static deformation wave vanishes and the

amplitude fluctuations are identical with the soft mode fluctuations.

Relation to Thermodynamics

In order to explain the relation between neutron scattering and thermodynamics,

we shall employ a model of dipoles formed by shifted rigid ions with charges z

that represents a crystal with displacive fluctuations6.

The polarization is:

X,,K

with the Fourier transform:

P(Q,t) -?d(Q) U(?,t) ,

which we have written as a product of the normal coordinate of the dis-

placement mode: ff (t) » m * f U(q,t), and the dipolar structure factor:
X-K K Kq
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As a result, the correlation function of the polarization fluctuations can be

expressed as a product of the dipolar structure factor and the correlation

function of the normal coordinate. The neutron scattering cross section is

proportional to this correlation function and thus the neutron scattering

technique allows us to determine the generalized susceptibility of our system.

From this point of view neutron scattering is a unique tool to study modulated

crystals since the polarization fluctuations are inaccessible to dielectric

techniques. Although neutron scattering is proportional to the response at a

given wavelength and frequency of our crystal, it may be difficult to obtain

the susceptibility because we must know the dipolar structure factor that

relates a fluctuation in the atom positions to a polarization fluctuation.

The relation between the scattering law and the susceptibility is obtained

as 6.

2 tu
X"(q,a>) and

X(O (3)

(u is the unit cell volume).

F(Q) is the structure factor of the soft mode. In the high temperature phase

this is the structure factor of amplitude fluctuations and in the low tempera-

ture phase it stands for the structure factor of both amplitude and phase modes.

Time Dependence of Fluctuations

It is possible to picture the critical fluctuations in the high temperature

phase as a soft phonon. In that case our starting point for a treatment of the

dynamics of the fluctuations is a harmonic oscillator. A damping mechanism has

to be added in order to describe the situation near the phase transition. Hence,

the equation of motion of the normal coordinate of the critical mode has the

form 7»8>9:

-2L 0(t) - -a>2 0(t) - / dt' M(t» - t) -5- u(t') + Fe
3t2 o 3t'

iut (4)
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On the right hand side there is, besides the restoring force, a rather exotic

damping term; through the integral the damping depends on the previous veloci-

ties of the normal coordinate • An interpretation of this phenomenon is that

the fluctuations in the critical mode perturb the thermal occupation numbers

of the other modes. In turn, these modes influence the relaxation of the

fluctuations. The function M(t) describes the relaxation towards

r t
equilibrium: M(t) = — exp( ) . If the relaxation is fast, the integral in
Eq. (4) can be reduced to a term f-r— U(t) and a simple damped oscillator

-1

results. However, if T becomes lower than the harmonic frequency of the mode,

there is an increasing response at low frequencies and a central peak appears

in the spectrum. The response is:

X((J) = U/F =

(with r
6

<«f - a, 2) 2 + (r e f £a.)
2

2 2 A <"2rT
<*>! • %

1 ,1 +

Again, the damped oscillator results if F „ and Uj are frequency independent.

The sum rule gives:

7 kB T
J dm S(u>) ̂  .

The wavevector dependence can be incorporated in this model via u 2.

Writing u)2 - a(T - Tfi) + | X.q? ,

results in a scattering intensity of the form:

J L ^ J L r
a ( T "

|, where K? • u2/A. .
i1
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This form of the critical scattering in the high temperature phase can also

be derived from a Landau Free Energy10 (as a function of a complex order para-

meter) that we write in terms of the Fourier components of the polarization:

q -

This yields for T > T :

and for

x(q)

a(T

T<T :

2{a|

- :

(T

i

1

- T ) |

A.q?

i 1

IV. ANALYSIS OF SCATTERING PROFILES

For the measurement of phonon frequencies by means of a triple-axis spectro-

meter use is made of the scattering relations:

ei ~ ef

A peak in the scattered intensity is observed when these laws of conservation

of energy and (quasi)momentum are fulfilled. The width of the peak is partly

determined by the window in (Q,&>)-space, related to the spectrometer configu-

ration and setting. Cooper and Nathans11 have calculated this window, or

resolution-function, assuming an ideal Gaussian dependence of the final inten-

sity on the angle of incidence of the neutrons on crystals and Soller slits.

For a setting (Q u ) of the instrument, the detected intensity is:
o o

I(tjo,uo) - // d$ du R<§ - <$0,w - u o
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where: R((J,a)) = R(x) = exp{-J £ m. .x,x0}; F($,io) is an intrinsic cross-

k,fi.=l k >* K *

section. Only the off-diagonal elements of m in the vertical direction are

zero. For most functions F($,u>) the convolution of Eq.(7) cannot be solved

analytically. Therefore, we calculated the integral numerically, using a

program12 based on the formulas given by Cooper and Nathans. The intrinsic

cross-section normally contains adjustable parameters that must be obtained

from a fit to the measured profiles. In general, however, refinement of the

parameters in F(Q,io) is thwarted, because of the length of the calculation

of the folding integral.

Two solutions have been chosen to avoid this problem; approximating the

integral by assuming that F(Q,oi) is independent of Q or calculating the

convolution for a set of parameters and interpolating to find the best set.

In order to check the results of the convolution program we made energy scans

of the incoherent scattering of vanadium at incoming energy of 12.3 and 5.5 meV.

The measured resolution widths at these energies amount to .9 meV (.22 THz)

and .24 meV (.058 THz), respectively and agree within 10% with the calculated

values. This latter value will be taken as the accuracy with which the reso-

lution of the spectrometer is known.

Since the incoherent scattering is independent of Q we can set an upper limit

to the width of a peak around w * 0 due to elastic scattering. Close to the

transition temperature the situation is complicated because of the Q-dependence

of the scattering. We notice that this can only result in a narrowing of the

spectrum. Narrowing is due to the elongation of the resolution ellipsoid,

defined by:

£ m. oxvxo * ln.2, in (Q,cu)-space.

In this way one can tell whether the observed scattering has to be attributed

to static fluctuations, or that dynamic effects are needed to explain the

spectra.
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V. RESULTS AND DISCUSSION

Static Behaviour

The most direct evidence for the transition is the vanishing of the satellite

reflections on approaching the critical temperature.

In our model the loss of long range order is caused by diverging fluctuations

in the phases and amplitudes of the atom shifts. However, the decrease of the

satellite intensity is mainly due to a decreasing amplitude of the modulation

wave. This amplitude is just the static part of the critical mode.

80 eo 70 80 . 90
T(*C)

Fig. 2. Satellite intensity as a function of temperature.

Measurement without analyser.

The amplitude may be taken as the modulus of the order parameter and is obtained

from the square root of the intensity of a satellite. Assuming that the mean

phases, contained in the polarization vectors £ , are temperature independent

then we have:

Fig. 2 shows the intensity of the (0211) reflection as a function of temperature.

It can be seen that, in agreement with the above, apart from diffuse scattering,

the scattered intensity and hence the order parameter goes to zero continuously.

Following the argument in section I it is of crucial importance whether the

diffraction pattern contains second order satellites, or not. Although observing

higher order satellites was as yet unsuccesful with X-rays, they have been

found with neutron scattering.

Close to the (0211) satellite, we located the (0222) satellite. This suggests
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that we deal here with the purely displacive type modulation, because a crystal

with disorder modulation has no second order satellites in the diffraction

pattern. However, we cannot rule out the possibility of an anhannonic wave.

That would also give rise to second order satellites even in the case of dis-

order modulation. Of course, a decision can only be made after a full structure

analysis, which is in progress, has been completed.

T).c)
Fig. 3. Temperature dependence of first order and second order

satellites. Note the logarithmic scale. An arbitrary

scale factor has been applied for comparing the results.

Anyhow, an important test of the model of the modulation is the temperature

dependence of the (0222) reflection. Fig. 3 shows that IQO^O f o l l o w s t h e

temperature dependence of IjLoT i n accordance with the structure factors (2):

F0222

In the same figure, we plotted the temperature dependence of two first order

satellites. The similarity of their temperature dependence supports our model

of a decreasing amplitude for all atoms and constant phases. The quotient of

the satellite intensities is:

I0211/'I022T/I0222 * 3,000/12/11 (in counts/sec)

at room temperature.
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The diffuse scattering, centered around the satellite position, peaks at the

critical temperature since it is directly proportional to the susceptibility.

In fig. 4a the intensity around the satellite position is shown at several

temperatures. The diffuse scattering is sharper in the direction perpendicular

to k , than parallel to k . This means that the correlations are strongest in

planes parallel to the wavefront.

SO 90Tfcj100

Fig. 4. a) Diffuse intensity distribution along the a and b axes.

The correlation lengths at T - 120°C are: Kg - .194 X"

and Kb = .112 X"
1.

b) Inverse intensity of diffuse scattering at q = 0, as a

function of temperature.

In Fig. 4b the inverse intensity, at q = 0, is plotted as a function of

temperature, showing a linear relationship in agreement with the Curie-Weiss

law. In the low temperature phase we must separate Bragg scattering from the

total intensity. For this procedure we describe the satellite intensity as:

X0211 (8)
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We obtained g = .30 from a fit to the data in Fig. 2. T was determined in-

dependently as the temperature where the diffuse intensity at q = .063c peaks.

Using Eq. (8) in the vicinity of T , we can subtract the Bragg scattering,

yielding the diffuse intensity.

Fig. 5. Diffuse intensity at q = ,065c from the satellite position (0211).

The procedure for the subtraction of Bragg-scattering is explained

in the text.

In fig. 5 we plotted the diffuse intensity at q = .063c from the satellite

position. The Bragg part is drawn following the before mentioned procedure.

The inverse intensity at q - .063c is shown in Fig. 6 as a function of

temperature and the relation of Eq. (6) is fulfilled, although only in a small

region around the transition. The quotient of the Curie constants in the high

and low temperature phase (C, and C,) is C./C, = .52. Far above T the inten-

sity decreases much steeper than predicted by the Curie-Weiss law.

40 60 80 100 120

Fig. 6. Inverse intensity at q = ,063a as a function of temperature.

At q = 0, the statistical error in the diffuse scattering below T is rather

large due to the enormous contribution of Bragg scattering to the total
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intensity. Therefore, we can measure diffuse scattering in a small temperature ••

interval below T , only. Here, we get C./C, = .45 .

The exponent that we use to fit the decreasing intensity of the satellite, on

approaching T , to a power law, can be indentified with the exponent of the

, order parameter. Since measurements with a much smaller crystal resulted in

( a higher value of 3 (B = .38), we think that the present results suffer from

f secondary extinction. Extinction attenuates strong reflections relatively

f. more than the weaker ones, and thus influences the exponent 6. Therefore, we

* will neglect at present the discrepancy between the experimental value and

the mean field value of B = !•

; As explained, we derived T c from the peaking of diffuse scattering as a function

of temperature. A problem arose here, because we found considerable deviations

of Tc in different crystals. Values of T ranged from 78.0 to 82.5°C; a possible

cause of these differences is the static disorder, which might be present in

the crystals. If the concentration of defects differs for our crystals, it

could have an influence on the values of T . In the analysis we scaled all

results to a T of 82.5°C.

Dynamics of Modulated Phase

The dynamical aspects of modulated Ftt̂ ZnBri, were studied between room temperature

and T . This choice was made for experimental convenience although at 20 C the j

modulation hasn't reached its ground state. From Fig. 2 it is clear that the •

amplitude of the wave would be larger at lower temperatures. Also, a neutron

diffraction powder diagram obtained at helium temperature showed much stronger

satellites compared to room temperature data. The effect of the modulation on

the dynamics of the crystal and the observability of possible new excitations

might depend on the amplitude. Thus, we have to be reluctant in drawing con-

clusions from our measurements about the modulation ground state.

Fig. 7 shows the acoustic branches and one optic branch in the c-direction.

The slope of the acoustic branches, for small q, is in good agreement with

the elastic constants from ultrasound measurements13. Note that the frequencies

are quite low, which reflects the softness of the material. We estimate the

Debye-temperature from the elastic constants (in Table 1)» yielding

9D - h/kB{9/(4irVA) <C>
3} 1 / 3

 s 100 K.
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Fig. 7. Acoustic phonon branches and one optic branch in the e-direction.

Bashed lines represent ultrasonic velocities.

T-,: transverse b-polarized, 1 : transverse a-polarized,

L: longitudinal. Here, the wavevector q is measured from a main reflection.

Here, h/k_ is the thermal energy per atom, and V. the volume per atom, <C>

is the mean velocity of sound. The value is in good agreement with the low

melting temperature of 470 C. According to the Lindeman melting formula the

Debye temperature follows from the melting temperature as:

1201-** P y
3 (A: mean atomic weight, pQ: density)

e p - 105 K with A 79.9 and QQ - 3.72 g/cm
3.

The pseudohexagonality of the structure is reflected in the approximate

equality of C.., C,, and C,,, C.,. This follows from the isotropy of the

ultrasonic velocity perpendicular to a hexagonal rotation axis.

Table I. Elastic constants of Rb^ZnBr. on orthorombic

pseudohexagonal axes. Data from ultrasonic

measurements (Ref. 13).
11 2Units of 10 dyne/cm (accuracy ±1%).

c l l

C22

C 3 3

- 1.

- 1.

- 2.

80

64

22

c,, «

C55 *

C 6 6 -

.554

.500

.332
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From a preliminary crystallographic study it was concluded that the atom shifts

are in the b-direction. So, we expect the soft mode to have this polarization.

As explained before, one is unable to measure the complete set of dispersion

branches.

On the other hand, we found a rather low lying branch with the required

polarization. This is the optic branch (see Fig. 7) that is degenerate with

the acoustic b-polarized branch at the Z-point. No abnormal temperature depen-

dence of this branch was detected, which is in contrast to the results of a

neutron diffraction study of the isostructural compound K2Se0it. For this

compound, Iizumi et al. 1 4 report a softening of the branch at a modulation

phase transition that is characterized by k = ,31c . Thus, one has to conclude

that although both compounds have the same symmetry and belong to the same

class of modulated crystals, the exact mechanism of their incommensurate

structural transitions is different. Of course, there are other branches,

besides the one shown in Fig. 7, that may soften in Rb2ZnBr4.

The temperature dependence of the velocity of sound, obtained by neutron

scattering and ultrasonic measurements is shown in Fig. 8.

T
os.A

/A
V

0

-1

A

-2

V

. ULTRA-SOUND

' » NEUTRON DIFFR

1 1 1 I 1

40 60

\

\

,
•0

T

•

•

100
CO

Fig. 8. The relative change of the transverse b-polarized velocity of sound

in the a-direetion versus temperature, as determined, respectively,

by the ultrasonic and the neutron scattering technique.

The frequency of the branch as a function of temperature was also measured at

other points in the Brillouin zone, where it showed the sane temperature

dependence. The linewidth of the phonons is rather large (i.e. FWHH - .08 THz

at a frequency of .2 THz), but temperature independent (i.e. from 20 C to

200°C).
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In view of the irrationality of the modulation wave vector, the phase of the

modulation wave in the structure is arbitrary. Consequently there is a mode

with vanishing frequency at the modulation wave vector15, corresponding to

phase fluctuations at long wavelengths. Thus, the phase fluctuations should

behave approximately like an acoustic branch. In this branch the phase fluctu-

ations have a long wavelength, but the atom shifts are at short wavelengths.

In the modulated phase, we analysed the diffuse scattering that is shown in

Fig. 5.

T«30*C

. - . • / • •

.••••••
•••

-.3 -.2 -.1 O

Fig. 9. Quasi-elastic energy scan (raw data) at room temperature

at q = .245a ; the vector q is measured from the satellite

position (0211). The bar indicates the resolution width.

The spectrum at q = .245c from the satellite, shown in Fig. 9, can be seen

to exist of a sharp peak and broad wings. Subtracting the incoherent scatter-

ing, results in a weak two-peak structure (Fig. 10). We emphasize that this

form of the spectrum is due to a broadening of the uncorrected peak with

respect to the spectrometer resolution. Clearly, the exact form of the

resulting spectrum is critically dependent on the amount of subtracted

incoherent intensity. Therefore, the accuracy of the profile in Fig. 10 is low,

TOO

•> 0 J a
()V(fW)

Fig. 10. Spectra of diffuse scattering around the satellite position
(0211) at temperatures below T .
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and one can say at most that an overdamped excitation is present around the

satellite position.

In section III it was shown that amplitude or phase fluctuations of the order

parameter cause inelastic scattering around the satellites, so we draw the

conclusion that these excitations are overdamped in lU^ZnBr^. Consequently,

it is impossible to say that the weak peaks in Fig. 10 are due to a phason

branch. At higher energy transfers we have not observed any other branches,

corresponding to a propagating soft mode in the low temperature phase.

Dynamics of High Temperature Phase

Close to the critical temperature, the energy scans near the satellite

position showed no peaks pointing to a soft excitation. That leaves the width

of the bell shaped curves as their only relevant feature. Adopting a purely

static picture of the fluctuations, i.e. relative to neutron scattering

resolution, we notice that the incoherent width is the upper limit for a

peak in reciprocal space. We found a width in excess of the incoherent width,

even close to the critical temperature. Thus, we conclude that the fluctuations

have an observable energy width, and that the critical mode is overdamped.

Formula (5) should give an approximate description of the scattering, with

a large damping constant. We analysed our spectra with the help of this formula.

Comparison of the observed and calculated spectra was made by calculating the

convolution integral (see Eq. 7). At higher temperatures we could neglect the

Q-dependence of the scattering which greatly simplified the numerical calculation

procedure which is needed for the evaluation of the convolution.

Fig. 11. Spectra of diffuse scattering at several temperatures

above To, and at q = 0. The curves are fits of a damped

harmonic oscillator model.
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Above !40 C a two-peak structure is observed, Fig. 11, after subtraction of

incoherent scattering. Clearly, the frequency of the soft excitation is only

slightly temperature dependent, in contrast to most structural phase transitions.

We still think it useful to analyse the scattering on the basis of expression

(5) because it is generally valid, irrespective of the microscopic forces

driving the phase transition.

For the scans with a two-peak structure we tried a fit with the harmonic

frequency, a damping constant and a proportionality factor as parameters.

It turned out that in this way the best description was given by a temperature

dependent damping and a constant ui . This result shows the limited validity

of a description with one damping mechanism, because a decreasing u should

account for the increase of the intensity.

As a second try, we determined the proportionality factor to obtain a good

description at T = 210°C, where the fluctuations become underdamped. A fit

of scans at several temperatures with u and T as parameters yielded a

constant F. The increase of the integrated intensity was described by a fall

of at over a temperature interval of 80 to 210 C, with an accuracy of 15%.

However, significant discrepancies occurred at the wings of the peaks. In

our model this means that the relaxation is more complicated. Fig. II shows

the results of the fits at temperatures 140, 160 and 210°C.

Sofar, we have only discussed here the inaccuracy in u , due to discrepancies

of the corrected data with our model. However, an important source of error

in to may come from the subtraction of the incoherent scattering, which cannot

be measured at the satellite position. In our case the incoherent scattering was

determined after rotating the sample plus and minus 30° away from the satellite

position around the axis perpendicular to the scattering plane. Although the

incoherent scattering is principally independent of the sample orientation,

geometrical effects may give rise to inaccuracies. These have a severe effect

on uo because subtracting too much incoherent intensity enhances the two-peak

structure, thus makes the spectrum more underdamped. In that case a large error

results in the deduced value of u> since it is strongly correlated with the

damping. Moreover, from an overdamped spectrum that shows only one peak (around

a) = 0), it is even impossible to determine us and T independently. Therefore,

the uncertainty in our value of u> is large; but on the other hand we think

that in view of the observed temperature dependence of the width of the spectra,
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the deduced value of u at 210 C should be about equal to the halfwidth of the

spectrum which is about .1 THz.

Fig. 12. a) Speatra of diffuse scattering at T = 90°C at two

values of q. The bar indicates the resolution width.

Simple damped oscillator model fits are represented

by the draun curves.

bj Same data fitted to the model that contains a central

peak feature.

At a temperature of 90 C, we made energy scans at various distances (q-values)

from the satellite position. A q-dependent width is observed that can be inter-

preted either as a q-dependent relaxation time of the fluctuations or as a

dispersion of the soft branch. From Fig. 12 it can be seen that there is weak

evidence for a splitting of the peak at q * .1 c , so the soft mode description

seems to be most adequate for these profiles. Fig. 12 shows a fit to the data

at 90 C of the simple damped oscillator cross-section. A significant discrepancy

shows up at larger energy transfers, possibly due to a complicated damping.

Writing the damping as : r(u) » r' + r"/(l + iwr), a better fit may be obtained.

In this model there is a central peak which gives together with the phonon part

a good description of the q • 0 spectrum, but deviates from the measured

profile at q * .11 c .

Thus, the damped harmonic oscillator model with a frequency dependent damping

can explain the changes from a more or less underdamped to an overdamped soft

phonon. This change is brought about by a decreasing harmonic frequency and an in-

creasing relaxation time of the critical mode to all other modes. In Fig. 13

the mean square of the harmonic frequency is plotted as a function of temperature
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Fig. IS. The square of the harmonic frequency of the soft mode as

a function of temperature. The squares represent data from

a fit to a damped harmonic oscillator model and the dots

are obtained from numerical integration of the spectra

using the sum vule. The two sets of data were scaled at a

temperature of 210°C.

The two sets of points are obtained by numerical integration, using the sum

rule, and a fit to the damped harmonic oscillator model. Scaling is done at

a temperature of 210°C, where the splitting is best observed. Near T we

observe a linear relationship, but large deviations occur far above the

transition temperature.

In section I we mentioned the possibility of an order-disorder

transition. Our reluctance to describe the fluctuations in the high temperature

phase as a soft phonon stems from the overdamped inelastic profiles. Although

a disorder model could fit the observations, we choose the soft mode description

in view of the splitting up of the spectra at high temperature. We admit,

however, that in a large temperature region (about 1/4 T ) above T , it is

impossible to distinguish between the two descriptions. The frequency of the

critical fluctuations is very low in this temperature interval but the ampli-

tude is still too small, compared with the thermal vibration amplitude, to

form a static deformation wave. The transition temperature will be determined

by the decrease of the thermal vibration amplitude as a function of temperature.

In this sense we may speak of an order-disorder transition because the thermal

fluctuations determine the transition, whereas the mode has softened at a much

higher temperature.
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VI CONCLUSIONS

From our findings we developed a picture of the modulation phase transition

that fits in the soft mode model. Even at high temperature (T = 200°C), the

Rb2ZnBri, lattice is unstable for displacements with a wavevector of k = .29 c .

This critical mode has a low frequency, but on lowering the temperature the

amplitude becomes only slowly large enough to form a static deformation wave.

In other words: the mode becomes static when the thermal vibration amplitude

of the atoms is comparable in size to the amplitude of the critical mode.

When the crystal is in the normal phase, we see that the wave is rather un-

correlated, in space as well as in time, which follows from the broad scatter-

ing distributions in reciprocal space and frequency. In the low temperature

phase a Bragg peak appears and the displacement wave becomes static. Small

fluctuations are still possible and according to the Goldstone theorem15 one

branch has a vanishing frequency at the satellite.

Below T we have found some evidence of diffuse scattering around the satellite

which is broadened in frequency, but we were not able to find a well-defined

soft branch in the low temperature phase. Further experiments at low temperature

will be needed to clarify this point. The experimental results are in reasonable

agreement with the Landau theory of second order phase transitions. Concerning

the exponent of the order parameter, we will have to do an experiment with a

very small crystal, in order to exclude any influence from secondary extinction

on the value of f$.

As a general remark, we must add that the crystals that we studied are far from

perfect: from the anomalously high Debye-Waller factor we infer the presence

of static imperfections. In our analysis the imperfections are neglected,

although it is well-known that the dynamics of the transition is modified with

respect to a perfect crystal. In view of our study, we think that our approach

offers a first order approximation which can be refined, by including imperfect-

ions, to give a better description of the real crystal without changing the

fundamental concepts of the model that we employed.
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CHAPTER 5.

NEUTRON SCATTERING STUDY OF THE INCOMMENSURATE-

l COMMENSURATE PHASE TRANSITION OF

i •

f: C.J.dePater

| J.D. Axe and R. Currat

f; Abstract

•• Measurements are presented of the diffuse scattering corresponding to order

: parameter fluctuations in the incommensurate phase (200 ̂  T < 355 K ) , and the

; commensurate phase (T ̂  200 K) of Rb2ZnBr1,. The diffuse scattering distribution

is ellipsoidal in shape with the principal axis along the modulation wave

-.-- vector. The order parameter fluctuations are overdamped in both the incommen-

surate and the commensurate phase. Except for the overdamped scattering around

V the satellite positions, acoustic branches are observed originating from the

; • satellites.

{'; Below the lock-in transition the diffuse scattering distribution narrows in

.! the b-direction, which is the direction of spontaneous polarization in the

i; commensurate phase. A Landau free energy model is presented which correctly

;- describes the measured temperature dependence of the modulation wave vector

>'• and the first order character o£ the lock-in transition.

• The Landau free energy predicts the existence of a polarization wave, in the

,',:• incommensurate phase, which has the periodicity of the third harmonic of the

• modulation wave. We have calculated the effect of an applied electric field

\ on the diffraction pattern in the presence of the polarization wave. Measure-

,;• ments of the field dependence of the intensity of first and higher order

y. satellites agree with the calculation; i.e. the intensity of the first and

'.;"• third order satellites is virtually independent of the field whereas the

rr intensity of a second order satellite is enhanced by the field.

i "
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I. INTRODUCTION

belongs to the class of modulated dielectrics. Related crystals with

incommensurate phases are: (NHit)2BeFit
1, i^SeO^2 and Na2CO3

3. In previous papers

a neutron diffraction study was reported of the incommensurate transition at

T. = 355 K1* (a -> g transition) and a study of the dielectric behaviour- both

at T. and the commensurate transition at Tc = 200 K (& •+ y transition). In the

present paper results of a neutron scattering study are presented with emphasis

on the commensurate transition.

Comparing the above-mentioned modulated crystals one may conclude that Rb2ZnBrij

is closely related to ^SeOt^ since the wave vector q is close to 1/3 c in

the incommensurate phase (Note that we use space group Pcmn for the high

temperature symmetry). Also, it has a commensurate phase with q = 1/3 c

whereas (NHi^^BeF^ locks in to 1/2 c and Na2CC>3 shows even less resemblance

since this crystal is monoclinic and its wave vector has components both along

c and a .

On the other hand, the dynamical behaviour of Rb2ZnBri, is entirely different

from that of ^SeO^. The overdamped soft mode in Rb2ZnBrij near T. is similar

to what is found in (NHit)2BeFit
1. The soft mode in I^SeOt, is very well defined

and it was unambiguously determined2; in both other compounds the corresponding

branch is stable. Therefore it seems dangerous to attach too much weight to

the structural similarity of modulated crystals.

Yet, a comparison on a phenomenological basis (i.e. Landau theory) can be use-

ful to see which properties are determined by symmetry. One of these seems to

be the ferro-electric polarization which appears as a secondary effect on

locking-in. Except for Na2C03 the above-mentioned modulated crystals are known

to have a low temperature ferro-electric commensurate phase.

In the next section details of the experimental procedure will be given.

The results will be presented in section III and in section IV a model of the

free energy is discussed as well as the results of a diffraction experiment

in an electric field.
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II. EXPERIMENTAL DETAILS

Experiments were done on triple axis spectrometers at Brookhaven National

Laboratory and at ECN (Petten).

Pyrolytic graphite crystals were used as monochromator and analyser.

Horizontal collimation was tight in most measurements: both 20' before and

after monochromator and analyser. The incoming energy was 14 meV which was

filtered by pyrolitic graphite in order to prevent second order scattering

from the monochromator.

The samples were mounted in a helium gas-filled container or directly in the

vacuum chamber of a cryostat. For the measurements in an electric field a

crystal was ground off to a 1 mm thick plate perpendicular to the b-axis.

Electrodes were formed by painting silver paste on the surfaces. The crystals

were grown by evaporating an aqueous solution at a temperature of 40 C. The

two crystals had a volume of 3 and 10 cm3.

III. RESULTS

Temperature dependence of q .

In a previous study of the incommensurate phase of Rb2ZnBr1,
lt no temperature

dependence of the modulation wave vector q was found above room temperature.
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Fig. 1. Temperature dependence of the modulation wave vector q .
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From Fig. 1 it is seen that below 210 K q increases steeply and at about 190 K

a jump is observed to the commensurate value q = 1/3 c . '.

Heating the crystal again a large hysteresis appears in the length of q .

We can designate the transition as first order in view of the large jump of q .

In the incommensurate phase a secondary hysteresis is seen which is most strikin)

close to the commensurate transition. In one crystal, it was found that about

15% did not become commensurate at all, even at helium temperature. A photograph

of the diffracted beam at the commensurate and incommensurate positions showed

that the undercooled incommensurate part was a big coherently scattering piece.

In this experiment the crystal was mounted in the cryostat by glueing it directl>

to an aluminum post. We checked that the undercooling was not due to the way of

mounting the crystal, by repeating the experiment with the crystal wrapped

in aluminum foil, which was glued to the post.

Apparently, the wave vector is partly determined by irreversible stresses and

pinning effects which differ from crystal to crystal and in cooling and heating

runs.

diffuse scattering

In the incommensurate phase the soft mode is expected to split up into fluctu-
1

ations both of the amplitude and the phase of the static wave6. These can be

distinguished since a phase fluctuation branch is gapless at the modulation

wave vector, contrary to the amplitude branch. Extensive measurements were j

done in order to check this picture of the low temperature soft excitations.

However, we failed to observe a well defined soft branch in the y- and the

g-phase. We see only acoustic modes, with an appropriately weak structure

factor, originating from the satellite positions.

Perhaps, the absence of a propagating soft mode should not be surprising in

view of the overdamped spectrum of the critical diffuse scattering in the

a-phase. Just as in the high temperature phase overdamped diffuse scattering

was observed which is rather broad in reciprocal space.

In Fig. 2 contour maps are shown of the diffuse intensity in the commensurate

phase and in the incommensurate phase. In the incommensurate phase there is a

broad distribution which is roughly ellisoidal in shape with the principal

axis along qQ. On cooling from 300 to 210 K a slight change appears in the i

width of the distribution. A drastic decrease of the width along b is seen /

I
1
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q(b")
2.0 2.1

Fig. 2. Intensity contours of diffuse scattering at several temperatures.

The contours are obtained by smoothing the raw data of whiah

examples are shown in Fig. 3. The background intensity has

been subtracted. The ellips at the satellite position represents

the resolution function. The peak intensity of the satellite is

about 300,000 in the units that were used in the figure (counts/2 min.).

500

400
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. T
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o T

« T
A

*300K

- . 1 ? "

=210 K

-170K
. . 1

Fig. 3. Scans across the diffuse ridge at several temperatures. The width

of the peak at 170 K is nearly resolution limited. The distance

from the satellite is given by A in units a*
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on passing the commensurate transition, while the width along q hardly

changes. In Fig. 3 scans across the diffuse ridge are shown at about .1 c

from the satellite position. They clearly demonstrate the sharpening in the

b -direction. The curves show that on locking-in the diffuse intensity is

redistributed near the centre of the ridge. The integrated intensity of the

peaks in Fig. 3 is nearly equal: the peak-intensity at 170 K is three times

as high and the width is three times as low compared with the peaks in the

commensurate phase.

IV. DISCUSSION

Landau Free Energy

Inasmuch as the experiments did not energy resolve the diffuse scattering,

it is by no means clear whether the fluctuations associated with it are best

thought of as quasistatic or dynamical. In any case, we assume that these are

indeed the order parameter fluctuations and it is clear that they are very

anisotropic, with the correlation range increasing perpendicular to q near

T . If we adopt a static picture then the fluctuations can be visualized as

small domains over which the phase and amplitude of the modulation wave are

constant separated by a narrower region over which the phase changes rapidly.

These defects have been termed discommensurations7.

In an ideal material, these domains could be expected to form a regular array

themselves and thus to give rise to additional satellite reflections at 2q ,

3q But it seems probable that strains and impurity pinning centers can

partly disrupt this discommensuration lattice to produce effects qualitatively

similar to those observed.

In connection with the growth in correlation length along b below T , we note
j K ' C

that b is the ferroelectric axis and it is well-known8 that dipolar coupling

favors such an anisotropy in correlation lengths. Of course the present case

is complicated by the secondary role of the ferroelectric polarization.

Although the observed diffuse scattering is evidence of large fluctuations in

the modulation wave, the sharpness of the satellites shows that the wave has

long range correlation. Therefore, we think that the higher harmonics can

still be described by the long range correlated part of the discomnensurations.

Following McMillan7 we will describe the inhomogeneity of the modulated crystal
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by a spatially varying Landau free energy. The functional form of the free

energy is derived as follows.

The atomic displacements can be written in terms of a normal coordinate Q

as: u = Re(Q e11*" ^Ke ) . We take as order parameter Q = Q e , which is

the normal coordinate of a commensurate distortion, with q = 1/3 c , modulated

by the slowly varying function e . The angle <j> is the phase of the actual

modulation wave with respect to the hypothetical commensurate wave. In the

harmonic case: 4> = 6z (6 = q - q ) .

Invariants in the free energy density can then be of the form:

Qn(Q*>n' . Q^Q* - Q*£ Q . (£ Q)2 • <£ Q*)2 or <f • «•)»'

where n = n* and m = m' since the inversion transforms Q into -Q . The lowest

possible value of m is six, in view of translational invariance. A translation
. I-** •*•

*•*• 1 c t

t transforms Q into (e 3 " )Q. We will ignore in the gradient terms the

derivative with respect to the amplitude p (p = |Q|).

As a result, the free energy can be expressed as:

F - F = /Fdz
o

F = |p2 + jp" + ̂ t>6 +^p6cos(6*) + P2(|($')2- tiO (I)

u 2

the coefficient a is temperature dependent: a = a(T - T ). For a < — the

incommensurate distortion becomes stable with $' = <S = ^.
v o v

The incommensurate phase is allowed to become inhomogeneous by the formation

of higher harmonics of the primary wave. The inhomogeneity is caused by the

dependence of F on <J>. For the present discussion only phase fluctuations will

be considered:

! * = 6z + I A sin(6nfiz) (2)
•'- n=l n

I According to McMillan7 the difference of the free energy in Eq. (1) with the

! commensurate state must be minimized in order to find the coefficients 6 and

', An: AF - -- p
6(l + cos(64>)) + p 2 ^ * ' ) 2 - p*1) (3)
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where we have used: F
1

comm V V 6<*>
By numerically minimizing the volume integral of AF one finds the amplitudes

A and the wave vector 6 at constant p. We performed this calculation using

a computer program based on the simplex function minimization procedure9.

In the expansion in Eq. (2) six fourier coefficients were retained. Similar

to McMillan's results, which were derived for a third degree inhomogeneous

term, a smooth decrease is found of 6/6 as a function of p, in the present

case of a 6th degree inhomogeneous invariant. Perhaps this result is not sur-

prising since the primary order parameter is assumed to be equal in both the

incommensurate and commensurate phase. It seems logical that a continuous

change of the order parameter at the lock-in transition is related to a

continuous change of 6.

Contrary to McMillan, we have also minimized the full expression for F as

given by Eq. (1), resulting in a first order transition. This is due to the

fact that a is taken constant, while p may depend on 6 at constant a.

Fig. 4. Results of the minimizetion of the Landau free energy which is

discussed in the text.

a) Temperature dependence of the wave vector in reduced units. At

the lock-in transition the wave vector 6 jumps to zero. The value

of 6/6 was determined from the minimum of the free energy as a

function of the wave vector 6.

b) Temperature dependence of the squared amplitude of the displace-

ment wave. The drawn curve gives the result of the minimization of
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the free energy in the insommensurate phase and the jump of the

amplitude at the transition. The dashed aurve corresponds to the

minimization of the free energy without the gradient terms that

give rise to the modulated structure.

In this way the lock-in transition becomes of first order since the energy

can be lowered by increasing p if the amplitudes A are large. In other words

at such a temperature two minima of the free energy are obtained as a function

of 6/6 . One lies at •—- = .05 and the other at 6/6 - .71. The minimum near
o o o

o
6/6 = 0.05 shifts to lower values of 6/6 if more fourier coefficients are

o o

retained in Eq. (2), so we take it to be at <5/6Q = 0. The result of the cal-

culation is plotted in Fig. 4.

Comparison with the experimental values of qQ is shown in Fig. 5. The values

of the coefficients in Eq. (1) have been taken as:

S = 2, Yj = 5, yz = 3, u = 1, v = 2.

j

nit

ILL

ZZI—1 Landau thnry

• /O Exptrimcnt

100 200 300
TOO

MX)

Fig. 5. Temperature dependence of 6/6 Q as determined in cooling (olosed

circles) and heating runs (open circles'). The minimization of the

difference between the free energy in the commensurate phase and

the incommensurate phase yields a smooth decrease of 6/6 (dashed-

dotted line, numbered 1). Minimization of the full expression of the

free energy leads to a first order transition (dashed line, numbered 2).

Above T , both minimization procedures yield the same value of 6/6 .
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Note that the only significant coefficients in the free energy are YJ/Y 2» &

and the temperature. The other coefficients can be deleted by proper rescaling.

From a numerical solution it is impossible to obtain the entire phase diagram

that corresponds to the free energy model. However, we found that the tempe-

rature dependence of 6/6 was nearly independent of the choice of the coeffi-

cients in Eq. (1). In particular, the size of the jump of 6/5 at the lock-in

transition was found to be virtually independent of the coefficients.

In Rb2ZnBrit the incommensurate phase is stable over a large temperature range,

150 K, which should be related to a low value of Ifi/^" However, such a large

temperature interval raises some doubt as to the validity of Landau theory

where only a depends on T. In this respect we note that the overall temperature

dependence of q is well described by the Landau theory. Particularly just

below T^, q is independent of temperature, which agrees with the calculation.

In the related compound ^SeOt,, the incommensurate phase exists in a much

smaller temperature region, ± 30 K, but the wave vector changes linearly with

temperature in this range2. At least to some extent, this must be due to a

change of v and p, since 6 = ji/v. In itt̂ ZnBri, the coefficients v and p are

presumably independent of temperature.

Eleotrio field dependence of satellites.

In a previous paper it was shown how the dielectric behavior of JU^ZnBr^ can

be understood from the inhomogeneity of the incommensurate phase. Particularly,

it was suggested that a 36 polarization wave is formed which determines the

response to a macroscopic field. The effect of an electric field on the

diffraction pattern in such a model will now be derived.

The polarization wave is associated with a phase fluctuation: Ajsin(66z).

The macroscopic polarization will then be due to a distortion of the 36-

polarization wave, in such a way that those half-periods polarized along E

are enlarged. This distortion can be described as a phase fluctuation: Ajsin(36z)

The scattering from such a fluctuation is calculated with the help of the

structure factor:

F = I b^expaQ.Cr^ + u^)) (A)

where u is the displacement of the atom of type K in the H-th cell:
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= Re{neKe~
l5'rJl<eXp{(-iAlSin(p6.?il|c)}J =

n

K + Aiexp{-i(p
Aiexp{-i(l -

(ft

(5)

In the last line of Eq. (5) the Bessel functions J Q ( A I ) and J^Aj) were

expanded to first order in the argument. The fourier expansion of u in the

last line of Eq. (5) shows that for p = 3 diffraction will be seen corresponding

to a phase fluctuation with amplitude Ai at positions : q = (1/3 - 46)c and

q = (1/3 + 26)c*.

In order to check this result an experiment was done in an electric field.

The field is along the b-direction (which is the direction of spontaneous

polarization in the y-phase), the temperature was T + 4 K and & = .027c .

The field alternates at 50 Hz and we indicate the strength by the peak value.

The result is plotted in Fig. 6. The intensity of the second order satellite

is enhanced by the field, in agreement with the model calculation. The

intensity of the third order satellite depends only slightly on the field.

EdO'v/cm)

Fig. 6. Field dependenae of the intensity of a second order and a third
order satellite. The field alternates at 50 Hz. The field strength
is indicated in the figure by the peak value of the field.
The indices of a satellite are (hklm), where m stands for the
m-th order satellite of main reflection (hkl).
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The intensity of the main reflections and the intensity of the first order

satellites are virtually independent of the field. Also, it was found that

the position of satellites and main reflections was independent of the field

in both the g-phase and the -y—phase. No Bragg peaks were observed at q = 1/3 c

in the g-phase from which we conclude that the field does not give rise to

coherently scattering commensurate regions.

At present it is impossible to tell whether the higher order satellites are

mainly due to diffraction harmonics (appearing at ±q , ±2^ , ...) or to higher

harmonics of the primary wave. In order to evaluate this ratio a full structure

analysis would be needed, which is not available at the moment.

The above results support the picture of a modulated crystal as a 'wavy'

ferro-electric, particularly near the commensurate transition. Assuming that

the linear behavior in Fig. 6 is also valid at low fields ( 1 Vein ) , it can

be concluded that the dielectric behavior is governed by the appearance of a

36 polarization wave.

Close to the transition the lock-in energy becomes more important than the

energy which is needed to distort the wave. A weak field stabilizes the

locked-in domains, leading to a large response. The peak in the dielectric

constant5 can thus be understood from the deformation of the polarization

wave by the applied electric field.

CONCLUSIONS

In the present crystal the soft mode is overdamped and so are the phase and

amplitude fluctuations. Yet, a description of the fluctuations of the order

parameter in terms of phase fluctuations is useful for an interpretation of the

broad diffuse scattering distribution around satellite reflections. The higher

harmonics of the modulation wave can be visualized as inhomogeneity of the

crystal over distances of about -?~g ; in the present crystal this is about

150 2 just above T .

The inhomogeneous state of the crystal is described by a local free energy

expansion. The numerical solution of the free energy model correctly describes

the temperature dependence of the modulation wave vector and the first order

character of the transition. The first order lock-in transition was obtained

because the amplitude of the primary wave was allowed to be discontinuous at the
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transition temperature.

We have done diffraction experiments in an electric field supporting the

conclusion that the dielectric response at low fields is governed by a 36

polarization wave associated with a phase fluctuation sin(66z).

Certainly, it is worth while to do similar experiments on the related

modulated ferroelectrics in order to obtain a better insight in the relation

of primary and secondary order parameter in this class of improper ferro-

electrics.
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CHAPTER 6.
DIELECTRIC CONSTANT AND FERROELECTRIC
HYSTERESIS OF Rb2ZnBr4

C.J. de Pater

Abstract

The low frequency dielectric constant of Rb2ZnBr4 has been measured in the

normal phase, in the modulated phase and in the one with a tripled c-axis.

In the latter phase a ferroelectric hysteresis loop was observed. The

spontaneous polarization (of about .14 nC/cm2) is very small as are the

anomalies in the dielectric constant.

Rb2ZnBri, belongs to the family of improper ferroelectrics since only the

cube of the primary order parameter couples to the polarization which is

treated as a secondary order parameter. This kind of coupling is in agree-

ment with the observed direction of the spontaneous polarization.

A Landau expansion of the free energy is constructed on the basis of the

coupling between primary and secondary order parameter. In the modulated

phase this model predicts a polarization wave which has the periodicity

of the third harmonic of the primary lattice distortion. When the modulation

wave vector locks in to the commensurate value of 1/3 c the polarization wave

becomes the macroscopic polarization.
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I. INTRODUCTION

Rb2ZnBri, has two structural phase transformations at Tj = 350 K and T c = 200 K.

Neutron scattering studies1'2 revealed that these transitions are essentially

characterized by the same lattice deformation. Below 350 K a modulated structure

is formed which is characterized by a wave vector q = .292 c and at 200 K

the wave vector locks in to 1/3 c , resulting in a tripling of the c-axis.

We denote the high temperature phase, which has a B-K2SO4 type of structure,

as a. No other phase has been observed up to the melting point. In the related

compounds, e.g. Na2C03 and K2SeOjj, a hexagonal phase is quite common. The inter-

media. . phase with the incommensurate superstructure is called (5 and the commen-

surate low temperature phase is the Y~Pnase-

We use a setting of the axes with the pseudo-hexagonal axis as c-axis. The

space group of the a-phase is Pcmn and the y~phase presumably has space group

Pcajn3. The lattice parameters are: a = 13.343, b = 7.656 and c = 9.708 X.

The y-phase is ferroelectric, which makes a study of the dielectric properties

relevant for an understanding of the mechanism of the transitions. We consider

therefore in this paper the low frequency dielectric constant as a function

of the temperature and its relation to the transformations.

In the absence of static molecular dipoles, the dielectric constant is deter-

mined by the long wavelength vibrational modes. However, the fluctuations of

the order parameter in the a-phase are lattice vibrations with a wavelength

of a few cell constants. In the present crystal the average wave vector of the

fluctuations in the a-phase is .29 c i. Therefore, we do not expect a dielec-

tric anomaly in the paraphase (T > T.)> However, in the intermediate phase

(Tc < T < T^) the static lattice deformation will couple q = 0 and q = qQ modes.

In other words, the point q = q in the high temperature Brillouin Zone becomes

a zone center. Thus, the fluctuations in the static lattice deformation may

couple to the electric field. The same mechanism leads to the observability of

the soft mode, at I < I., in a Raman or Infra-red experiment1*.

In view of this argument it is interesting to know the temperature dependence

of the static dielectric constant, since it provides information about the

nature of such coupling terms between different modes in the free energy. The

coupling terms are important because in the incommensurate phase the primary
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lattice distortion generates an infinite number of higher harmonics. Of the

higher harmonics the third one is particularly interesting because it becomes

a macroscopic lattice deformation when the wave vector locks in to 1/3 c .

As we shall show, the most relevant coupling term is of the form: fii^ where

fJi is the primary order parameter, f)2 is the secondary order parameter which

corresponds to the third harmonic of the wave (see further Eq. (1) for a

definition of order parameters).

In the next section we will present the experimental details. The results of

the measurements are described in section III and in section IV we will discuss

the measurements with the help of a Landau expansion of the free energy.

II. EXPERIMENTAL

The dielectric constant of M^ZnBr^ was measured with a Rohde and Schwarz

Schering-type capacitance bridge. A PAR model-129 lock-in amplifier was used

as null-indicator. Sample fields were about 3 Vein ; no dependence on the

applied field strength was detected in the temperature region of interest.

The used frequencies ranged from 33 Hz to 100 kHz.

; Above room temperature the higher frequency had to be used because of a strong

increase of conduction in the samples. It does not affect the present results

: because a dependence on the applied frequency is noticed in the Y-phase only.

This dependence is probably due to the contribution of domain wall motion to e.

•' Ferroelectric hysteresis was measured with the modified Sawyer-Tower circuit5

: at a frequency of 50 Hz.

• '• The samples were plates with a thickness of .i to .05 cm and an area of about

i 1 cm2. These plates were cut out of large blocks of about 5 cm3 and the most

transparant parts were selected. Most crystals are rather opaque because of

growth inclusions from the solution. The growing was done in an aqueous solution

i which was evaporated at a temperature of 40°C.

| Experiments were done on crystals, cut perpendicular to the crystallographic

| axes and electrodes were formed by painting silver paste on the plates.

i Measurements below room temperature were done with the crystals mounted in a

!', nitrogen gas filled cryostat which was immersed in a liquid nitrogen bath.
l •.
i The high temperature measurements were performed in a nitrogen gas flow furnace.

i Both devices allow a reasonably accurate and quick stabilization of the temperature.
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The precision in the temperature is ± .1 C and the absolute error of the

chrome1-alumel thermocouples is ± I C.

III. RESULTS

Fig. 1 shows the dielectric constant of the plate perpendicular to the b-axis;

these data are obtained on cooling.

28

2*

o

"• 20

16

• Measured points
Landau theory

200 250 300 350
TOO

too

Fig. 1. Dieleatrie aonstant in the b-direction as a function

of temperature. The dashed line represents the Landau,

theory that is fitted tc the data.

The dielectric constant is nearly constant above T.. A small decrease can be

seen below T.. Close to T we observe a very steep increase of e. In the y-

phase e decreases again, but no large jump was observed although this transi-

tion is of first order. This may be caused by a very slow relaxation in the

transformation or domain wall motion. The latter effect certainly influences

the dielectric constant in the y-phase.

In fig. 2 we plotted e around T in cooling and heating runs. The difference

between the transition temperatures, corresponding to the two peaks, is about

3 times smaller than that found from neutron scattering2. In the latter

experiment the transition temperature is determined from the jump in the

length of the wave vector. A probable cause of this discrepancy is the different

shape and treatment of the crystals.
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i^. 2. dielectric constant in the vicinity of the lock-in

transition. Data are obtained in cooling and heating

vuns. On cooling the peak is at 200.8 K.

Fig. 3 is an enlarged plot of e near T.. It illustrates the smeared-out

character of this transition. Cooling and heating runs are in excellent

agreement, confirming the second order character of this transition.

10.9

10.8

10.7

10.6

10.5

• heating

o coaling

300 350 T(K) too iSO

Fig. 3. Behaviour of the dielectric constant around the

inaormensurate phase transition. Points are shown

from cooling and heating runs.

Regarding the susceptibility around T., one may wonder to what extent there

is an inclining background.
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Here, we assume that only one mode drives the transition and that all the

others can be regarded as background. From the temperature dependence of an

optic branch1 we expect a rise in e upon heating (using the Lyddane-Sachs-

Teller relation) of about 1% per 100 C. So, we will consider the raw data of

fig. 3 as representing the effects of the transition and disregard the back-

ground increase of e. In particular it is certain that the increase of e on

heating towards T. is not the normal behaviour of the dielectric constant.

Plates cut perpendicular to the a— and c—axis showed a similar temperature

dependence of e around T.. In these directions no peak at T is observed.

2.0

~ ' 5

o
b

or
1 0

0 5

•

°1 0 U D ISO 1W

I

30

Fig. 4. Spontaneous polarization as a function of temperature,

on cooling. The transition temperature is 201 K.

The spontaneous polarization as a function of the temperature is shown in

fig. 4. The large jump at T confirms the first order character of this

transition as found from neutron scattering2. One sees that the spontaneous

polarization changes only slightly with temperature, compared with the initial

jump. Below 130 K we were unable to obtain a good hystersis loop because the

coercive field sets too large below that temperature. Fig. 5a is an oscillo-

scope picture of the hysteresis loop just below T , showing already a coercive

field as large as 3kV/cm. Compared to normal ferroelectrics the spontaneous

polarization of .14 uC/cm2 is an order of magnitude smaller. But apart from

the magnitude of the spontaneous polarization the polarization reversal is

similar to a normal ferroelectric material.

After cycling five times through the transition we obtained the undistorted
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loop in the g-phase shown in fig. 5b (before tiiat, non reproducible distorted

loops were observed).

42.1 kV/cm

Fig. 6. Hysteresis loops at a frequency of 60 Hz.

a) Loop that was obtained at a temperature of 197 K.

b) Loop in the incommensurate phase Just above T at

at temperature of 204 K.

Clearly, it is easy to polarize the crystal close to T in the (3-phase, as

evidenced by the hysteresis loop. However this state of the crystal cannot be'

called ferroelectric because the height of the loop depends on the applied

field. No double hysteresis loop has been observed, but we conclude from

fig. 5b that the crystal becomes ferroelectric at high fields and is unable

to return to the unpolarized state at small fields. This can be caused by

a relaxation between these states which is much slower than the cycling time

of .02 sec.

We have drawn the dashed line in fig. 4 at the temperature where P becomes
s

independent of the applied field. That is to say, on lowering the field the

horizontal parts of the loop become smaller but the height of the loop does

not. This temperature can be well determined and the observed value of T is

201 K. This is in good agreement with the temperature of the peak in the

dielectric constant on cooling of 200.8 K.
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IV. DISCUSSION

Ihe dielectric anomalies we observe in Itt̂ ZnBri, are very small compared to

those in ordinary ferroelectrics, where the order parameter is the polarization

or at least transforms like the polarization. In the kind of improper ferro-

electrics that we consider, no coupling term linear in both the order parameter

and the polarization is allowed in the free energy. This is so because the

primary lattice distortion lacks translational invariance with respect to the

a-phase lattice.

Another consequence of the absence of translational invariance is the possible

presence of an infinite number of higher harmonics of the displacement wave-

It is one of these harmonics which gives rise to spontaneous polarization. ;

The effect of the higher harmonics on the length of the wave vector can be

qualitatively described as follows. At T. the crystal is able to lower the

energy by forming a lattice distortion which is nearly harmonic. As a conse-

quence, all local quantities will be modulated in accordance with the primary j

wave vector (or multiples there of). We expect in this situation that also

the free energy (considered as a local quantity) becomes a periodic function

of the coordinate along q .

If the free energy depends locally on the phase of the wave6'7, the crystal '

will try to enlarge the regions with a low free energy. This is always possible

by the formation of higher harmonics. Simultaneously, the wave vector becomes :

temperature dependent. On lowering the temperature the amplitude of the primary

lattice deformation increases. The regions of low free energy increase and '

finally the crystal resembles a domain structure. The phase of the wave is no

longer linear in the coordinate along q but remains for some distance at an

advantageous value and then rapidly changes to another. From this state the <

transition takes place to the commensurate phase and therefore it can be said -,

that the secondary lattice distortions drive the wave vector to a commensurate

value. On the basis of this qualitative argument we can explain the dielectric

anomalies.

In the a-phase the soft mode frequency decreases, at q = q , on lowering the j

temperature. The part of this branch at q * 0 is also slightly temperature !

dependent1, so we expect an increase of e on cooling as has indeed been

observed. Below T. the critical branch rises again, including q » ,0, thus j

causing e to decrease. J
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Also, the fluctuations of the amplitude of the wave may couple to the macro-

scopic field in the g-phase, since this mode transforms as the Aj representa-

tion. However, since the space group of the g-phase is nonpolar and the same

is true for an Aj mode, we can disregard this type of coupling. So, at T. no

dielectric anomaly is expected and indeed the observed effect is very small.

Further lowering the temperature increases the inhomogeneity of the crystal.

Close to T the locked-in domains strongly respond to an applied field Even

a small field stabilizes the locked-in regions with a polarization along the

field, thereby increasing the polarization. This effect accounts for the rise

in the electric susceptibility. The anomaly is small because only the higher

harmonics of the primary lattice distortion produce the macroscopic polariza-

tion.

A Landau expansion of the free energy on the basis of the foregoing argument

can now be constructed. Regarding the symmetry, it is known that the ferro-

electric polarization is in the b-direction and that the crystal is ortho-

rombic at 4.2 K3. Also the average structure in the B-phase has space group

Pcmn. This determines the space group in the y~phase as Pc2jn (with a tripled

c-axis). So, we must assume that the sequence of space groups is

a: Pcmn -* 0: (Pcmn)' •*• y: Pc2xn.

The prime at the g-phase space group means that some of the elements require

a reversal or a shift in the phase of the modulation wave8. Note that the

crystal has the same point group in the g-phase as in the a-phase.

An alternative sequence :

a: P212121 - <}: (n^^)' -> y: V2U

would account for the morfology of the crystals that are grown in the g-phase-

These crystals all have a point symmetry 222, thus lacking the mirror planes.

For the present discussion we will use the prototypic space group Pcmn, because

the possible deviation from inversion symmetry is very small anyhow. Moreover,

crystal morfology is not always a reliable indication of the point group

symmetry.

The primary order parameter is nj, whose absolute value is the thermal average

of the amplitude of the soft mode. The atomic displacements in the harmonic

approximation are:
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for atom of the type K in the 5.-th unit cell; e(qQ) is the soft mode eigen-

vector. We may write: 7\l = riiexp(i((i1) and similarly for the secondary order

parameter which is a polarization wave with the periodicity of the third

harmonic: n2 = n2
exP(i'))2) •

Translational invariance requires the lowest order coupling term to be of

third degree in ni : fijf̂ . As follows from the symmetry of the wave vector,

n2 transforms like Z3 if nj transforms like I2.
 T h e 22 a n d S3 modes are

polarized in the b-direction (see Table I for representations).

Table I. Representations of the group of q - MO with Pcmn as the crystal
-y •*>•

space group; X - exp(iq.c/2) = exp(i^v).

The polarization of the modes is indicated by the translations of

the atoms that lie on the mirror plane. The rotations of the

tetrahedra are complementary to these in the sense that an (a, c)-

polarized mode shows rotations of the tetrahedra about the b-axis

and conversely a b-polarized mode has rotations about the a- and

c-axis.

2-

T.2

£3

{e|000)

1

1

1

1

.c2jm»

X

X

-X

-X

X

-X

X

-X

(oJiOO)

1

-1

-1

1

Polarization

(a, c)

b

b

(a, c)

For our purpose it is sufficient to consider an integrated form of the free

energy. At the end of this section we will discuss the implications of the

dependence of the free energy on the local phase of the primary lattice

distortion.

Thus, we confine the discussion to a form of the free energy expansion pro-

posed by Aizu9 for (NHit)2SOi( and applied to K2Se0i, by Iizumu et al.
10.

The essential feature of this free energy is the polarization wave which is
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treated as a secondary order parameter. Iizumi et al. emphasize this point

but Aizu denies the existence of such a wave in the modulated phase.

Therefore Aizu uses this form of the free energy in the commensurate phase

only11.

We extend the model of these authors in order to include the coupling to the

macroscopic electric field. For that purpose we introduce the coupling between

the macroscopic polarization and fji and n2> respectively. The former type of

coupling describes the effect of the temperature dependence of the soft branch

and the latter gives the coupling to the locked-in domains. For T > T we

get, up to sixth degree in the primary order parameter:

2 h 1 6 2 i 4
F = F + jAjrii + sCjrii + 7Djnj + A2H2 + 2C2I2 +

+ B cos(3d>i + <j>?)Ti?ni + 5A P 2 + tC P 4 + iB P2ni +p * .t 1 .. p p o 4

- I B J P 2 ^ - PE (2)

where: A: = ax(T - 1^) + 6i(6 - 6 )
2

^2 = a2 + $2.$

A = a + 0 &2
P P P

and 6 = T - q/c ,6 = r - q (T.)/c . The coefficient of the term quadratic

in the primary order parameter has been chosen in such a way that for T = T.

the free energy has a minimum at q = q - The secondary order parameter belongs

to a branch of which the dispersion near q = 0 is given by 62- The quantities

P and E are the macroscopic polarization and the macroscopic field respectively.

From minimization of the free energy we obtain the following values of nj, 112

and (3<f)j + $2) •

2 Bp 3
Til = ~^1'^1 * ̂ 2 ~" "5^ Hi t (3<J» 1 + $2) — nTr•

Here the usual approximations have been applied in order to obtain the

temperature dependence of the order parameters. Note that ri2 has to be small

since it is proportional to the cube of m - From minimizing F with respect to
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6 we find:

S 1 - ae

6o 1 - ae + be3

where: e = T - T.

(3)

and b =a + and b .
<*2C

2 Cj O201C!

_i 32F
The electric susceptibility is obtained from: x = as:

3P2

(where the terms containing the small coefficients 3i, &2

have been neglected).

The free energy expansion in the -/-phase (when ri2 is identical to P) is:

+ M

3 2 1
+ B cosOpj + *2)niP + £B P2m - PE (5)

An interesting result is the indeterminicity in P because both values 0, IT

3F
09

3F
of the phase angle yield rr = 0 and

09

—— > u ^9 — J9x + <P2/ •

This phenomenon of two possible orientational states (+P, -P) which can be

switched by shifting the primary wave 1/6 of a period is the mechanism of

polarization reversal.

Note that in Eq. (5) the coefficients of P 2 and P1* are twice as small compared

with the coefficients of ri2 and n2 in Eq. (3), because fi2 has two arms in

the star: -36 and +36 whereas P has only one. This is the reason why the

B
P 3 f-

We o b t a i n h e r e : P = 7 ^ H i . C3d>x + $2) = n i 1 ' (*>) 1
P
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wave vector remains locked-in to the commensurate value.

The transition g •* y occurs when the free energies (2) and (5) are equal

in magnitude. The transition temperature can be estimated if one uses the

j approximate expression for the order parameter in both phases:

I 2 al Bl

I T > Tc "i - ̂  (T. - T) + ̂  (6 - So)2

9
T < T nl = 7T- (T. - T) + 7T-

c Cj I Cx

In both expressions the second term is neglegible compared with the first

if T : 1 . We retain up to sixth degree terms in m - The condition for the

occurrence of the transition can then be written as:

(7)

where e = T - T. and f(e) = 6/6 as given by Eq. (3).

Note that in the free energy given by Eq. (2) the terms containing P as well

as m or ri2 a re of higher degree in m than the sixth degree terms determining

Eq. (7). Therefore the coefficients B and B. cannot be related to T .

Consequently the fit of Eq. (4) to the observed data is rather arbitrary

because the increase of e near T is obtained by fitting B and B..

The origin of the divergence of e near T can be better understood from the

local form of the free energy mentioned before.

For that purpose we consider an order parameter of the form m " pexp(-i<|>),

where p is the amplitude of a distortion with wave vector 1/3 c and $ is

the phase of the modulation wave with respect Co this commensurate wave.

In the harmonic approximation <p changes as o.r (6 - 6 c ). The inhomogeneity

of the free energy can be described by a term of the form pncos(n<|>). The

symmetry of the lattice distortion allows only even order terms and trans-

lational invariance requires that n = 3m (tr • 1,2,3,...) because p corresponds

to a wave vector 1/3 c . Thus, the relevant inhomogeneous term is: p6cos(6ij>).
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The free energy is : F = jFdz,

F = V " - B*'P 2 + f(<fr')2P2 + 7P4 + TP6 + 2'P (8)

The gradient terms are included because the transition from the a-phase takes

place to a modulated phase with <(>' = 6 = B/B1.

Note that the free energy (8) is equivalent to the form (2) as far as the

primary order parameter is concerned. The free energy (8) is minimized with

respect to the phase if: ^ = im f o r D. < 0 ( 9 )im

f o r D,

As has been shown by Iizumi et al.9, the first choice yields a ferroelectric

and the second a ferroelastic state. In ref.9 tne symmetry was considered

for K2Se04. This compound has the same space group as Rb2ZnBr4, so we use

their results, based on the assumption that the a-phase space group is Pcmn

3a

»2«
S

I
s •
£

0

T»TC

£.0 JT**^
EM ,~C7^~J

/7T\ /TT\
^ \

ZIO

6. a) Continuum limit of a modulated crystal.

The phase angle of the wave with respeat to a commensurate

wave vector q = 1/3 a is drawn in the case of an

inhomogeneous free energy.

The dashed curve represents the effects of an applied

electric field.

b) Polarization corresponding to the phase which is drawn

in the above figure.
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and that the soft mode transforms like the £2 representation.

In Fig. 6 we illustrate the inhomogeneity of the modulated crystal on the

assumption of the continuum limit and D' < 0. Because of the advantageous

phase values (9) the phase of the wave gets modulated with a fluctuation:

sin(66z) and higher harmonics. From the above symmetry argument it

follows that the polarization in this state varies as drawn in Fig. 6. The

latter wave corresponds to the 36-wave that we introduced before as a secondary

order parameter.

Also indicated is what happens in an electric field. A small applied field

stabilizes the locked-in regions with the right polarization and thus the

crystal becomes polarized along the field. This costs distortion energy

because the amplitude of the higher harmonics increases. The response to the

field will be determined by a compromise between these counteracting forces.

The experimental evidence for the foregoing theory came from a neutron

diffraction experiment. We will now calculate the effect on the diffraction

pattern of an applied field, since a diffraction experiment is the most direct

way to test the present model. In a field, phase fluctuations will be gene-

rated proportional to: sin(36z), sin(6z) etc. In Fig. 6 the case sin(36z) was

drawn (p = 3). Amplitude fluctuations will be neglected since it may be

assumed that a phase fluctuation takes less energy:

00

<fi. = 6.rn + 7 A sin(np6.r\ ) and
n=I

We retain only the phase fluctuation with n = I:

S.r^) + Aiexp(-i(p + 1)6. ru) +

+ Aiexp(-i(l - p)?.rj, ))} (10)

(where J (a) is an n-th order Bessel function).



-108-

This result agrees with the application of local Landau theory to TaSe2.

McMillan6 derived from the symmetry of the lattice distortion a phase

fluctuation of the form sin(36z). Experimentally, Moncton et al.12 indeed

observed a strong second harmonic distortion of the primary wave.

Qualitatively, the iivergence of e near T can now be understood from the

presence of the 36 polarization wave. The appearance of such a wave is deter-

mined by the balance between the energy that the crystal can gain by locking

in to a commensurate wave vector and the energy loss due to distorting the

wave. Close to T it becomes more and more favorable for the wave to lock
c

in , which finally results in the transition.

Simultaneously, a small applied field can enlarge the locked-in, polarized

regions since the distortion energy becomes less important. Thus we conclude

that the 36 polarization wave is essential for an understanding of the peak

in e at T .

The integrated form of the free energy in Eq. (2) does not explain the peak in e

at T but is useful for an explanation of the lock-in transition. From the

more fundamental discussion on the basis of a local free energy we conclude

that one has to be reluctant to identify the secondary order parameter with

the third harmonic of the primary wave. The secondary order parameter should

be considered as a polarization wave having the same periodicity as the third

harmonic.

Recently, it came to our notice that Sawada el. al.13 had already observed

ferroelectricity in RbaZnBri,. These authors obtained roughly the same values

of P and E around T compared to our data. However, they misinterpreted the

behaviour of the hysteresis loop just above T . We have shown that the transition

at T is of first order whereas Sawada et. al. report a second order transition.
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CHAPTER 7 .

NUCLEAR QUADRUPOLE RESONANCE OF Rb 2 ZnBr 4

INTRODUCTION

In neutron scattering studies1 '2 i t was reported that Itt̂ ZnBr̂  has an

incommensurate phase below 82 C. The phase transition is characterized

by the appearance of a displacement wave with wave vector q = .292 c ,

(just below the transition temperature). Consequently, three-dimensional

periodicity is lost in the incommensurate phase although the high temperature

lattice remains prominent as the basic lattice upon which the modulation

wave is superimposed. In this situation the local surroundings of a particu-

lar atom vary from cell to cell, when going along q .

In a Nuclear Quadrupole Resonance experiment one measures a local property,

which is the electric field gradient at a particular type of nucleus.

We will describe a NQR-experiment in a high external magnetic field. That

is to say, the Zeeman splitting of the nuclear spin levels is large compared

with the splitting corresponding to the electrostatic interaction of the

nuclear quadrupole moment with the electric field gradient (EFG).

By measuring the dependence of the level splitting on the ditaction of the

sample with respect to the magnetic field, one obtains the electric field

gradient tensor at a particular type of nucleus. This is an accurate method

for the determination of the atomic site symmetry.

A NQR-morsurement may also give information regarding the time dependence

of the critical fluctuations near the transition temperature. The character-

istic frequency of the present experiment is the Larmor frequency of the

nuclear spin, which usually lies in the MHz range. Displacive fluctuations

are generally accompanied by fluctuations in the EFG-tensor and thus in the

electrostatic energy of the nucleus. The levels of individual nuclei will

be affected only by fluctuations with frequencies much lower than the Larmor

frequency. If the fluctuations are much faster than the precession of the

nuclear spin, all nuclei of a certain type will have the same level splitting

averaged over a precession period.

Hence, a NQR-experiment opens a frequency region which is inaccessible to

e.g. neutron spectroscopy. The experiment that we have done bears a quali-
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tative character; one can only say whether the frequency of the fluctuations

is much higher or much lower than the Larmor frequency.

When there is a incommensurate displacement wave the field gradient varies,

in the direction of q , with respect to the value in the basic lattice.

The form of a NQR-line that is observed in the incommensurate phase will

be given by the distribution function of the field gradients.

Assuming a sinusoidal displacement wave:

•* •*..-* -+o ^

u. = A sin(q .rn + <}> )

IK. K ^O IK T K

(where I numbers the cells, K designates the atomic type and r is the

position vector in the basic lattice) we see that the distribution function

of an interatomic distance has the form of an arcsine.

For small displacements one may assume that the variation of the level

splitting of individual nuclei, in the direction of q , can be harmonically

approximated. In that case one observes a broadening or splitting up of the

lines below the transition temperature, corresponding to a distribution

function which is approximately proportional to an arcsine.

The effect of the displacement wave on the EFG-tensor is expected to be

large since the field gradient is proportional to the inverse cube of the

interatomic distance. Variations in the interatomic distances of about .1 A

may lead to changes in the field gradient of about 30%, which corresponds

to a considerable broadening of an NQR-line. Probably this explains why an

attempt to observe a NQR-signal in Rb2ZnBr,( at room temperature was unsucces-

EXPERIMENTAL

The measurements were performed at the Kamerlingh Onnes Laboratory in

Leiden1*. The nuclear magnetic resonance spectrum is detected by a marginal

oscillator, a PAR HR 8 lock-in amplifier and a NIC 1072 signal averager.

The magnetic field was generated by a Varian 12 inch revolving magnet.

Field modulation was employed with an amplitude of 10 Oe. A varicap diode

produced the frequency sweep. At a magnetic field of 6.4 kOe one obtains

a Larmor frequency of the Rb 8 7 nuclear spin (I - 3/2) of 8910 kHz. This is

the resonance frequency in the absence of an electric field gradient.

The crystal was heated in a hot-air furnace, with the heater element outside
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the magnet poles, so as to minimize any interference of the heater with

the modulation field. The sample was a single crystal of I cm3.

RESULTS

The frequency shift corresponding to a transition —\ •* +5 can be written

as a function of the azimuthal and polar angles ij> and 6 of the magnetic
r

field with respect to the principal axes of the EFG-tensor (|v |>|v j»| Vxx[ >

as5:

v2

Av(-^.s) = -\ — {sin28{cos28 - | n c o s 2 6 cos2()> + 5 n2 (1 - sin2e cos22<Ji)} +
VL

- ^{sin^e + | n s i n 2 e ( l + cos2e)cos24> + |n2(4cos2e + sin'49cos22$)}}

(1)
V - V
xx yy

where n = n "• and v, is the Larmor frequency.
vzz L

The quadrupole frequency is given by:

VQ = (2>VQ = 21(21 - l)h (2>

in terms of the electric field gradient V = eq and the quadrupole moment

of the nucleus, Q. Only two parameters, v Q and n, are required since

V + V + V = 0 .
xx yy zz

The structure of Rb2ZnBri, has space group Pcmn (D~. ) in the normal phase

and it is known to contain two chemically inequivalent Rb-sites5. Both Rb-

ions have site symmetry m. Each of them occurs in two different orientations

generated by the c-mirror.

So, we expect to observe four spectra: two for each chemically inequivalent

Rb-site. In the (a,b) and (c,b)-planes the two spectra of each site coincide

because of the site symmetry, which fixes one of the axes of the EFG-tensor

and the fact that the c-mirror is orthogonal to b. The separation of the

spectra in the (a.c)-plane depends on the angle of the principal axes with

the crystallographic axes in this plane.

The observed frequency shift at T - 100 C is shown in Fig. I. The NQR-signal

turned out to be very weak but we succeeded in observing the angular depen-
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30 60 90 60 30 0
Magnet Rotation Angle(Degr)

Fig. 1. Measured and aalaulated frequenay shift of the resonance speatra

in the (a,a)-plane and (a,b)-plane at 100 C. The magnet rotation

angle is given with respect to the a and b axis, respectively.

The two spectra corresponding to Rb(2) aoinaide in the (a,a)-plane.

At a few angles a second line was observed for Rbll) which is

indicated by the asterisks.

dence of the frequency shift by averaging a few times over the spectrum.

In accordance with the known site symmetry of the ions, only two lines

were observed in the (a,b)-plane. In the (a.c)-plane we observed only one

line corresponding to the Rb(2) site which means that the principal axes

of the EFG-tensor virtually coincide with the (a,c)-axes.

Near the a-axis two lines were observed corresponding to the Rb(1)-spectrum.

At the other angles (i.e. near the c-axis), only one line was found, which

might be due to overlap of one Rb(I)-line with the Rb(2)-line. Anyway, the

angle of the principal axes of the Rb(i) EFG-tensor with the crystallographic

axes is small: : 3 . So we will ignore it in the calculation of v_ and T\.

The parameters v. and n were determined from the observed rotation diagrams

with the help of a simplex least squares procedure7, using Eq. (1).
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Table 1. Measured values of vn and r, and calculated values of y, eq and r\.

Also, the orientation is given of the principal axes of the EFG-

tensor with respect to the crystallographic axes. The charges on

the respective ions that we?e used in the calculation are: Rb ,

In ' and Bv ' . The angle <f> is the angle of the principal frame

of axes with the crystallographic a-axis in the !a,c)-plane; the

b-axis coincides with one of the principal axes of the EFG-tensor.

The atomic positions which were used in the calculation were taken

from ref. 6; eq is given in units v where v is the unit cell

volume in A3. The theoretical value10 of y for Rb is 51.

Rb(l)

Rb(2)

vQ(MHz)

3.14

2.!6

Measured

n

.88

.51

principal
axes

x,y,z =

z,x,y =

5°

0°

y

62

51

Calculated

eqc

10.35

6.33

n

.46

.44

principal
axes

x,y,z

z,x,y

9°

23°

The results are listed in Table 1. Also, the Eulerian angles of the principal

axes of the EFG-tensor with respect to the crystallographic axes were refined.

After refinement, all Eulerian angles were smaller than 2 (modulo 90 ) which

is about the inaccuracy in the orientation of the sample with respect to the

magnetic field. We conclude that the principal axes of the EFG-tensors nearly

coincide with the crystallographic axes.

Next, we measured some resonance spectra at lower temperatures. Only a minor

shift occurred in the line positions while significant broadening of the

spectra was seen. Below 60°C the lines completely disappeared.

It appeared that the Rb(2) spectrum disappeared at a higher temperature

(75°C) than the Rb(l) spectrum; the latter did so at 60°C. This suggests that

Rb(l) can be identified with the rubidium site on the pseudo-hexagonal axis6

and Rb(2) with the site on the pseudo-triad axis, because it was found in

ref. 6 that the latter has the larger displacement amplitude at room .. mp-

erature. So that probably its EFG-tensor is more strongly affected by the

modulation wave than the Rb(l) EFG-tensor.

Assuming that Rb2ZnBr4 is an ionic compound we may calculate the EFG-tensor

at the Rb-sites on the basis of a point charge model. In such a calculation
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the covalently bonded ZnBr4 groups present a difficulty since we do not

know the charges on the Zn and Br atoms. The charges on these ions will

therefore be varied, so as to obtain the best fit of the calculated to the

measured values of the EFG-tensor.

The quadrupole frequency can be related to the field gradient due to the

surrounding ions via the Sternheimer anti-shielding factor -y:

v = -yeq

where eqC is the field gradient due to all charges. The factor y measures

the enhancement of the field gradient eq by electrons which are close to

the nucleus8.

The quantity eqC has been calculated for RbaZnBri, using a computer program

for the evaluation of lattice sums, written by C M . Fortuin9.

With charges: Rb+ , Zn ' and Br ' we obtain a reasonable agreement with

the experimental data, as shown in Table 1. At least the direction of the

principal axes is approximately right as well as the relative magnitude of

the respective quadrupole frequencies of Rb(l) and Rb(2). The calculated

Sternheimer anti-shielding factor is not far from the theoretical value10

for Rb+I of y = 51.

The fore-going results depend rather strongly on the charge distribution

within the ZnBr,, group. If the charge on the Zn atom is taken lower than

+1, the principal axes of the calculated EFG-tensor come out wrong. Also,

the value of y would be much higher than the theoretical value.

The point charge model is probably a poor approximation in the presence

of the covalently bonded ZnBr^ groups. Therefore we do not expect a better

agreement between the experimental and calculated values of the EFG-tensor.

CONCLUSIONS

In principle the NQR-technique is a powerful tool in the study of structural

transformations. The atomic site symmetry can be very well determined with

this technique. Our experiment was only partly successful since the signal

is very weak in Rb2ZnBri», in spite of the fact that Rb 8 7 is a suitable NQR-

probe.

The weakness of the signal might be due to the large thermal motion at the
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temperature of the experiment which is much higher than the Debye-

temperature of 100 K1. An alternative cause might be disorder in the

crystals, caused by static defects. These effects may result in a weak

but sharp peak situated on a broad background. In the NQR-experiment one

measures the derivative of this resonance peak, yielding a weak but rather

sharp signal as is indeed observed. The present measurements support the

conclusion from structural data that the high temperature space group is

indeed Pcmn. This is of some importance since the crystals which are grown

in the incommensurate phase have point group 222, as far as their shape is

concerned. In that case the Rb-ions would have site symmetry 1 instead of m.

From an analysis of the average structure6 it was concluded that the average

displacement amplitude is constant on passing the transition temperature.

In the present experiment, the NQR-signal was seen to disappear below the

transition. The fluctuations above T are therefore much taster than 10 sec
o

whereas below the transition the displacement wave is static with respect to

10"7 sec.

The above result agrees with the findings from a neutron scattering study1.

In the latter experiment an overdamped soft mode was observed above the

transition with a relaxation time of about 10 sec, at 100 C. Below the

transition a sharp satellite reflection appeared corresponding to a long

range correlated, static displacement wave.
-2

Finally we mention that for related ions (CrOi, ) it was concluded from
structural data11 that the metal ion is nearly completely ionized. The

present results support the conclusion that the same goes for the Zn-atom
_2

in the ZnBri, group.
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CHAPTER 8.

INCOMMENSURATE STRUCTURAL PHASE

TRANSFORMATION IN Na2C03.

C.J. de Pater

R.B. Helmholdt

Abstvaot

Measurements are presented of the temperature dependence of a satellite

reflection and the length of the modulation wave vector, q , below the

incommensurate phase transformation at 619.5 K. This transition is of second

order and |qQ| is found to decrease steeply when approaching T .

Also, the critical diffuse scattering along q has been measured in the in-

commensurate and in the normal high temperature phase. Apart from a diffuse

peak at qQ, a strong diffuse streak is observed extending from main reflections

in the direction of q . The energy spectra of this diffuse scattering are

overdamped with a q-dependent width. The diffuse scattering is in evidence

of a soft transverse acoustic branch in the 6-phase. At high temperatures

the branch is soft over a large distance along qQ. On lowering the temperature

it hardens but softens again at q , thus giving rise to the incommensurate

structural deformation.

Below 300 K the temperature dependence of the components of q has been measured.

In this temperature range the sum of the components is constant: qi + q3 = J.

At 130 K the wave vector locks in to the commensurate value q = 1/6a + l/3c .

It is shown on the basis of Landau theory that the commensurate phase is

nonpolar.
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I. INTRODUCTION

It has been known for a long time that Na2CC>3 has a modulated structure at

room temperature1. The discovery of this interesting kind of superstructure,

from an X-ray powder diagram, was followed by a determination of the average

structure2. The average structure, that corresponds to main reflections in the

diffraction pattern, consists of smeared out or split up atoms. A complete

and accurate determination of the crystal structure, in the modulated phase,

has been carried out by van Aalst et al.3. Their study showed that the lattice

can be described by assuming a monoclinic basic structure (space group C2/m),

with a superimposed harmonic displacement wave.

At room temperature, the deformation is characterized by a wave vector

q = qja + q3C where qi = .182(1), q3 = .318(1). The wave is polarized perpen-

dicular to the mirror plane and the amplitude of the wave is about .3 A.

At room temperature the structure of Na2CC>3 is pseudohexagonal and above 763 K

the crystal becomes hexagonal (the a-phase)• Between 763 K and 619.5 K the

symmetry is monoclinic (g-phase) and below 619.5 K the modulated phase appears '.

(y-phase). In the present paper we will report the existence of still another

phase at low temperature: 6.

In the family of modulated dielectrics with formula A2BX (n = 3,4), NajCOs

is the only crystal where the wave vector does not lie along a reciprocal

crystal axis. There is no obvious commensurate position in reciprocal space 1

as in tie case of KjSeOt/*, Rb2ZnBrit
5 or (NHi»)2BeFit

6. These compounds have a :

phase a: low temperature, below the modulated one, with a tripled or doubled :

c-axis. Such a commensurate phase with a low number of subcells in the super-

cell has not been observed in Na2CC>3. However, we found that at 130 K the

wave vector locks in to a commensurate position, (1/6, 0, 1/3), which results

in a 12-fold commensurate cell (since the centering translation is lost). We

will show that the 6-phase space group is P2/a. ;

The direction of q in the commensurate phase does not differ much from the

direction at room temperature. That is to say, q is still nearly perpendicular j

to the plane of the carbonate ion. The vector q remains at a rather general

position in the reciprocal plane and it seems for that reason that the anisotropy !

of this ion imposes the direction of q . Consequently, only the sixth order ,

satellites interfere in the {-phase, as compared with the interference of first |
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and second order satellites in the related compounds. Therefore, 6-N

still closely resembles a modulated structure.

In view of the very well ordered structure, as evidenced by the presence of

strong high order satellites in the modulated phase, Na2CO3 offers a good

opportunity to study the dynamics of a modulated structure. In this paper,

besides elastic neutron diffraction measurements only high temperature in-

elastic measurements are presented (i.e. near T ) , because they can be done

with the small crystals (about .1 cm3) presently available. The dynamics at

room temperature are still being studied.

' II. EXPERIMENTAL DETAILS

The experiments were done on triple-axis spectrometers at ECN (Petten) and

Brookhaven National Laboratory. Because of the small crystal size, we em-

: ployed at ECN an incoming energy of 60 meV in order to get a high intensity

with a small second order contamination in the beam.

i The higher flux at BNL allowed the use of 14 and 5 meV neutrons, where second

order scattering from the monochromator was removed by pyrolytic graphite or

'• beryllium filters, respectively.

,• Pyrolytic graphite crystals were used as monochromator and analyser and hori-

zontal collimation was kept rather course for most measurements in order to

• optimize the intensity.

We mounted the crystal by wrapping it in thin aluminum foil and glueing this

• to a post in a vacuum furnace. Temperature was stabilized to within .1 C

• while the absolute error was about 1 C. Low temperature measurements of the
I;
1 modulation wave vector were performed on the four circle diffractometer at
i

\ ECN (Petten). Temperatures between 300 K and 20 K were obtained in a helium

I flow cryostat7.

;•' The crystals were grown from an aqueous solution with NaCl, at a temperature

i of 380 K8. The shape of the crystals is platelike, perpendicular to the c -

! axis. Even at the growth temperature, which lies far below the transition to

| the hexagonal phase, twinning occurs with the individuals rotated ± 120 with

I respect to each other about the pseudohexagonal axis. Therefore, e.g. Che

| (310) and (020)-reflections of two individuals may lie close to one another,

I giving rise to spurious peaks near these positions.
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For the measurements we had to choose plates that consist mainly of one

individual and we carefully selected a region in reciprocal space that is

not contaminated by Bragg peaks from small individuals with a different

orientation.

III. THE INCOMMENSURATE TRANSITION ((5

Temperature dependence of satellite reflections

Between T and room temperature we made elastic scans along the direction of

the modulation wave vector, through the (040) main reflection. In this way we

obtained the integrated intensity of the (0401)-satellite as a function of

temperature (the indices of a satellite are denoted (h k 1 m) where m is the

index of the satellite). Simultaneously, the length of the wave vector is

obtained. Optimizing the reflection is rather simple since TO^O and q are

always perpendicular and the angle between q and c is nearly constant.

Fig. 1 shows the integrated intensity of the (0401)-satellite in the vicinity

of the transition temperature. The intensity goes to zero smoothly and no

hysteresis is observed, so we conclude that the transition is of second order.

Fig. 1. Intensity of the (0401)-satellite as a funation of temperature

on heating. The open circles represent data that were obtained

on cooling.

Only a very small diffuse peak is observed above the transition which makes
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it possible to accurately estimate T from an extrapolation of the points in

Fig. 1. We find a T of 619.5 K in this case whereas Tc = 625 K was observed

for the crystal that was used at BNL. These values are lower than the known

value of 633 K (from X-ray work9). The difference in the observed values of

T , and the discrepancy with the value from ref. 9 may be caused by defects

from the growth solution that are trapped in the crystals. We will scale all

our results to the first value: T 619.5 K.

•——-^~

• Haytran

ox-™*

f D.lfUM

Fig. 2. Length of the modulation wave vector q as a function

of temperature. The room temperature X-ray value was

taken from ref. 3.

The length of the wave vector between room temperature and T c is shown in

Fig. 2. At room temperature an accurate determination has been done with a

X-ray powder camera3. Our measurements agree very well with this result, as

shown in Fig. 2.

Diffuse scattering

The diffuse scattering around the transition temperature is shown in Fig. 3a.

These data were obtained from scans around the (040)-reflection. Just above

T c a small diffuse peak is observed that vanishes at about 10 degrees above T .

The small shoulders that are present on the sides of the peak are spurious and

probably due to small misoriented crystallites. They were not observed in

another crystal. Data taken with the latter crystal are shown in Fig. 3b.
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3. Diffuse intensity at temperatures close to T .

a) Scans around (040)-reflection, also showing the satellite

just below T . The shoulders of the satellite are spurious.

b) Scan around (310)-reflection at a temperature of 637 K.

Note the difference in q-saale with vespeat to Fig. 3a.

Here, we still observe a peak at 13 K above T at the position of the (3101)-

satellite. This difference may be caused by the diffuse background which gets

stronger at higher k-index. Therefore the position of the (3101)-satellite

is more favorable for the observation of the diffuse peak at q = q .

The diffuse scattering close to the main reflection was first observed by

Tuinstra10 in X-ray photographs. He showed that it has a rod-like shape in

reciprocal space. In Fig. 4 we present a contour map in reciprocal space of

the diffuse scattering around the (310)-reflection. Together with similar

measurements around the (040)-reflection this contour map confirms the rod-

like shape of the diffuse intensity distribution.

The diffuse intensity near q « 0 cannot be caused by order parameter fluctu-

ations. These should give ris^j^> scattering near q » q and thus correspond

to the peak in Fig. 3b. On the other hand the q « 0 fluctuations appear to be

coupled to the q « q fluctuations because the diffuse rod near q » 0 gets

much stronger close to T , as is plotted in Fig. 5. At 637 K the (OAO)-reflec-

tion was even broadened along q .
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UD

Fig. 4. Intensity contours of diffuse scattering near the (3101)-

satellite position, at T - 637 K. The coordinate along q

has been given in units of q at room temperature. The

reciprocal lattice distance i(310) = 2.434 X . The diffuse

scattering peaks at q = .7 x q (T = 300 K). The inset shows

the plotted part of the reciprocal plane with regard to the

origin.

T(KI

Fig. 5. Temperature dependence of the intensity of diffuse scattering

at q = .096 S. from the (040)-reflection, in the direction of q
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Also, we made energy analyses of the diffuse scattering for a number of

q-values at 637 K, which are shown in Fig. 6. We used an incoming energy of

5 meV for high resolution: the incoherent width was .15 meV (.036 THz). The

width in energy varies along the direction of q , with a minimum at q = .8

(in units of |q | at 300 K). The broadening increases at lower q-values.

From these scans it is clear that the soft branch is overdamped. We did not

make scans at higher temperatures because we do not expect the soft mode to

become underdamped in the 3-phase.

Fig. 6. Quasi-elastic energy scans at T = 637 K and at several distances

from thi main vefleetion (310) along the diffuse rod. The wave

vector q is measured in units of q at room temperature.

In the upper figure open circles are drawn that were obtained

using a longer counting time.

The integrated intensity with respect to energy of the inelastic scans roughly

agrees with the scans of Fig. 3b. So we think that the narrow peak at q * .8

is caused by a small damping constant at that wave vector, since the dependence

of the frequency on q is given by the integrated intensity. From the measured

profiles it is not possible to say much more about the soft branch because the

spectra are overdamped.
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Discussion

We mentioned before that the diffuse intensity near q = 0 is strong near

(OkO)-reflections and relatively the intensity is strongest at high k-index.

Thus we conclude that these fluctuations are b-polarized. This follows directly

from the inelastic structure factor of a branch j:

~* *•-*-* iO.r
inelvx'J' L v x K,J K

(where e . is the polarization vector of an atom of type < and b is its

scattering length). Since only the amplitude parallel to Q is observed, the

strong scattering near the (040)-reflection is caused by b-polarized fluctu-

ations. Consequently this mode belongs to the same representation as the soft

mode, see Table I for representations. Hence, for the present discussion we

will assume that the diffuse scattering at q : 0 an q : qo is caused by one

branch because if more branches are involved they will hybridize on crossing.

In terms of the soft mode model we can say that a branch near q = 0 is soft

in the (3-phase. From a powder diagram, taken at 673 K11 it was concluded that

the diffuse scattering diverges and leads to linebroadening. This linebroadening

in the 8-phase is still anisotropic and is elongated in the direction of qo-

Table 1. Representations of the group of the wave vector at q = (q.,0,q^).

The polarization indicates the type of translations in a mode.

Rotations of the CO^-groups are aomplementary to these, since

an (a, c)-polarized mode has rotations about the b-axis and

vice versa .

r1

q

r2

q

{e|0}

1

I

t a x,z ' 0 }

1

-1

Polarization

(a,c)

b

The decrease of diffuse scattering on lowering the temperature indicates that

the mode hardens. However, it softens again at q • q and the lattice is deformed

below 619.5 K by a wave that is characterized by q . In the modulated phase

the strong diffuse scattering disappears, and we conclude that the mode hardens
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over the entire Brillouin zone, including q * 0. That is to say, if the soft

mode is the b-polarized acoustic branch it will remain at zero frequency at

the zone-center but the slope increases. Of course, a similar argument may

apply to the point q = q .

There are several reasons to believe that the diffuse scattering is indeed

caused by a soft acoustic branch. We note in the first place that the diffuse

scattering is strong on main reflections, which is more easily explained by

an acoustic than by an optic branch. Secondly, the linebroadening in the

B-phase may be explained by the long range elastic effects of such a soft

acoustic branch. Furthermore the phases of the atomic displacements3 (as

given in Table 2 by the polarization vector) agree with a soft acoustic branch.

Table 2. Average positions and polarization veetor times the amplitude (in 8)

of the modulation wave in Na^CO, at ZOO K, taken from ref. 3.

Nal

Na2

Na3

C

02

01

.0

.0

.1706

.1641

.2897

.1016

.0

.0

.5

.5

.5

.2940

.0

.5

.7478

.2496

.1771

.2855

(0, .297e"5iri,0)

(0, .344e*57I1,0)

(0, .361e'52ili,O)

(0, .308e-4957li,0) j

(0, .134e-598iri,O) I

(.295eK3IiTi, .405e'47iri, .260eKI'

This can be shown by writing the displacements as:

Re {neK(qo)

In the limit qQ •*• 0 the atomic displacements are given by ne(q). The rotations

of the CO3 -group can be ignored because only homogeneous deformations are

allowed in an acoustic branch. Therefore, we consider only the displacements

along the b-axis. These displacements are characterized by an overall amplitude

of .3 X and nearly the same phase for all atoms. We conclude that the deformatio

is of acoustic nature and that the main manifestation of the rather short wave-

length (about 16 8) of the wave is the rotation of the CO3"-group.
'\
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Our measurements (i.e. Fig. 5) showed that the diffuse intensity around main

reflections gets stronger above T . This finally leads to linebroadening which

disappears in the a-phase. Therefore, the softening of the crystal against

waves with displacements along the b-axis and wave vector along q (corresponding

to strains &,, eg) seems to be related to the a •+ 6 transition. This, can be

derived from the symmetry change in the transition which involves a reduction

of the point group Dfth to C,. while the translation group remains unchanged.

Four representations can be connected with the a •* 0 transition. These are

the A. , E. , E- and B. representations. The A. representation contains
• g i g ^g i g i g

no lattice waves, E. contains rotational modes of the carbonate groups about

the x,y-axes, E contains translations of Na(3) and the C03~group in the basis

plane and B. contains translational modes which are c-polarized. The transition

is of second order or nearly second order. If it is truly second order the

order parameter should transform like B. since this is the only relevant

representation which does not allow a third order invariant in the Landau free

energy expansion.

However, it is found that the distortion in the monoclinic phase consists of

rotations of the C03~groups about the y-axis and a homogeneous strain, es-

Therefore we think that the primary order parameter of the a •+ & transition

transforms like E, (ec also transforms like E, ).
lg lg

Considering the long wave-length fluctuations of the order parameter we note

that for fluctuations with wave vector q along c the rotational mode, E , is

coupled to the acoustic mode which is polarized in the basis plane. This is

a consequence of the fact that both modes transform according to the same

representation of the group of q * (0,0,q)

Therefore a softening of the crystal against a E. mode will be accompanied

by a softening of the dji, elastic constant, irrespective whether es or a

rotational mode is the primary order parameter. Note that an essential condition

for the softening of Ci^ is the second or nearly second order character of

the transition, which is indeed observed since no jump of the cell parameters

occurs at the a •+ B transition9 .

! In the monoclinic phase the elastic constant, M(q) » pV(q)2, of acoustic waves

j propagating in the (a, c)-plane is given by the following equation:

j; |X - M(q)I | - 0
r
I where the symmetric matrix A has elements12:
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A x l = l2Citt, + n 2 C 5 5 + 2nlCi5
A13 = l2Cl5 + n2C35 + nl(C13 + C55)

A22 = 1
2C66 + n2Ci»4 + 2nlC46

A 3 3 = 12C55 + n
2C 3 3 + 2nlC35

*12 = *23 = °

where 1, n are the direction cosines of the wave vector (m = 0). The elastic
constant of b-polarized waves is determined by A22- The lowest value of the

2 l

elastic constant is: M = ( C C " C

Close to the transition M is small since Ci,̂  is small and C45 is zero in the

hexagonal phase. Waves polarized in the (a, c)-plane are neither purely trans-

verse nor longitudinal which means that tbij elastic constant for transverse

waves is not entirely determined by Ci^. In this way it can be explained why

only the b-polarized acoustic branch is soft in the g-phase

One may easily imagine that the observed linebroadening in the B-phase is

caused by large strain fluctuations which appear when the elastic constant, M,

is small. At lower temperatures M(q) rises which is reflected in the disappear-

ance of the linebroadening. What is left is the diffuse scattering around main

reflections, shown in Fig. 3a,b. The incommensurate transition takes place

when the crystal is still very soft for the shear waves that correspond to the

diffuse rod. In view of its temperature dependence (see Fig. 5) it was argued

that the shear waves are coupled to the incommensurate transition. Therefore

we think that the entire transition sequence in Na2CO3 , i.e. a -* g -• y, is

due to the coupling of several order parameters.

IV. THE LOCK-IN TRANSITION

Results

In view of the general position of q in reciprocal space, the components of

the wave vector cannot be determined with a planar instrument, such as a triple-

axis spectrometer. Thus, we used the four-circle diffractometer for the low

temperature measurement of q . Unfortunately this instrument is programmed for

integral reflection indices, so the lattice had to be described with a super-

cell. We chose: a1 » 6a, b1 » b, c' * 3c. At a few temperatures 13 main re-

flections and 13 satellites were optimized. After evaluation of the orientation
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matrix from the main reflections, the modulation wave vector could be calcu-

lated from the measured angles of the satellites. This procedure could be

employed since both 6 = q - q (q = l/6a + l/3c ) is small and the resolution

width of the instrument is rather large. Thus, the satellites could be located

and optimized, even in the incommensurate phase.
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Fig. ?. Position of q_ in the (a , a )--plane. The temperature dependenee

of a , a and B is ignored.

A: 470 Kj B: 270 K, C: 300 K, D: 29b K, E: 276 K, F: 235 K,

G: 200 K, H: 175 K, I: 120 K, J: 20 K and K: 4.2 K.

In Fig. 7 the measured wave vector is plotted in the reciprocal plane. In the
It 1tt Ik

figure the changes of a , c and 3 on cooling have been neglected; which does

not introduce much of a distortion since these changes are small.

At 20 K and 120 K the wave vector is commensurate within the error of the

measurement. Since the value at 175 K deviates from q we conclude that the

lock-in transition must be between 120 and 175 K. In order to locate the

transition, x~ s c a n s were made of the (3101)-satellite. This satellite was

chosen because it is strong and has a low 6. In this case a x~scan is most

sensitive for a change in q , since the x~axis is perpendicular to q . The

result is plotted in Fig. 8, indicating a transition at 130 K.

A possible effect from a change in the crystal orientation can be ruled out

because the position of the (310)-reflection was constant. The change of the

cell sides can be ignored in this temperature range, so we are rather certain

of the transition temperature. On the other hand it might be dangerous to

attach too much weight to these scans of one satellite. Still, it can be
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153.0

152.5
J1%chongein c-axis
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T<K)

190

temperature q lies at a general point in the plane

temperature q remains on the line

Fig. 8. Temperature dependence of the position of the (3101)-satellite

in a xscan.

certainly stated that no jump is observed on locking in to the commensurate

value, which points to a second order transition.

Another interesting feature of the low temperature results is the break with

the high temperature behaviour of qQ. On cooling, qj first increases while

below room temperature it decreases. Furthermore, between 619.5 K and room

= 0 , while below room

This may be considered to be a kind of lock-in because if qj + q3 = J the higher:,

harmonics of the lattice distortion have wave vectors 2q , 3q , 4q , ... which

occupy positions on the lines qj + q3 = | or I. This must be compared with the

general value of q when the points nq fill the whole plane. ;

In the 5-phase, a reduction is achieved in the number of different harmonics:

only the points 0, ±qQ , ±2qQ, ±3qQ, ±4qQ, ±5q and 6qQ remain. In Fig. 9

these points are drawn in the first Brillouin zone. Note that there are twelve

inequivalent vectors nq since a is not a reciprocal lattice vector, due to

the centering translation.

The condition q, + q, = i does not really reduce the number of higher harmonics (

but it does reduce the dimensionality of the incommensurate lattice distortion. •

In other words the wave vector is given by one parameter which is chosen as: •

A - t.~t /62 (where t = t at 300 K). In fig. 10 A is plotted as a function of •
o o o

temperature, where the open circles are obtained from the x~scans of the (3101)—^
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Fig. 9. First Brillouin Zone of NaoC0~ in the (a , a )-plane. The twelve

inequivalent wave vectors nq (q = l/6a + l/3a ) are drawn in

the BZ. The dashed lines represent the centered lattice; a is

half a reciprocal lattice vector if the centering is accounted for.

1.0

05 -

. • , o present work .

• x-ray powder
diagram

I .'
/ o

/ •

100 200
T(K)

300

Fig. 10. The parameter A = ?.?/62 as a function of temperature. The open

circles are obtained from x-scans and the closed ones from

averaging over IS satellites.
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satellite. The figure clearly shows the second order character of the lock-in

transition.

At 175 K the difference vector 6 corresponds to a wavelength of 600 8. Conse-

quently, one may consider the modulated crystal as a commensurate structure,

characterized by q , which is modulated with a wavelength of 600 A. In the

next section we will discuss the relevance of such a description.

Theoretical considerations

McMillan13 has analysed the kind of modulated structure described above and

pointed out that if the free energy density depends on the local phase of the

wave, qQ becomes temperature dependent. The reason is that the energy can be

lowered by increasing the regions in which the phase is perfectly locked-in,

i.e. where the phase changes as q .r. These regions can always be enlarged

by forming higher harmonics. In that way the wave vector qQ becomes a function

of the amplitude of the higher harmonics and thereby a function of temperature.

In order to determine the form of the free energy density, we consider the

transformation of a general polynomial in the order parameter, under the gene-

rators of the space group: {e|i(a* + b)}, {e|l(a - £)}, {e|c}, {l|0}and {a |0}.

Invariants can be of the form: Q n(Q*) n' or Q m + (Q*) m „ where Q = ne1* is the

order parameter which is written as the amplitude of a commensurate distortion

times a spatially varying phase factor. In the harmonic case: <J> = o.r.

Inversion symmetry requires n = n' and m = m', and translational invariance

requires m = 12 since {e|J(a" + b)}Q = Q e l q c ^ + ^ = Qe17r/6. As a result we

obtain an inhomogeneous term of 12th degree in n.

The free energy is written: F = /ds F, where s = |<T| , s* is chosen along ti

The free energy density is:

- I|n12cos(i2<j,).

The gradient term favors the modulated structure with: ̂ '»-r2-»fi,6« 02/01-

Amplitude fluctuations are neglected, i.e. terms containing -J-.
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1 Minimizing F with respect to § yields the following values of the phase:

x _ (2n - 1)
T2 < 0

Y2 > 0

12

HE
6

On the basis of these choices of the phase we can proceed now with the deri-

vation of the space group in the S-phase. For that purpose one needs the

primitive supercell of the commensurate structure, which is drawn in Fig. 11.

a) Y2>0

b) Y2<0

Fig. 11. Commensurate swpercell corresponding to q = 1/6 a + 1/3 a .
G

The location of the inversion centers in the subcell are shown

in the drawing for $ = 0. Note that in each drawing a shift n-n/3

can be applied to the phase.

a) Inhomogeneity parameter y~>0 with the two inequivalent phase

domains.

b) y9 < 0. In these drawings a shift 1/4 t has been applied.

The sides of the primitive supercell are given by:

A = & + 2c A* = 1/6 "a* + 1/3 c*

b*

t = -2a + c C* = -1/3 a* + 1/3

(A = 19.254, B = 5.231, C = 19.886 X, 8' - 125.59° at T = 4.2 K).

In order to determine the symmetry of the crystal it is sufficient to consider

a subset of atoms with the group properties. Me choose the two carbonate groups
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as such a subset. The relation between their polarization vectors is:

e_.(q) = -e.(q) ({I|O}K = -«).The atomic displacements can be written:

v ;
Writing the normal coordinate as:

. . • * • * •

Q = ne1* and e l q" r i' 1 |e"i(q) | = (a - ib) , one obtains for the pair:

ul,l = i{acos<j> + bsini))} and u_j t-i = n{~acos<|> + bsini))}.

Irrespective of the value of $, {a |A/2} is an operation of the space group

since u changes sign on shifting by (a + c). Furthermore, the centering trans-

lation is lost since the sixth order satellite appears at a wave vector a .

Now, we consider the inversion symmetry in the four cases:

<J> = 0, Y2' (,' A (•'"/^ *-s equivalent to $ = 0, etc.).

In the first case one has: uj,i = -u-i,-j and the inversion is {I|0}.

In the second case it follows that

ul,l = n(acos(Tr/12) + bsin(n/12)}, u-i ,-j =n{-acos(Ti/12) + bsin(n/12)}.

Clearly, a shift in the origin of the cell is required in this case by

{(.a + b). Similarly, it can be shown that for <J> » w/6 the inversion is {l|a}

and a shift T is required. Finally, for <J> = IT/4 the inversion is: {l|^a + -b}

and the origin must be shifted by ja + rb. The other phases give equivalent

results. In Fig. 11 the above results have been illustrated by the location j

of the supercell with respect to the basic lattice. *

The crystal has an inversion center for either positive or negative values 1

of Y2 (we ignore Y2 = O - Therefore, a ferroelectric commensurate phase is

impossible in the present case which is in contrast to the related compounds.

However, in the same way as in the ferroelectric superstructures two kinds

of domains may develop for a given value of Y2- I n t h e ferroelectrics the

domains have a different polarization. In Na2C03 the domains are characterized

by inequivalent locations of the inversion centers.

The space group of 6-Na2CO3 may also be derived with the help of the four-

dimensional space groups as introduced by de Wolff11*. We will also give this

derivation because of its elegance and general applicability.

In the incommensurate phase the symmetry operations of the high temperature

phase can be restored by introducing suitable phase transformations associated ;

with a threedimensional operation, see Table 3. 1
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Table 3. Four-dimensional operations of y-Na2C0,.

{ e | 0 } r 1 = r , *' = <1>

? ' = -r , < ( . • = -<J>

V {C2y|0} ?' = C2y? , *'=-<(, + n

\ {aXjj0} r' = ox>zr, *• = * + *

! {e|v} r1 = r + v, $' - $ - q.v

- * • s • * • • * •

The transformation of the phase associated with a translation v - »(a + b)

results in <j>* = <j> — STT/6, in the 6-phase (s is an arbitrary integer). So, we

require for the conservation of a symmetry operation on locking-in to q :

4>" = <f> - sir/6.

This leads to the conditions on s that are listed in Table 4. One sees that

s = 6 is a shift v * (a + c) * A/2. Therefore, the conditions lead to space

group P2/a in all cases. The origin has to be shifted, just as in the fore-

going, for <(> • TT/ 12, TT/6 and TT/4.

Table 4. Values of s for the inequivalent choices of $.

{e|0}

U|0}

{C2y|0}

{<Jx,zl°}

shift of

<(> = 0

0

0

-6

-6

0

4> - TT/12

0

I

-5

-6

{ ( a + &

$ • ir/6

0

2

-4

-6

ia

<f> - T T / 4

0

3

-3=

-6

| a + |g

There is some direct experimental evidence for the proposed theory because

measurements of the dielectric constant on a few crystal plates (approximately

in the (a, b)-plane) yielded a smooth decrease with temperature, as low as

4.2 K. Even if a dielectric effect would occur in the (a, b)-plane one expects

to observe a small peak at the transition temperature, due to a deviation of

the plate's orientation from the (a, b)-plane.
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Diseussion

At a certain temperature it is always possible to describe a modulated crystal

with a commensurate wave vector. It depends largely upon the number of subcells

in the supercell to what extent the deformation can be said to be incommensurate

For example, the modulated structure of Na2CC>3 at 300 K can be very well approxi-

mated with a 22-fold supercell. It would be impossible, however, to distinguish

it from an incommensurate structure.

In this respect 6-Na2CO3 is somewhere in between an incommensurate and a commen-

surate structure. Since the wave vector is temperature independent the commen-

surate description certainly has a physical meaning. On the other hand, the

difference with the incommensurate structure can only be determined from 6th

order satellites. Since these are weak it seems impossible to observe the

structural effect of the lock-in transition. Furthermore, the lock-in transition

does not induce a macroscopic effect, like the spontaneous polarization in the

related crystals.

The absence of spontaneous polarization may be the reason why the present lock-

in transition is continuous. In the crystals with a ferroelectric lock-in

transition, a polarization wave develops in the incommensurate phase with the

periodicity of the second or third harmonic. This leads to a considerable

difference in energy between the commensurate and incommensurate state. Such

a situation causes the transition to be strongly first order. In Na2CO3, the

energy difference between 6- and -y-phase is smaller because only a 12th degree

term is involved and no polarization wave exists in the y-phase.

However, the structure has a peculiar antiferro character because of the condi-

tion qj + q3 = J. Although the line qi + q3 = £ does not possess a special

symmetry, it seems to have a special significance since q remains on the line

below 300 K. The antiferro character related to this condition does not result

in antiferroelectricity on locking-in because the higher harmonic with wave

vector qi, which occupies the Brillouin zone boundary can be shown to be non-

polar. This result follows directly from the non-polarity of the commensurate

space group.
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Conelusions

Near the incommensurate transition it was observed that large shear fluctu-

ations at long wave-lengths appear which are coupled to the phase transition.

Thus, we can say that the incommensurate wave appears when the crystal is

more or less disordered along q . The incommensurate deformation wave also

has a shear wave character and therefore we think that a soft acoustic branch

is involved in the transition. The softening of the branch near q = 0 is

prominent at high temperature in the 6-phase and can be related to the hexa-

gonal to monoclinic transition.

At room temperature the disorder has virtually disappeared and the incommen-

surate deformation wave is well ordered. It can be approximately described

as a harmonic wave. It was found that a rather subtle lock-in transition

occurs at 130 K, involving a 12-folding of the basic lattice cell. The trans-

ition conserves the point group of the basic lattice, as was shown on the

basis of Landau theory. This result follows immediately from the symmorphic

character of the basic lattice space group. In contrast to the related com-

pounds which have a non-symmorphic space group and a ferroelectric commensurate

phase the free energy density can only have a minimum at the inversion centres

of the basic lattice. Therefore the phase of the modulation wave always locks

in at such a value that the inversion is conserved. Consequently, the lock-in

transition in Na2CC>3 has little meaning since no macroscopic polarization is

involved.
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CHAPTER 9.
DISORDERED STRUCTURE OF Na2C03 AT 400°C

C.J. de Pater

Abstract

The structure of Na2CO3 at 400 C has been refined from a neutron diffraction

powder diagram, in space group C2/m.

Also, the line widths have been measured in a high resolution X-ray powder

diagram. The broadened lines are shown to correspond to rod-like intensity

distributions in reciprocal space. In the (a , c )-plane all reflections

are sharp. Therefore, displacement fluctuations occur in the b-direction

which are strongly correlated in the plane perpendicular to the rod. A model

is presented that qualitatively explains the observed character of the line

broadening.

The structure shows strongly anisotropic smearing-out of the atoms, although

this does not correspond to the disorder. This can be understood from the

nature of the fluctuations, which diminish the Bragg peaks and give rise to

strong and rather sharp diffuse scattering peaks at the Bragg positions.

Thus, the total intensity remains nearly constant and in a structure refine-

ment the smearing-out, corresponding to the disorder, is lost.
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I. INTRODUCTION

Sodium carbonate possesses a modulated phase, like the structurally related

compounds l^SeOt, *, (NH^^BeF^ 2 and Rb2ZnBr4
 3. The modulated phase was dis-

covered at room temperature by Brouns et alif and it is stable below 360 C

(•y-phase). The structure of Na2C03 was determined at room temperature by

de Wolff and collaborators5'0. They found that the modulated structure is a

distorted variant of a monoclinic structure with space group C2/m. Presumably,

the latter structure is similar to the fS-phase structure which is stable

between 360°C and 490°C.

The distortion of the monoclinic basic structure at room temperature can be

very well described as a harmonic transverse wave which is characterized by

a wave vector that lies in the mirror plane.

A further result of the study of modulated Na2CO3 was the discovery, close to

360°C, of strong diffuse streaks extending from the main reflections7. The

streaks lie in the direction of the modulation wave vector and have a rod-

like shape. Measurements at different temperatures revealed6 that the diffuse

scattering is present in the B- as well as in the Y-phase down to about 300 C.

Moreover, the diffuse scattering increases in intensity at higher temperature

and line-broadening was observed above 370 C.

c) - T»tOO°C

b)

a)

1

T*360°C

TS300°C

1
0 q

Fig. 1. Sahematia -intensity profiles along q- at different temperatures

(taken from ref. 8), as measured at the (040)-reflection,

a) Low temperature ordered state. Each main reflection (q = 0)
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has satellites at ± <?„.

b) Main reflection and diffuse scattering, which consists of a broad

distribution extending from the main reflection and peaks at ± qQ.

For clarity's sake the magnitude of the diffuse intensity is

exaggerated with respect to the magnitude of the main reflection.

In reality it is about 30 times smaller on this scale,

a) Sharp diffuse peak at q = 0 and broad diffuse scattering distribution.

The Bragg peak is diminished by the very large Debye-Vlaller factor.

In Fig. 1 the diffuse scattering and line-broadening along the modulation

wave vector are indicated, as observed at the (040)-reflection8. Note that

the width of the sharp diffuse peak in Fig. lc is much smaller than the width

of the diffuse streak. The strong diffuse streak can be interpreted as a soft

phonon branch. When the fluctuations in such a branch become very large the

Bragg peaks are diminished while the diffuse intensity is enhanced. If this

diffuse intensity is sufficiently localized in reciprocal space, one inter-

prets it as a broadened line in a powder pattern.

We will compare these assumptions with the experimental results, i.e. the

character of the line-broadening and the structure determination. The main

motivation for our study of the B-phase structure is its relationship with

the modulated phase. From the neutron scattering studies it was concluded

that the diffuse scattering around the main reflections and the diffuse

scattering around satellites may be caused by the same soft dispersion branch.

In that perspective a study of the atomic displacements in the 3-phase might

give some information about the mechanism of the structural deformation in

the v~phase.

II. EXPERIMENTAL AND ANALYSIS

Neutron diffraction data have been collected on the powder diffractometer

at the HFR in Petten. The diagram was taken at a wave-length of 2.57 & obtained

from the (111) planes of a copper crystal. The horizontal divergence was

defined by 30' collimation slits in front of the monochromator and in front

of the counter. A block of pyrolytic graphite with a thickness of 10 cm was

employed as a second order filter. The instrument has a range in 26 of 140 .

In this range one finds for 6-Na2CO3 about 80 reflections.
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Structure refinement was done with the profile method9, that uses thn entire

diagram without resolving individual integrated intensities. Therefore, the

refinement is done on the sum of the squared differences between calculated

and observed profile.

At 400 C the powder diagram shows line-broadening, which can be interpreted

as a rod-like form of the Bragg-peaks in reciprocal space. The rod lies in

the mirror plane and makes a small angle with the c-axis. This special kind

of line-broadening was incorporated in the profile calculation and we obtained

a reasonable description of the lines on the assumption of Gaussian broadening.

In order to accurately determine the character of the line-broadening, an

X-ray powder diagram was taken with a Guinier-Simon camera. The extremely

good angular resolution of this instrument allows an accurate determination

of the line-widths. An analysis of this diagram was done with the computer

program written by Sonneveld10.

III. RESULTS

In Fig. 2a the line-widths are shown that were obtained from the X-ray diagram.

Also, calculated line-widths are plotted which were obtained by fitting a

model to the data. This model is based on a few obvious features of the

observed line-widths. In the first place all reflections (hoi) are sharp.

a,

.* .

2

I.

T"*OI*C

x>i.s<ss X
• MEASURED

• CALCULATED

I |

rt
rt

•

1 1 1 1

v*>*>

31 (• SI (I
t-IHETAlOESREESI

Fig. 2. Calaulated and observed line-widths as determined from, an X-ray

powder diagram,

a) Line-Widths as a function of two-theta. The indices of a line
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hxve been written next to the corresponding data point. The

dashed line is the instrumental resolution.

b) Observed line-width as a function of oalaulated line-width.

The line represents A = A . The open circles correspond to

reflections (hOi) and the dots to refleavions with, k ^ 0.

Secondly, the broadening becomes larger at higher scattering angles. We made

the ansatz that the intensity distributions in reciprocal space are rod-like

(with direction q ), and the lengths of the rods increase with k-index.

The averaging of this distribution over all crystal orientations yields a

width proportional to cos ij>, where $ is the angle between rod and scattering

vector.

Thus, we write: A2 . = H2 + A2 (1)

and as will be shown in section IV: A = C tan9 cosij> cosa (2)

Where A - is the observed line-width, H is the instrumental resolution
total

that we write as: H 2 = A + B tan29 and a is the angle of the scattering

vector with the b-axis.

The data in Fig. 2a and Fig. 2b are fitted to Eqs. (1,2) with constants:

A = .015 deg2; B = .01 deg2; C = 1.52 deg and cj> = 8.5° which is the angle

of the rod with the c -axis, the angle with a is S - $ .

Next, we refined the structure in space group C2/m. The resulting R-factor

was 15%. This result was quite unsatisfactory since the expected R-factor

was 5%. A further attempt was made by describing the expected disorder with

a split atom model. For this splitting-up the symmetry of C2/m allows two

different modes. In one of them the atoms that lie in the mirror plane shift

perpendicular to the plane and in the other, these atoms shift parallel to

the plane. We refined the atom positions with both kinds of splitting-up.

In these refinements some of the atoms moved towards the mirror plane. So,

we put these atoms in the mirror plane. The R-factor that was obtained on

the basis of the split-atom model was 7% and one sees from Fig. 3 that the

overall fit to the measured profile is good. In the model with split-up atoms

23 positional parameters are used, while the first model had 10 parameters.

The large difference in the R-factors for both models confirms the significance

of the splitting up.

We applied an overall isotropic temperature factor, corresponding to an average
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Fig. 3. Neutron diffraction powder diagram of Na^O^ at T = 400 C.

The calculated profile is fitted to the raw data minus a

graphically determined background.

thermal amplitude of .3 A.

Fig. 4 shows the crystallographic projection on the (a, c) and (a, b) planes.

Table 1 gives the corresponding atomic coordinates.

Clearly, the splitting up of the atoms is predominantly in the mirror plane.

The Na(2) and Na(3) atoms have large shifts in the direction of the a- and

c-axis, respectively. The oxygen atoms also get a large shift in the c-direction

and only 0(2) shifts somewhat perpendicular to the mirror plane.

The observed smearing-out of the atoms roughly agrees with the thermal displace-

ments of the atoms in the cc-phase with respect to the ideal hexagonal structure11

A test on the accuracy of the structure refinement is the shape of the carbonate

ion, which is known to be very rigid. The group is defined by the average C

and O-positions. The average ion is planar, in spite of the large splittings.

In Table 2 it is seen that the distance of the C-ion to the oxygen plane is

small and the angle O(3)-C-O(2) deviates only 2° from the ideal value of 120°. ;
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Fig. 4. Projections of the structure model on the (a, a)— and (a, b)-plane.

Shaded atoms in both projections correspond to one another.

The arrow points along the diffuse rods.

Table 1: Fractional coordinates of Na^CO. at 400°C.

Lattice parameters: a = 9.013(2), b - 5.237(2), c = 6.321(2) X,

6 = 96.82(2)°.

,. atom

•' Na(l)

'•': Na(2)

Z Na(3)

c

0(1,3)

% 0(2)

j' Overall

! • • = = = .

split

X

0

.025

.161

.174

.171

.156

.086

.122

.294

.274

temperature

atom positions

y

0

0

.5

.5

.5

.5

.305

.300

.54

.54

factor: Q = 4.

z

0

.533

.709

.801

.278

.224

.220

.330

.234

.161

Kl),

average

<x>

0

0

.167(5)

.163(5)

.104(1)

.283(5)

thermal amplitude:

positions

=y>

0

0

.5

.5

.303(3)

.5

u » .3 8.

<z>

0

.5

.755(5)

.251(3)

•275(5)

.198(5)

i
I
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Tahle 2: Distances and angles within CO^-group.

Distances (A)

C-0(l,3)

00(2)

0(l)-0(3)

O(2)-O(l,3)

Distance of C

1.175

1.152

2.064

2.000

to average

Angles

0(l)-C-0(3)

0(2)-C-0(l,

0-plane: .021

3)

8.

(degrees)

122.9

118.6

So, we conclude that the planar, triangular shape of the ion is confirmed.

However, although the three C-0 distances agree well with each other (see

Table 2), the observed value is smaller than the one found at room temperature6.

The discrepancy is due to the inherent shortening of this distance in a model

which approximates the curved distributions of the 0-atoms (due to librations)

by an ellipsoid. Taking this into account a C-0 distance is obtained which is

only 1% shorter than the one obtained at room temperature.

IV DISCUSSION

The observed line-broadening is characterized by a rod-like form of the inten-

sity distributions in reciprocal space and by a half width proportional to the

k-index. Thus, one may consider the crystal as being built up of plate-like

domains perpendicular to q , which are shifted with respect to each other

along the b-axis. Consequently, one might think of the disorder as stacking

faults12. On the other hand a stacking fault model is inappropriate for Na2C03

since it does not describe the gradual change from diffuse scattering to line-

broadening. Also, there is no rational vector along b by which subsequent

domains should be shifted.

Instead, we propose a model that is based on large displacement fluctuations13.

This model is particularly suitable in the present case because it can be

applied to both small displacements at low temperature (below 350°C) and large

displacements at higher temperatures. ;

In contrast to extended defects, like stacking faults, large fluctuations do ;'

not give rise to broadening of Bragg peaks but only decrease the Bragg peaks whiJ;
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the diffuse intensity is enhanced. For certain kinds of fluctuations the diffuse

scattering is for the main part confined to a very small volume of reciprocal

space. It is this diffuse intensity distribution that one interprets as a

broadened line.

In order to explain the character of the line broadening we introduce Coulomb-

like displacement fields of the form

u = , where e is a unit vector along the b-axis, r is
£ JO o t.x.

the distance of a cell SL from the cell t which is the center of a fluctuation

and 'Kr) is a direction dependent function.

The scattered intensity can be separated into two parts:

1 = 1 + 1
o

where I is the sharp Bragg peak and Ij is diffuse scattering (M » 1),

f is the average structure factor of a cell, N is the number of cells, v is

the cell volume and q is the difference between the scattering vector Q and

a reciprocal lattice vector.

T is given by: T = c£{l - exp(iQ<u . - util»))J
 an d 2 M is its real part (c is

the concentration of fluctuations). The vector Q is the scattering vector.

For the anisotropic displacement fields that we consider:

T = c'|Q|cosa Roo<<l|(Roj>'/Rj)ii«)> T h e function tj/ contains the plate-like form

of the correlations between displacements of cells, i.e. it is very small for

directions perpendicular to q and large along q .

Carrying out the Fourier transform (3), IJJ becomes a function of K defined by

q = <|q|.

The intensity distribution around a Bragg position in reciprocal space is

given by: i! (q)
q2 + (BQ cosa I|)(K))2

Averaging over all orientations of crystallites yields a Lorentzian line shape

in the powder diagram, as a function of

qi = ̂  coseCe - 9 ) : I,(qi) - BQ cosa cos* #

qf + (BQ cosa cos*)2
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The width of this curve is: 6qi = 2BQ cosa cos<J> and since Q = — sin6 we
A

obtain an angular width: 69 = B'tan9 cosa cosij). Note that this formula is

exactly the ansatz, given in Eq. (2) and Qcosa = kb .

Now, we see that the width of a line becomes 268 = Atan6 cosa cosifi if the

contribution from I may be ignored. In the present case the (hOJt) reflections

are given by the term I but at higher k-indices the diffuse distribution

seems to give a correct description of the observed profiles. In principle

one may expect discrepancies for lines to which both I and Ij give an appre-

ciable contribution. However, the factor tan6 limits this effect since the

diffuse contribution to these lines will be rather sharp anyhow.

On the basis of the fore-going argument one can also understand why the atomic

shifts in our model are predominantly in the (a, c)-plane. The optic modes

that contribute to the thermal amplitude in the (a, c)-plane do not give rise

to a peak in the diffuse intensity at Bragg peaks. However, the Bragg intensity

is weakened which is reflected in the structure refinement by smearing-out of

the atoms in the (a, c)-plane.

On the other hand, the displacements perpendicular to the mirror cause diffuse

scattering near Bragg peaks. In a structure analysis one does not discriminate

between diffuse and sharp contributions to a peak, resulting in an under-

estimation of the disorder along the y-axis. It is possible to roughly estimate

the amplitude of atomic displacements that is required in order to account for

the observed broadening.

From the very broad profiles of (h2£) reflections we conclude that the Bragg

part contributes less than 10% to these peaks. The average amplitude correspondir

to such a weakening of IQ would be u - .9 X. This result indicates that we

indeed underestimate the disorder in the crystal. For the present, a more

accurate analysis of the structure is hampered by the limited resolution of the

powder diagram. We cannot distinguish between I and I], which would be necessary

in order to do a better structure refinement.
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CONCLUSIONS

We have explained the observed line-broadening in the g-phase of Na2CO3 and

its relation to the structure model that we obtained from our data. Concerning

the displacements that are in the (a, c)-plane we have argued that they

correspond to a large anisotropic thermal motion.
2—

On the other hand smaller displacements, of the CO3 -groups only, were observed

along the b-axis. These are related to the suggested softening of the b-polarized

acoustic branch. We conclude that the line-broadening is associated with

disorder caused by large stresses in the crystal. Finally, we emphasize that

our conclusions are rather speculative, because the large anisotropic thermal

motion blurrs the effects of the disorder.

Still, the present study is in support of the suggestion of a soft transverse

acoustic phonon in the g-phase. Only a soft mode of this type would produce

the line-broadening since only long range effects cause line-broadening.

Moreover, the sharpness of (hOH)-reflections is an indication of atomic dis-

placements perpendicular to the mirror plane, which agrees with the polari-

zation of the soft mode that drives the B—y transition.
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CHAPTER 10.

STRUCTURE OF Na2C03 IN THE HEXAGONAL

PHASE AT 520°C

C.J. de Pater

Abstract

The hexagonal structure of Na2CO3 at 520 C has been determined from a neutron

diffraction powder diagram, in space group P63/mmc.

Large anisotropic thermal amplitudes are found, especially along the hexagonal

axis. Although large librations of the CC^-group are present, the structure

refinement shows that no free rotations of this group are possible at 520 C.
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RESULTS AND DISCUSSION

is known to have several phases which are structurally closely related

to the high temperature hexagonal phase1. The incommensurate phase is the

most interesting one and its structure was accurately determined at room

temperature2. The monoclinic phase which exists between 360 C and 490 C has

a peculiar kind of disorder which disappears at the transition to the hexa-

gonal phase^. In view of the relationship between the phases of 55a2CO3 a

determination of the hexagonal structure was undertaken.

Structure refinement was done with a neutron diffraction powder diagram. This

technique was chosen since we are mainly interested in the position of the

C03-group. A neutron diffraction experiment is then more suitable for structure

refinement rather than X-ray diffraction since in the former experiment the

C and 0 atoms have by far the larger scattering length compared to Na.

The diagram was taken on a diffractometer at ECN (Petten), using a wave-length

of 2.57 A. In the instrumental range 18 peaks were observed which show hardly

any overlap; see Fig. I.

-32500
to

! 26250

20000

137S0

7S00

1250

OBSERVED PROFILE
CflLCULATEO PROFILE

t i l l

25 50 75 100 12S 150
2-THETfl(0E0REES)

Fig. 1. Observed and calculated neutron -powder diagram of NaJOO, at 520 C,

The two -peaks at about 7S and 90 are from the sample container c

have therefore been omitted in the calculation.
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The data were analysed with the profile method1*. Refinement was done in space

group P63/mmc, starting from the ideal structure as given by Eysel5.

In order to describe the expected large anisotropic thermal amplitudes the

atoms were split up since the computer program has the possibility of assigning

an isotropic Debye-Waller factor only to each atom. In accordance with the site

symmetry, Na(l) (on the hexagonal axis) and Na(3) (on the triad axis) were

allowed to split up along the c-axis. The average oxygen atoms lie in mirror

planes perpendicular to c at z = \, and in planes perpendicular to a. Thus,

they were allowed to split up along c and perpendicular to the C-0 bond.

After refinement it turned out that the individual Debye-Waller factors were

nearly equal, so they were replaced by one overall Debye-Waller factor. The

result of the final refinement is listed in Table 1. The fit to the measured

profile is shown in Fig. 1.

Table 1. Atomio positions of NaJtO^ at 520°C. Standard deviations are

indicated in parentheses. For the definition of the R-factor

and the Residual, see ref. 4.

Atom

Na(l)

Na(3)

C

0

Fractional

X

.0

.6667

.6667

.413(2)

coordinates

y

.0

.3333

.3333

.154(2)

z

.030(4)

.312(2)

.792(2)

.812(2)

Splitting

.20(3)

.40(1)

.27(1)

.40(1)

amplitude in S

u(J_c)

.27(1)

Overall temperature factor: 5.9(2), u - .39(1) 8 (u - /B/4u2)

Cell parameters: a - b = 5.209(3) X

c = 6.526(4) X

a - 6 = 90°

Y - 120°

R(profile): 13%

Residual: 10
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A large thermal amplitude is found for the oxygen atoms perpendicular to the

C-0 bond. The R-factor on the basis of intensities depended critically upon

the splitting perpendicular to c since inclusion of this degree of freedom

resulted in a decrease of R by a factor of two; the final value was R = 8.5%.

Fig. 2. Structure model of NajCO, at 520 C in two projections. The splitting

of the atoms simulates the anisotropio part of the thermal motion

since an overall Debye-Waller factor was employed in the final

calculation.

In Fig. 2 the thermal amplitudes of the atoms are indicated by the splitting

which shows that the largest amplitude is along c. The oxygen atoms have a

larger splitting along c than the C-atom. Also, the oxygen atoms have an

important splitting perpendicular to c from which the conclusion can be drawn

that librations play an important role in the motion of the COa-group.

As usual, the C-0 distance is shortened in the present model with respect to

the room temperature value, since a curved distribution is approximated by

split positions. After correcting for the shortening, the C-0 distance becomes

1.23 8 which is AZ lower than the room temperature value of 1.28 %. Probably,

the remaining discrepancy is due to the crudeness of the structure model.
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Table 2. Interatomic distances corresponding to the atomic positions

in Table 1.

C-0 : 1.14(1) 8 (corrected: 1.23(1) 8 ) .

Na(!)-0(6x) : 2.48(1) X ; 3x0 at z(Na(l)) + | and 3x0 at z(Na(l)) - \.

Na(3)-O(6x) : 2.63(1) X ; 6x0 at z(Na(3)).

Na(3)-O(6x) : 3.46(1) R ; 3x0 at z(Na(3)) + \ and 3x0 at z(Na(3)) - J.

From the Na-0 bond lengths in Table 2 it is seen that the Na(l) atom is much

closer to its neighbors than Na(3), particularly in the c-direction. This

agrees with the difference in splittings that was found for these atoms.

The basis plane projection in Fig. 2 clearly shows that large librations of

the C03~group are picsent. However, there is no evidence for free rotations

of the group.

Recently, evidence was found in conductivity measurements6 for an order-

disorder transition at 620°C in the hexagonal phase of Na2CO3. The proposed

mechanism for this transition involved a free rotation of the C03~groups

about the triad axis. From the present work it can be concluded that such a

transition can probably be observed with the help of a neutron powder

diagram.

In the near future a structure determination will be done at higher temperature

in order to see whether the suggested structural change occurs above 620 C.
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APPENDIX I . DIELECTRIC MEASUREMENT TECHNIQUES

Dieleatvio constant bridge

For the measurement of the low-frequency dielectric constant a Schering-
type capacitance bridge (Rohde-Schwarz) was used, see Fig. 1. Measurements
could be done in the frequency range from 50 Hz to 100 kHz. As null-indicator
a lock-in amplifier (PAR model I29A) was used together with a selective
amplifier (PAR model 189). The lock-in amplifier enables the simultaneous
measurement of the in-phase and out-of-phase parts of the bridge output
signal, with respect to the applied voltage.

In this way one can easily detect small changes of the dielectric constant
of the sample without interference from changes in the conductivity. At
high temperatures (T > 350 K) frequencies above 5 kHz were employed in
order to minimize the effect of sample conductivity.

Fig. 1. Dielectric constant bridge with generator and null-indicator. The

generator (G) is a Wavetek model 180LF function generator and the

bridge (R-S) is a Rohde-Schwarz capacitance bridge. As null-

indicator a lock-in amplifier (LA) PAR model 129A was used with

reference channel (L-REF), pre-amplifier (L-PA) and mixer and

output channels (L-MIXJ. The pre-amplifier output signal is

filtered by a selective amplifier (PAR model 189). The lock-in

amplifier has two output channels for the in-phase and the out-of-

phase parts of the signal, with respect to the reference voltage.
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k

Ferroelectric hysteresis bridge

In the study of ferroelectric materials it is necessary to accurately

measure the charge on the sample as a function of the applied field.

In the ferroelectric state a hysteresis loop can be observed of which

the height (corresponding to the spontaneous polarization) and the width

(corresponding to the coercive field) are important for the characterization

of a ferroelectric material.

We used the modified Sawyer-Tower circuit1 for the display of ferro-electric

hysteresis loops on an oscilloscope screen. In principle one measures the

charge on the sample condenser as a function of the voltage over the sample,

which is usually a few times 103 V (corresponding to a field strength of

about 101* Vcm for a 1 mm thick sample). The original Sawyer-Tower circuit

consists just of a sample condenser in series with a large vacuum condenser,

as shown on the right hand side of Fig. 2.

SAMPLE

Fig. 2. Ferroelectric hysteresis bridge. The sample impedance is compensated

by C and R. The difference voltage from the differential amplifier

(DA) is displayed as a function of V on an oscilloscope. -The gene-

rator G supplies 0-4000 V (peak-^eak) at a frequency of 50 Hz.

The condenser Co is much larger than the sample capacity, yielding

y ~ sample' o

In such a circuit the voltage Vj is proportional to the charge on the sample:

Q CQ . The voltage is then displayed as a function of V , yielding

a hysteresis loop. However, unwanted distortion of the loop occurs due to

the sample conductivity and the sample capacity. In Fig. 2 the modified

Sawyer-Tower circuit1 is shown in which one compensates for the sample
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i.mpedance by adjusting R and C . Only the difference of Vj and V2 is

detected by a differential amplifier with a very high common mode rejection.

The generator supplies 0-4000 V (peak-peak) at 50 Hz. The schematic circuit

has been used for the design and realization of an accurate (1% error in the

spontaneous polarization) apparatus by W. Blonk and P. Oosterom.

Fuvna.ee and aryostat

For measurements between 300 K and 500 K a hot-air furnace was used which

is shown in Fig. 3a. This simple device allows an accurate and quick stabi-

lization of the temperature. The temperature is stabilized within +.1 K and

the absolute error in the temperature is ±1 K. This absolute error in the

temperature is due to the inaccuracies in the calibration of the chromel-

alumel thermocouple. The hot-air furnace was also used in the NQR-measure-

ments, with a larger tube between sample and heater element.

The cryostat, which is shown in Fig. 3b is used for temperatures between

77 K (liquid nitrogen temperature) and 320 K. The sample is attached to

a copper block on which a heater wire is wound. The cryostat can be evacu-

ated or filled with nitrogen gas. The precision in the temperature is

about +.05 K and the absolute error in the temperature is about 2 K due to

the error in the calibration of the chrome1-alumel thermocouple.
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o) b)

Fig. S. Sahematio drawings of the hot-air fwmaee (a) and the eryostat (b)~

a) A: aold air inlet, B: coaxial cables which are connected to

the sample surfaces,C: thermocouple wive, D: heater element,

E: sample.

b) A: pump tube, B: thermocouple, C: coaxial cables, E: soft solder

seal, F: heater element and aopper block, G: sample.

REFERENCES
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SAMENVATTING

Dit proefschrift behandelt experimenteel onderzoek van een ongewone quasi-

kristallijne toestand van bepaalde materialen. De struktuur in deze toestand

wordt gekenmerkt door een driedimensionaal periodieke basisstruktuur die vervormd

is door een statische verplaatsingsgolf. Het eigenaardige van de struktuur zit

erin dat de golf niet past op het onderliggende rooster zodat het kristal niet

driedimensionaal periodiek is. De golflengte en de amplitude van de modulatie-

golf zijn temperatuurafhankelijk. Bij verhoging van de temperatuur gaat de

laatste naar nul: er treedt een faseovergang op naar een normale kristallijne

toestand.

Om te zien wat er precies gebeurt bij de faseovergang zijn er uitgebreide

neutronenverstrooiingsexperimenten gedaan. Deze techniek biedt de mogelijkheid

om zowel de ruimtelijke atomaire rangschikking als de tijdsafhankelijkheid van

de atomaire verplaatsingen te bepalen.

Er zijn dielektrische metingen gedaan om de koppeling van de modulatiegolf met

het uitwendige elektrische veld te meten. Om een dergelijke reden zijn er ook

akoestische metingen verricht waarbij de responsie van het kristal op een

uitwendige mechanische spanning wordt gemeten. Tenslotte is er een kern

quadrupoolresonantie-experiment gedaan dat informatie geeft over de elektrische

veldgradient ter plaatse van een bepaalde atoomkern.

De laatste drie technieken zijn alleen gebruikt in het geval van RbzZnBri,, omdat

hiervan goede kristallen van enkele cm3 ter beschikking waren; van Na2CÜ3 waren

er slechts kleine kristallen (.1 cm 3).

heeft bij 355 K een faseovergang waarbeneden een modulatiegolf ontstaat

met een -bij verlaging van de temperatuur- geleidelijk toenemende amplitude.

Boven de overgangstemperatuur zijn er grote atoomuitwijkingen die gemiddeld

een golflengte hebben die overeenkomt met die van de modulatie golf beneden

355 K. Deze fluktuatiegolven sterven snel uit in de tijd: er is bij 375 K een

relaxatietijd gevonden van ongeveer 2*10 sec.

Uit de waarnemingen is afgeleid dat deze verplaatsingsgolven ruimtelijk slechts

gekorreleerd zijn over een paar interatomaire afstanden. Dergelijke fluktuaties

kunnen geïnterpreteerd worden als een zachte roostertrilling die vanwege zijn
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lage frequentie sterk gedempt is. De wanordelijke ?«:omaire bewegingen gaan

beneden de overgangstemperatuur over in een statis^ne golf met een golflengte

van iets meer dan drie maal de basisroosterafstand in de richting van de golf.

Bij ongeveer 200 K is er een tweede faseovergang waar de golflengte naar een

konnnensurabele waarde springt: drie maal de tralieafstand. Anders dan in de

gemoduleerde fase is de fase van de modulatiegolf ten opzichte van het basis-

rooster vastgelegd beneden deze overgang, die daarom wel insluitfaseovergang

wordt genoemd.

Bij de insluitovergang wordt het kristal ferroelektrisch. Dit wordt zo

geïnterpreteerd dat er, zolang de modulatiegolf een inkonmensurabele periode

heeft, zwevingen ontstaan die het karakter hebben van een polarisatiegolf.

Bij de insluitovergang gaat de zwevingsgolflengte naar oneindig, wat aan-

leiding geeft tot spontane polarisatie beneden de overgang.

Het is al lang bekend dat natriumcarbonaat bij hoge temperatuur een hexagonale

fase heeft en bij lagere temperatuur een normale monokliene en een gemoduleerde

monokliene fase. Op grond van neutronenverstrooiingsmetingen is er een verband

gevonden tussen de verschillende faseovergangen.

De hexagonale struktuur heeft grote thermische uitwijkingen van de atomen maar

is verder goed geordend. De overgang van deze fase naar de monokliene fase

kan beschreven worden met een spontane afschuiving in het (x,z)-vlak ( terwijl

de y-as langs één van de kristalassen in het basisvlak ligt). Uit de aanwezig-

heid van sterk anisotrope diffuse verstrooiing rond de reflekties blijkt dat

het kristal in de monokliene fase zacht is voor afschuiving langs de monokliene

as, wat direkt in verband kan worden gebracht met de faseovergang. Uit de

waargenomen lijnverbreding in de monokliene fase volgt dat men het kristal zelfs

opgebouwd kan denken uit wanordelijk ten opzichte van elkaar verschoven mikros-

kopisch kleine plaatjes.

Bij lagere temperatuur neemt de wanorde geleidelijk af en ontstaat er een

modulatiegolf, die ondanks de korte golflengte overwegend het karakter van een

homogene afschuiving heeft. De gemoduleerde struktuur kan men dus opvatten

als een synthese tussen de geordende hexagonale en de wanordelijke monokliene

struktuur.

Beneden 130 K kan de verplaatsingsgolf beschreven worden met een konmensurabele

golflengte. Er zitten hier echter 12 in plaats van 3 cellen van het basisrooster
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in één cel van de kommensurabele struktuur en er wordt bewezen dat er geen

spontane polarisatie kan ontstaan. De struktuur in de kommensurabele fase

verschilt dus weinig van die in de inkommensurabele fase. Daarom heeft de

! insluitovergang hier weinig betekenis.

i
;. De oorzaak van de huidige klasse van modulaties is nog niec vastgesteld, hoewel

;' de theorie van Fortuin -gebaseerd op de interatomaire Coulombkrachten- een

i' mogelijke verklaring geeft. Het probleem bij het zoeken van een.éénduidige

mikroskopische verklaring van de gemoduleerde fase zit erin dat het om zeer

'. subtiele veranderingen gaat van een gegeven kristalstruktuur. Men moet dus

eerst een grondige kennis hebben van de subtiliteiten van een kristalstruktuur

; . om de veranderingen ervan te begrijpen. Daarbij kan dan gedacht worden aan de

verdeling van de elektronen over de atomaire toestanden en de daarmee samen-

hangende Coulomb- en korte afstandskrachten. Voorshands kennen deze problemen

geen simpele oplossingen.

De betekenis van een onderzoek als het hier beschrevene moet dan ook meer

gezocht worden in het leggen van verbanden tussen de verschillende eigen-

schappen van de verbindingen in een struktuurfamilie, dan in het vinden

van de oorzaak van de modulatie.

Daarom wordt in de huidige studie een fenomenologische theorie gehanteerd

die slechts verbanden laat zien tussen faseovergangen, niet de oorzaak ervan

in termen van de interatomaire krachten.
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SUMMARY

The object of this thesis is an experimental study of a novel quasi-crystalline

state of certain materials. The structure in such a state is characterized

by a three-dimensionally periodic basic structure which is deformed by a static

displacement wave. The peculiarity of the structure is marked by the incom-

mensurability of the displacement wave with respect to the basic lattice,

resulting in a loss of three-dimensional periodicity. The wave-length and the

amplitude of the modulation wave are temperature dependent. Upon raising the

temperature the latter vanishes: a phase transition occurs to a normal

crystalline state.

In order to see what exactly happens at the phase transition, extensive neutron

scattering experiments have been performed. This technique offers the oppor-

tunity to determine both the spatial arrangement of the atoms as well as the

time dependence of the atomic displacements.

Dielectric measurements have been done to study the coupling of the modulation

wave with an external electric field. For a similar reason ultra-sonic measure-

ments have been performed, where the response of the sample to an external

rtress is measured. Finally, the nuclear quadrupole resonance technique was

employed to investigate the electric field gradient at a specific type of

nucleus.

The latter three techniques were employed in the study of Rb2ZnBri,, since good

single crystals with a volume of a few cm3 were available of this compound,

whereas only small crystals (.1 cm3) of Na2C(>3 were at our disposal.

At 355 K Rb2ZnBr4 has a phase transition where a modulation wave is formed with

a continuously increasing amplitude when lowering the temperature. Above the

transition temperature large atomic displacements occur having an average wave-

length which corresponds to the modulation wave-length below 355 K. These

displacement fluctuations have a very short life-time: at 375 K a relaxation

time was found of about 2*10 sec. From the observations it was derived that

the fluctuations are spatially correlated over a few interatomic distances, only.

Such fluctuation waves can be interpreted as a soft lattice vibration which

is overdamped in view of its low frequency.

Below the transition temperature the uncorrelated atomic diplacements change

into a static wave with a wave-length which is slightly longer than three
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basic lattice distances in the direction of the wave vector.

At about 200 K a second phase transition occurs where the wave-length jumps to -

a commensurate value: three times a lattice distance. Unlike the modulated

phase, the phase of the modulation wave is fixed with respect to the basic latti

below this transition, which has therefore been termed a lock-in transition. At

the lock-in transition the crystal becomes ferroelectric. This has been inter-

preted as a result of the appearance of beats in the incommensurate phase. The

beats bear the character of a polarization wave which becomes the macroscopic

polarization when the beat wave-length goes to infinity at the lock-in tran-

sition.

Sodium carbonate has long been known to possess a high temperature hexagonal

phase as well as a normal monoclinic and a modulated monoclinic phase at

lower temperature. On account of neutron scattering measurements a relation was

found between the phase transitions.

The hexagonal structure shows large thermal amplitudes of the atoms, yet it is

well ordered. The transformation of the latter phase to the monoclinic phase

can be described with a spontaneous shear strain in the (x,z)-plane, (where

the y-axis is along one of the crystal axes in the basis plane).

From the observation of strongly anisotropic diffuse scattering near the

reflections it appears tbat in the tnonoclinic phase sodium carbonate is soft

for shear stress along the monoclinic axis, which can be brought in connection

with the phase transition.

The fluctuations in the monoclinic phase cause line broadening so that one

may think of the drystal as consisting of microscopically small plates which

are disorderly shifted with respect to each other.

Below 130 K the modulation wave can be described with a commensurate wave-

length. Here, the commensurate cell contains 12 instead of 3 cells of the

basic lattice and it follows from the basic lattice symmetry that no spon-

taneous polarization develops in the commensurate phase. Hence, the commen-

surate structure differs only slightly from the incommensurate one. Consequent-

ly, the lock-in transition has little meaning in this case.

No theoretical explanation has yet been found as to the cause of the present

class of modulated structures, although the theory by Fortuin -based on the
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interatomic Coulomb forces- gives a possible explanation. The problem of

searching for an unambiguous microscopic explanation of the modulation lies

in the fact that an incommensurate transition involves very subtle changes

of a given crystal structure. First one should therefore possess

detailed knowledge of the subtilities of a crystal structure in order to

understand its changes. In this respect one should think of the distribution

of the electrons over the atomic energy levels and the corresponding inter-

atomic Coulomb forces and short range forces. For the time being these problems

have no simple solutions.

The significance of the present study should therefore be sought in relating

several properties of the members in a structure family, rather than finding

the cause of the modulation.

Therefore in the present study a phenomenological theory is employed which

merely illuminates relations between phase transitions, not their cause

in terms of interatomic forces.
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: scattering length
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: external electric field
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G(r,t): density correlation function
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