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SYNOPS IS
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by
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Under the Supervision of Profs A L Verma

There has been considerable interest in the study of metal
hexahydrate compounds containing cations ZPM(0H2)6;72+ and anions
ZTXF6_72-, where M is a divalent metal ion and X stands for Si
or T1 - a tetravalent element, in order to gain information about
the bonding and dynamics of water molecules in these solids,
Several of the hexahydrated fluorosilicates / M(OH,) SiF.; where
M = Fe, Mg, Mn, Co etc_/ and fluorotitanates sz(QHZ)GTiFG;
where M = Zn, Ni, Co, Mg etc_7 undergo structural phase transi-
tions at low temperatures in which the high temperature rhombo-
hedral phase generally changes over to a low symmetry phase. On
the other hand, the 2n and Ni hexahydrated fluorosilicates are
known to maintain room temperature structure down to 10k
/ Jenkins and Lewis, 1981 / whereas Ni and Zn hexahydrated
fluoro~titanates undergo structural phase transition at low

temperatures / Choudhury et al, 1983_/.
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In most of the hexaaquo-metal hexafluoro silicates, the
sziF6;72- ion has a Q molecular symmetry and, in the crystals
of space group Cgi, occuples a site of symmetry 031’ as for
example the salts of Ni, Z2n and Co fluorosilicate hexahydrates,
The other salts of the series belong to the space group ng and
the site symmetry of the / SiF,_7° ion in this type of crystals
is D3d zrhay et al, 1973_7. Moreover, the ZTM(OH2)6;72+ complex
has the molecular symmetry Th and occupies a site of symmetry Ciy

or D3d in the crystals of space group Cgi or ng. The water mole-

cules of the system have C2v molecular symmetry and also occupy
sites of symmetry C2v in both types of crystals. Most of the hexa-
aquo metal hexafluoro silicates and titanates have a trigonally
distorted CBCl type of structure and their unit cell has one formula
unit, In all the salts of the series there is a disorder in the
orientations of the [TSiF6_7Q- anions between two sites unrelated

by any symmetry element and with unequal occupancy. In the Fe and

Mg salts, there is a two-fold disorder in the Z—M(OHZ)G_-_?z+ complex
and for the Mg(0H2)681F6 salt, the high temperature space group

R 3m (ng) changes to P, 1/c (Cgh) at low temperature during phase
transition., The structure of the low temperature phase for most of
the members of the series 1is unknown, Although a good deal of work
has been reported on phase transitions in some members of the

series by X-ray /Datta et al, 1979_/, specific heat / Karnezos

et al, 1978), EPR / J. How et al, 1974 Rubins et al, 1976_/
and other techniques Z_Jenkins et al, 1981; Francis et al, 1977:

Poulet et a1,1978;7; the understanding of the mechanism of phase
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transitions is still obscure in this series of salts. In particular
one does not understand why among crystals of similar structure

and parameters only a few show phase transitions while others do
not? Moreover, some of the fluorotitanates of the series show two

phase transitions while others show only one?

In order to understand the dynamics of structural phase
changes in this family of salts, identify the low temperature phase,
understand the bonding of water molecules and their role in the
phase transition mechanism in these salts, we undertook systematic
Laser Raman studies on oriented single crystals at different
temperatures and infrared absorption measurements at room tempera-

ture on the following salts -

(1) CASiF, :6H,0 (i1) CATiF, :6H,0 and their deuterated analogues

i.eo (iii) CdSiF6:6D20 and (iv)CATiF._ :6D_.0O

6 2

We undertook systematic studies on these salts because, to
our knowledge, no literature was available on the spectroscopic
or the phase transition studies to arrive at a comprehensive
picture of the mechanism of phase transitions in these systems,
Although the process of growing single crystals of these salts is
very difficult, we undertook the preparation of constituent
materials and devised a method for growing single crystals in order

to explore their properties by spectroscopic methods.

In order to elucidate the mechanism of phase transitiomn, it
is important to understand the vibrational characteristics of the

system at both ends of phase transition and correct assignment of
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the bands is very important. We, therefore, undertook measurements
on single crystals of the gbove mentioned salts at various tempera-
tures., Specifically we studied in depth the internal modes of the
eriF6_72- and ZfTiF6_72- octahedra, internal and librational

modes of water molecules, variation of FWHM of some internal modes
and lattice modes and the variation of peak intensities of some
bands of these systems as a function of temperature. Tﬁe work in

this thesis is divided into the following chapters -

In Chapter I a brief review and discussion on various types
of phase transitions, crystal hydrates, anharmonicity, Fermi
Resonance, hydrogen bonding,isotopic substitution, previous vibra-
tional studies (IR and Raman) on some other salts in this series

and structural phase transitions on MXF6:6H20/6D20 single crystals

have been given.

The experimental aspects relevent for the present investi-
gation are given in Chapter 1I. A brief description of preparation
and purificétion of samples, modification in the solution method
for growing single crystals are discussed. A brief description
of the techniques used for recording Raman spectra at room tempera-
ture as well as at low temperature, the Ramalog 1403 double mono-
chromator, the Argon-Ion laser source, the helium cryo-cooler unit
and the method of deuteration of the samples are given ip this
chapter erhakur G, 1983_7.
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The Chapter III deals with the pertinent theoretical details
for understanding these systems, A brief description of the
structure of the crystals, group theoretical analysis, Bhagavantam's
method, local or site symmetry approach, correlation method etc are

explained for determining the vibrational modes, their activity
in the IR and Raman etc.

Chapter IV gives a detailed temperature-dependent Raman
spectroscopic study on single crystals of CdTiFG:EHZO. The Raman
spectra at room temperature and at 10k in all the six polarization
geometries are given., The IR spectrum at room temperature is also
given in this chapter. The Raman spectral data at different
temperatures at the intervals of 10k or 5k from room temperature to
10k are also given. The important findings on this system are

summarized as follows / Thakur and Verma, 1986_7 .

(a) The room temperature space group of CdT1F6=6H20 is Cgi (R 3).

(b) There are two structural phase transitions, one at 200k
and the other at 80k.

(c) The space group of the crystal below 80k is Cgh in monoclinic
series.

(d) The high temperature phase transition is triggered by
distortions in the /  cd(oH,) 7 ** octahedra.

(e) The low temperature phase transition is triggered by similar
distortions in the Z_T1F6_7Q' octahedra.

Chapter V deals with the detailed study on CdSiF6=6H20

single crystals which can be summarized as follows -
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(a) The Raman spectra in all the six polarization geometries

of the single crystals of the salt at room temperature and
10k,

(b) IR spectra of the salt at room temperature.

(c) Raman spectra of the single crystals at different tempera-~
tures at intervals of 10k or 5k from room temperature to
10k in the {x(yy)i} polarization geometry.

(@) Evaluation of peak intensity, measurement of FWHM of some
isolated bands at different temperatures,

(e) Assignments of bands at room temperature as well as at 10k,

From the above observations, the following conclusions are
drawn in this chapter / Thakur and Verma, 1989_7 -

(1) The space group of CASiF, :6H,0 at room temperature is
2 -

(2) A structural phase transition at about 220k. There is no

second phase transition as observed in case of Cd'I':l.F‘6 :6H20 .

(3) The low temperature space group of the system is most likely

C2h in the monoclinic series,

(4) The phase transition in this case is triggered due to
distortions in the /Cd(OH,)  7°" octahedra,

The temperature dependent Raman study of single crystals of
deuterated Cadmium fluoro silicate (CdSiF6:6D20) is discussed in
Chapter VI, The Raman spectra at room temperature as well as at

10k in all the six polarization geometries are given.



(vii)

Frequency shift, peak intensity and FWHM as a function of
temperature have been measured in this system. From the above
observations, we discovered a phase transition in this system at
235k which shows a rise of 15k in the transition temperature

compared to the hydrogenated system Z_Thakur and Verma, 1989_7.

The anomalous behaviour of A § 3, of :Ss (0-D) stretching mode
as a function of temperature from room temperature to 10k has

been explained in terms of various dephasing mechanisms,.

The low temperature space group of CdSiF6:6D20 is fourd to

be C2h which 1s the same as of its hydrogenated analogue

CdSiF6:6H20.

Chapter VII contains the study of the ¢crystal of CdTiFG:GDZO
at room temperature as well as at low temperatures in all the
six polarization geometries. The temperature dependent Raman
study of some bands including that due to the i%(OAD) mode has
been given in this chapter. We discovered two phase transfor-
mations in this system, at 218k and 110k / Thakur and Verma_/.
This shows that there is a rise in the phase transition tempera-
tures by 18k and 30k in the high and low temperature Tc's with
respect to the CdTiF6=6H2O salt. The space group at 10k is deduced
C2h which remains the samé as of the hydrogenated analogue, It is

concluded that the pure vibrational dephasing mechanism provides

a major contribution to the width of the symmetric stretching
mode QE(OAD)o
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Title : “Spectroscopic and Phase Transition Studies of Some

Hexafluoro Silicates and Titanates of Divalent Metals"

Ph.,D thesis

by

Ganesh Thakur

Under the Supervision of Prof A L Verma

There has been considerable interest in the study of metal
hexahydrate compounds containing cations ZPM(OH2)6_72+ and anions
éfXF6_72-, where M is a divalent metal ion and X stands for Si
or Ti - a tetravalent element, in order to gain information about
the bonding and dynamics of water molecules in these solids.
Several of the hexahvirated fluorosilicates Z M (OH. ) SlFe‘ where
iF

M = Fe, Mg, Vn, Co etc_/ and fluorotitanates / M OH ) 6

r*_

where M = Zn, Ni, Co, Mc estc / uncergo structurzl phase transi-
ticns at low <emperatures in which the high terperature rhombo-
hedral phase generally changes over toc a low symmetry phase. On
the other hand, the Zn anad I'i hexahydrated fluorosilicates are
known to maintein room temperature structure down to 10k

/ Jenkins and Lewis, 19¢1_/ where Ki and 2Zn hexahydratec
fluoro-titanates untsergo £t

ructural phase transition at low

temperatures / Choudhury et al, 1983 /.
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In most of the hexaaquo-metal hexafluoro silicates, the
eriF ;72 ion has a Ch molecular symmetry and, in the crystals
of space group Cgi' occuples a site of symmetry C3i' as for
example the salts of Ni, Zn and Co fluorosilicate hexahydrates,
The other salts of the series belong to the space group ng and
the site symmetry of the ZTSiF6_7Q- ion in this type of crystals
is D, zrhay et al, 1973_/. Moreover, the [~M(0H2)6_72+ complex
has the molecular symmetry Th and occupies a site of symmetry C3i
or D3d in the crystals of space group Cgi or ng. The water mole-

cules of the system have C2v molecular symmetry amd also occupy

sites of symmetry C2v in both types of crystals. Most of the hexa-

aquo metal hexafluoro silicates and titanates have a trigonally
distorted CsCl type of structure and their unit cell has one formula
unit. In all the salts of the series there is a disorder in the
orientations of the ZTSiF6_7Q- anions between two sites unrelated

by any symmetry element and with unequal occupancy. In the Fe and

Mg salts, there is a two-fold disorder in the Z_M(OH2)6:72+ complex

and for the Mg(OHz)GSiF6 salt, the high temperature space group

5 5 5
R 3m (D3d) changes to P2 1/c (Czh) at low temperature during phase

transition. The structure of the low temperature phase for most of
the members of the series is unknown. Although a good deal of work
has been reported on phase transitions in some members of the

series by X-ray Asatta et al, 1979_7, specific heat [fKarnezos

et al, 1978), EPR / J., How et al, 1974 Rubins et al, 1976_/
and other techniques Z_Jenkins et al, 198l1; Francis et al, 1977:

Poulet et al,1978_7; the understanding of the mechanism of phase
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transitions is still obscure in this series of salts. In particular
one does not understand why among crystals of similar structure

and parameters only a few show phase transitions while others do
not? Moreover, some of the fluorotitanates of the series show two

phase transitions while others show only one?

’n order to understand the dynamics of structural phase
changes in this family of salts, identify the low temperature phase,
understand the bonding of water molecules and their role in the
phase transition mechanism in these salts, we undertook systematic
Laser Raman studies on oriented single crystals at different
temperatures and infrared absorption measurements at room tempera-

ture on the following salts -

(1) CdsiF:6H,0 (ii) CATiF, :6H,0 and their deuterated analogues

O and (iv)CdTiF6=6D o)

[ . : D
ices (4ii) CdSiF6 6 2

2
We undertook systematic studies on these salts because, to
our knowledge, no literature was available on the spectroscopic
or the phase transition studies to arrive at a comprehensive
picture of the mechanism of phase transitions in these systems.
Although the process of growing single crystals of these salts is
very difficult, we undertook the preparation of constituent
materials and devised a métﬂod for growing single crystals in order

to explore their properties by spectroscopic methods.

In order to elucidate the mechanism of phase transition, it
is important to understand the vibrational characteristics of the

system at both ends of phase transition and correct assignment of
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the bands is very important. We, therefore, undertook measurements
on single crystals of the gbove mentioned salts at various tempera-
tures, Specifically we studied in depth the internal modes of the
[ 8iF,_7°" and [ TiF,_7°" octahedra, internal and librational

modes of water molecules, variation of FWHM of some internal modes
and lattice modes and the variation of peak intensities of some
bands of these systems as a function of temperature. The work in

this thesis is divided into the following chapters -

In Chapter I a brief review and discussion on various types
of phase transitions, crystal hydrates, anharmonicity, Fermi
Resonance, hydrogen bonding,isotopic substitution, previous vibra-
tional studies (IR and Raman) on some other salts in this series

and structural phase transitions on MXF :6H2Q/6D20 single crystals

6
have been given.

The experimental aspects relevent for the present investi-
gation are given in Chapter II. A brief description of preparation
and purification of samples, modification in the solution method
for growing single crystals are discussed. A brief description
of the techniques used for recording Raman spectra at room tempera-
ture as well as at low temperature, the Ramalog 1403 double mono-
chromator, the Argon-Ion laser source, the helium cryo-cooler unit
and the method of deuteration of the samples are given in this

chapter ZfThakur G, 1983;7.
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The Chapter III deals with the pertinent theoretical details
for understanding these systems, A brief description of the
structure of the crystals, group theoretical analysis, Bhagavantam's
method, local or site symmetry approach, correlation method etc are
explained for determining the vibrational modes, their activity

in the IR and Raman etce.

Chapter IV gives a detailed temperature-dependent Raman
spectroscopic study on single crystals of CdTiFGzBHZO. The Raman
spectra at room temperature and at 10k in all the six polarization
geometries are given. The IR spectrum at room temperature is also
given in this chapter., The Raman spectral data at different
temperatures at the intervals of 10k or 5k from room temperature to
10k are also given. The important findings on this system are

summarized as follows / Thakur and Verma, 1986_7 .

(a) The room temperature Space group of CATiF :6H,0 is Cgi (R 3).

(b) There are two structural phase transitions, one at 200k
and the other at 80ke.

(c) The space group of the crystal below 80k is Cgh in monoclinic
series,

@) The high temperature phase transition is triggered by
distortions in the /  Cd(0H,) .7 2¥ octahedra.

(e) The low temperature phase transition is triggered by similar
distortions in the éfTiF6_7Q- octahedra.

Chapter V deals with the detailed study on CdSiF6:6H20

single crystals which can be summarized as follows =



(a)

(b)
(c)

@)

(e)

drawn

(1)

(2)

(3)

(4)

(vi)

The Raman spectra in all the six polarization geometries

of the single crystals of the salt at room temperature and
10k,

IR spectra of the salt at room temperature,

Raman spectra of the single crystals at different tempera-
tures at intervals of 10k or 5k from room temperature to
10k in the {x(yy)z} polarization geometry.

Evaluation of peak intensity, measurement of FWHM of some
isolated bands at different temperatures.

Assignments of bands at room temperature as well as at 10k.

From the above observations, the following conclusions are

in this chapter [Thakur and Verma, 1989_7 -

The space group of CdS:i.]S‘6 :6H20 at room temperature is

2 -
c31 (R 3),

A structural phase transition at about 220k. There is no
second phase transitjion as observed in case of CdTiF6=6H20 .

The low temperature space group of the system is most likely
C2h in the monoclinic series,

The phase transition in this case is triggered due to
distortions in the /cd (OH2)6_72+ octahedra.

The temperature dependent Raman study of single crystals of

deuterated Cadmium fluoro silicate (CdSiF6:6D20) is discussed in

Chapter VI. The Raman spectra at room temperature as well as at

10k in all the six polarization geometries are given.
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Frequency shift, peak intensity and FWHM as a function of
temperature have been measured in this system. From the above
observations, we discovered a phase transition in this system at
235k which shows a rise of 15k in the transition temperature

compared to the hydrogenated system ZfThakur ard Verma, 1989;7.

The anomalous behaviour of A §y 3 of ’Ss (0-D) stretching mode
as a function of temperature from room temperature to 10k has

been explained in terms of various dephasing mechanisms,

The low temperature space group of CdSiFG:GDZO is found to
be C2h which is the same as of its hydrogenated analogue

CdSiF6:6H20.

Chapter VII contains the study of the crystal of CdTiFG:GDZO
at room temperature as well as at low temperatures in all the
six polarization geometries. The temperature dependent Raman
study of some bands including that due to the ié(OAD) mode has
been given in this chapter. We discovered two phase transfor-
mations in this system, at 218k and 110k / Thakur and Verma_/.
This shows that there is a rise in the phase transition tempera-
tures by 18k and 30k in the high and low temperature Tc's with
respect to the CdTiF6:6H20 salt., The space group at 10k is deduced
C2h which remains the same as of the hydrogenated analogue. It is

concluded that the pure vibrational dephasing mechanism provides

a major contribution to the width of the symmetric stretching

mode '255 (0-D).
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CHAPTER I



1,1 Phase transition

Many solids (metals, semiconductors or insulators) exhibit
structural phase changes from their room temperature phase, on
being subjected to change in temperature Or pressure or both.

The subject of structural phase transformation in crystals has
been discussed by a good number of persons like Rao et al [?1,2_7,
Buerger / 3_/, Thomas / 4_/. Staveley / 5_/, Tayal et al [/ 6_/,
Smolchowski / 7_/, Owens et al / 8_/, Muller et al /9_/, and
Ubbelohde / 10_/. An outline of the phase transformation in solids
is presented here which may be relevant with regard to this work.
Here after phase transition or phase transformation means struc-

tural phase transformation.

1.1.1 Definition of phase transition in solids

The phase transformation, in general, is a change in the
structure of the solid which occurs in two different ways. Firstly,
the atoms of a solid reconstruct a new lattice, for example -~
transformation of graphite into diamond and change of amorphous to
crystalline state of a solid. These reconstrﬁctive type of trans-
formations involve transport of matter and are very slow. Moreover
these transformations are not symmetry related in any way and

belong to first order category.



In another kind of phase transformation, a regular lattice
is distorted only slightly with9ut disrupting the linkage of the
lattice network. This kind of phase transformation occurs due to a
small displacement in the lattice positions of a single atom or
molecule or due to ordering of the atoms or molecules among

various equivalent positions.

1,1.2(a) Clagsification of phase transformations

Depending upon the nature of change in internal and free
energies and rate of change of phase at the transformation tempera-
ture, the phase transformations are divided into two groups =
(1) first order or discontinuous transitions (ii) second order or

continuous transitions.

(1) First order transition ~ If the change in entropy and enthalpy
is discontinuous, the transformation is called first order. In this
type of transformation & sharp and discrete change in the free
energy and internal energy of the system at the transition tempera-
ture is observed, Hence a discontinuity is found in almost all the
physical and chemical properties of the system at the transition
temperature. There is no relation between the symmetries of the
high and low temperature phases during transition and the order
parameter alsc changes abruptly at the phase transition temperature.
(1) Second order transition - This kind of transitions occur

over a large temperature range and are accompanied by continuous

increase in internal energy and disorder with the rise in tempera-
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!
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ture. The symmetry of one phase is higher than that of the other
phase. There is no latent heat envolved. The order parameter

gradually changes as the transition temperature is approached.

1.1,2() The Buerger's classification / 3/

According to Buerger, the different kind of phase

transformations in solids can be categorised as follows -

Phase transformation

ovoow BDeae
-

1. Reconstructive 2, Distortive 3. Mertensitic
:
]
|
[ ]
] []
] [}
‘ :
2(a) order-disorder 2(b) Displacive
'
'
[}

—ead

2(a) (1) Positional 2(a) (1i) Orientational 2(a)(iiil) Electronic
or
Nuclear spin

The (1) reconstructive and (3) mertensitic transformationsshall

not be discussed here because they are not relevant to our systems,



(2) Distortive type phase transition - In this type of transi-
tion the regular lattice 1is #igtorted slightly without disturbing
the linkage among atoms or molecules, This kind of transition
occurs in the following two ways :-

2(a) Order-disorder transformation ~ In this kind of
transformation ordering of atoms or molecular units among various
equivalent positions in the lattice takes place. Only at the
absolute zero temperature an ideal state of crystalline arrangement,
i.e., perfect order, can be realised. At higher temperatures, the
extent of order is measured in terms of an order parameter, There

are three kinds of order-disorder transformations t-

2(a) (1) Positional disordering ~ This type of transformation
occurs either when atoms or ions occupy sublattice positioms which
are not appropriate or when more positions are available for the
atoms in the lattice than are necessary. This kind of ordering has
been observed in the phase transformations of AgI, Fe304, KH2P04,
Rb Ag,I. etc /[ 11-20_7. |

2(a) (11) Orientational disordering - This takes place in a
situation where more than one distinguishable orientation becomes
possible for a molecular unit in the lattice., This kind of dis~-
ordering has been oObserved during the phase transitions in the
following systems - NH,Cl [ 21~25_7, NaNO, /726,27_7, NaNO; /28,29 7,
NaHS /730_7 KNO, /731,32_/, KCN [/ 33-36_/, KNCS / 37-40_7.



2(a) (111) Spin disordering - An ordering of spins imparts
magnetism to the system. When the elementary magnetic spins £14p
over to other orientations setting in a disorder in the solid
whose tempergture has been increased, spin disordering takes
place / 41(a)_/. The defects due to vacancies in a crystal also
give rise to this kind of disordering transformations. Some order-
disorder transitions have features of both the co~operative and

discontinuous transitions ['4LJ7.

2(b) Displacive transformation - If there is a small
displacement in the lattice position of a single atom or molecular
unit, or the displacement of a whole sublattice of ions of one
type relative to another sub-lattice, then it is called displacive
transformation. This kind of transformation is associated with
very small change in the energy and is usually a fast transition.
The high temperature form generally has higher speecific volume,

specific heat and gymmetry. Examples of this type of transformations
include the following i~

1) Brookite to Rutile (Tioz)

2) Arsenolite to clandelite (As,0,)

3, 427

3) Senarmonite to Volentinite (Sb203)

Il Jk Pl P Pkl P D

4) Pyrite to Mercasite (Fesz)

5) Tridymite to quartz (Sioz) X

I [ 43-46_7

6) Sphelerite to Wurtzite (Z2nS) [



The phase transitions of BaTiO3 and Pb'I‘iO3 often considered

to be displacive can alsoc be described as order-disorder

type / 47,48_/.

"

1,1,3 Mechanism of order-disorder transitions

In the order-disorder type of transitions an increase in
entropy consists of configurational, vibrational, rotational and

electronic contributions. In short it can be expressed as follows =

As= AS_  + AS o+ As o+ B85, . ... (1.1)

where AS = change in entropy.

In case of order-disorder transitions all the terms except the

Axscon are negligible, So the expression (1) reduces to

AS = l&Scon see (1,2)

Again it is known that /1_/

N

2
N )

1

lecon = k 1n(

eoe (1,3)

where N1 = Total no, of configurationcin the ordered phase

N2 = Total no, of configuration; in the disordered phasge

k = Boltzaman constant,

The expression (1,.3) provides the physical insightinto the order-
disorder transitions. Also the rate at which full value of the

order or disorder is attained, generally, is different in different



directions. Let W be a measured property which depends on disorder
and if the environment is changed so that W£ is the v .lue of W

suitable for that environment, and Wi is the instantaneous value

of W, then the rate of change of W, is given by / 11/

dwi 1

E'E- = % (wf P wi) aeecse (1.4)

where ¢ = relaxation time.

The expression (4) after integration becomes
t
W= W = g = W) exp [~ /77 eeees (1.5)

whare Wo = initial value of W,

The relaxation time for ordering is very sensitive to temperature
and its value decreases with the temperature nearing the phase
transition temperature Tc' As Tc is approached, the free enerqgy
difference between the ordered and disordered states decreases to
such a value that the processes of ordering and disordering get
very much retarded. This increases the relaxation time. The

relaxation time is thus minimum in the region just below Tc.

1.1.4 Distinction between displacive and order~disorder
transitions

On the basis of atomic single cell potential a distinction
between the displacive and order-disorder type transitions can be

made. The phase transitions in Ferro - or antiferro-electric



systems are connected with the rearrangement of only & few atoms
in the unit cell while the position of othe. atoms remain unchanged.
The Hamiltonian describing the structural phase transition depends

on the local normal co-ordinate Q with the anharmonic potential,
V(Q) =AQZ +BQ4 seove (1.,06)

where A and B are constants, A 0 and B > o.

In displacive ferroelectrics, V(Q) is slightly anharmonic and can
be considered to have a broad minimum at Q = 0 for k T_>> AE,
where AE = energy difference between the minima and maxima of the
potential well, In order-disorder systems, V(Q) has large
anharmonicity and in the simplest case V(Q) has two minima of
equal depth at

A

Q= Q

o

There is yet another important distinction in the soft mode
dynamics between displacive and order-disorder systems. The complex

frequency of the soft mode is given by

Lam 4

/ /7
) = + 1w ees e (1.63)

In displacive transitions the real ( w’ ) and imaginary (CA)//)
parts of the complex soft mode frequency (LT) ) will be generally
different from zero (&', (_o”_, # 0). In the case of order-disorder
transitions, the imaginary part of the complex soft mode fregquency
will not be zero, but the real part will be zero (w’= 0, w”# 0)

provided the tunnel splitting of the ground state is not siynificant.



1.1,5 Classification of distortive phase transformations based
on the translational symmetry

Based on the translational symmetry or spatial periodicity
of the order parameter, the distortive structural phase transfor-

mations can be divided into two classes:

(1) Ferro-distortive or zone centre transformations, where

the number of formula units per unit cell Z does not change at
the transition temperature. The system in which this kind of
transition takes place is called proper ferroelectrics; examples

are = NaNO KH_PO BaTiO, etc,

2’ 2" 74’ 3

(ii) Anti-ferro distortive or zone bourndary transitions where

the number of formula units (2 ) of the new low temperature phase
is an integral multiple of the number of formula units (Z) of the
old high temperature phase (Z = nz) where n is an integer. An
example of the system in this class is the transition in Gdz(Moo4)3:

and these systems are also called improper ferroelectrics.

1.1,.6 Incommensurate phase transitions

Apart from zone centre and zone boundary transitions, an
unique class of transitions exists in which the distorted phase
is not commensurate with the high temperature phase. This class of
transitions is called incommensurate transitions. In these tran-
sitions the translational symmetry of the system is lost but the

soft mode picture still holds good for the high symmetry phase.
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1.1,7 Ferro-elastic transitions

The material in which ferro-elastic transition takes place
is called ferro-elastic material, The ferro-elastic materials are
characterised by the existence of spontaneocus strain which becomes
an order parameter during structural changes. A soft mode related
to the distortions would be Raman active on both\sides of the
transition and the centre of symmetry is preserved across the
phase transition. The co-operative Jahn~Teller type of transitions
is a special class of ferro-elastic transition which is driven

by an electron-phonon interaction,

1.1.8 Experimental techniques used for phase transition
studies

A large number of experimental techniques are used in the
study of phase transitions in solids, some of them are mentioned
below:=

Diffraction of =

1) X-rays / 17,49 7
2) Neutrons /9,18_/
3) Electrons 19 7

Measurement of =
4) Diamagnetic-susceptibility Z 36_/
5) Hall-coefficient / 33_/
6) Thermo-electric power [/ 34_/
7) Electrical resistivity / 20_/
8) Heat capacity / 35_/
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9) Specific heat 4—50_7

10) Thermal expansion / 50_/

11) Elastic constants / 30_/

12) Dielectric constant / 50_/
13) Ultrasonic attenuation / 50_/

14) Magnetic anisotropy / 8_/

Absorption spectroscopy in the region of -

15) w [6_/
16) Visible /6_/

17) IR /97

Microscopy =
18) Electron

19) Optical

Magnetic resonances -
20) NMR
21) PMR
22) DMR
23) EPR
24) ESR

25) NQR
Spectroscopy -
26) M&ssbauer spectroscopy

Chemical methods -

27) Differen’.ial Thermal Analysis (DTA) / 26_/
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28) Differential thermal gravimetric analysis
(o1e) /[ 51_/

29) Differential scanning calorimetry (DSC)

Scattering methods -
30) Neutron inelastic scattering
31) Laser Raman scattering
32) Rayleigh scattering

33) Brillouin scattering

Sometimes one method alone does not provide complete and accurate
information about the system. In such cases two or more methods
have to be used to gain detailed information of phase transitions

in a system.

l.1,8.1 Laser Raman scattering

Laser Raman scattering will be discussed in brief because
this method has been used in our investigations of phase transitions

in the hexafluoro silicates and titanates of divalent metals,

The momentum energy transfer in scattering techniques is
shown in Fig.l.l. Extensive work on phase transitions has been
done by Raman scattering technique. The geometry of a typical
light scattering system is shown in Fig. 1.2 / 52_/. The incident

opticel field can be expressed as

-> -
‘31 = Eo Exp [i ki‘? - witJ eose (107)



—,
where Oy —}?1 and Ei represent frequency, wave vector and polari-

zation of the incident optical field.

The incident light produces the space and time dependent
polarizability fluctuations 2 a(ij (?, t) in the medium. The
frequency, wave vector and polarization of the scattered light are

—_

(,_)2, K2 and ‘é’z respectively. The space~time correlation function

of the polarizability tensor element

< éqiaﬁ(;’)*)) éa{{di (F:o,f:o) >

gives the information contained in the scattered field which is

proportional to the qth spatial Fourier component of 13 where

- — _—>
q = K2 - 1(1 [ 3 I N ) (108)
At W, = W, ¥ L, the Fourier component of S« (g, 5 )

1s observed. The amplitude of the scattered field has various

polarization components which are proportional to

Ez(i) ~ (const) Ri 2 EI(J) 5“13 (&’, n) .. (1.9)

The intensity Ii of the ith polarization component is proportional

to
1, ocx14 El(J) El(‘“) <c§o(ij(€ﬁ—ﬂ-)a Bo(im(?fo m)>
o0 800 (1@10)

The momentum and energy conservativns for the process are

given by



4 25 = ‘B'EI P43 am

fw

2 hwlt ﬁ"n" ecsces (1.11)

as shown in Pig.l,.2 where-ghis the scattering momentum transfer
and {)- is the frequency shift corresponding to excitations of the
mediume.

There are many processes which may contribute to the
fluctuating polarizability 3«*11‘;' t) but the fundamental relations
for light scattering remain the same, The polarizability depends
on different macroscopic variables such as temperature, pressure,

or electric field,

The analysis of Raman scattering from single crystals in
different geometries in terms of incident and scattered polari-
zations yields information about the six independent components
of the Raman tensor. From such type of measurements the symmetry

of the observed excitations can be inferred /50 /.

l1.1.8.2 Real and symmetric polarizability tensor

We give here some details of the Raman tensor which is a

real and symmetric polarizability tensor.

For most of the systems, an induced electric dipole moment
— —
P is related to the electric field E of the radiation by the
power series
—>
2 - ) 2@ 30)

ceoec e (1.12)
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— ~ -
where P(l) = o« . E seses (1.,12a)

- ~
P(2) = ; /3 0csooe (1.12b)
where P and E are vector ard 0( is a tensor. The magnitudes of
the components of P are related to the magnitudes of the components

-
of E by the following matrix -

r~ o A —— p— ———
P « xx X vy X xz Ey
P - E
y | | Kyx Fyy vz Y | eeee (1.13)
P = ox oﬁzy A2z £
Lz L 4 L %

The variation of the polarizability « with vibrations of the
molecule can be expressed by expanding each component o 13 in a

Taylor serieswith respect to the normal co-ordinates of vibration

Q as follows =

5 L
=, R0 Y (5o s
K

e ... (1,14)

where (C(ij)o is the value of K44 a% the equilibrium configuration;
Qk Ql ese are the normal co~ordinates of vibration associated
4 .

with vibrational frequencies Ly Wy oo and the summation is
J

uver all normal co-ordinates. The subscript 'o' on ths derivatives

w&ﬁéﬁ




-16-

indicates that these are to be taken at the equilibrium confi-

guration./ 52_/

1,1.8,3 Stokes and Antistokes Raman scattering

We shall, as a first approximation, neglect the terms
involving higher poweri of Q. This approximation is also called
electrical harmonic approximation. We shall alsc take only one
normal mode of vibration Q. Then the Taylor series given above

reduces to =

(dij)k = <’<ij)o + <’(ij)k 9 eoes (1.15)

where ‘*;J indicates first derivative of a(ij. The above expression
can be simplified as

ld
r_—

Ky = Ky + o) eQ ceee (1.16)

where Qk is kth normal co-ordinate, and is a function of time

= ( (%]
Q) oko cos ( Wt bk) eeee  (1,17)
— —_
also E = E_ cos w t esee (1,18)

Then equation (1.12a) becomes after substituting the values

from (1,16), (1.17) armd@ (1.18) in (1.12a)

ﬁ(') ~ 4 -
© o

= X Cos o, + + O(k &KoEo Cos Wkt - Cos (C«)k'{' +§k)

LN 2N 4 (1019)
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7 %

RO Eucwent 132 E R, [eof (oot o B om0t 5]

eese  (1,20)

We see from the above equation that the linear induced dipole
'3(1) has three distinct frequency components. The first term
gives rise to radiation at Wo and is called Rayleigh scattering;
second term gives rise to scattering at (G  + Q)k) and is called
anti-stokes Raman scattering and the third term gives rise to
scéttered radiation at (u)o -u)k) and so accountg for Stokes

Raman scattering.

1,2 Crystal hydrates

A large number of hydrated inorganic crystals are found
which contain hydrogen bonded water molecules., The water molecules
in these crystals interact strongly and their vibrational modes are
coupled, Crystal hydrates and their structures have been reviewed
by many workers 4753-56_7. In general three types of hydrates
may be found - (1) In first~type, the number of water molecules
equal the co-ordination number of the cation. (2) In the secord
typre, the number of water molecules is larger than the co-ordina-
tion number of the cation. (3) In the third type, the number of
water molecules is smaller than the co-ordination number of the

cation. lone=-pair co~ordination and hydrogen bonding are necessary



factors in determining the orientation, geometry and cymmetry

of water molecules in crystal hydrates.

1.2.1 Structures of hydrates

The structure of hydrates has been discussed extensively
Z_53,57-SQ;7 and only the points relevant to the present study
will be discussed here. Neutron diffraction is used to obtain
the geometry of water molecules in hydrates. Ferraris and
Franchini-Angela é760_7 have given a valuable survey of neutron
diffraction studies of hydrates. They found that the actual
geometry varies in various hydrates, but in general the O-H
bond length, (0 =-H) and the interbond angle, 2= of H20

molecules increase in the bound state. The position of hydrogen

in various hydrates has also been estimated by PMR study Z-61-7QJ7.

le262 Symmetry of water in crystal hydrates

In the absence of orientational disorder a water molecule
in a crystal can occupy a site having its point group symmetry
C2v or any of its sub~groups C2 ’CS or Cl’ If the two O-H arms
of a molecule form hydrogen bonds of different strength, the C2
axis as well as one mirror plane are lost, the symmetry is then
reduced to'Cs. Further more, if the spatial environments above
and below the plane of the water molecule are non-equivalent, its

symmetry 1is further reduced to Cl‘
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Neutron diffraction studies show that most of the water
molecules 1lose their C2v symmetry in crystal hydrates 4-60;7.
In a detailed survey by Falk and Knop / 71_/ it was found that
only a few percent of water molecules in the crystals retain
C2v symmetry and most of them are distorted to give CS or C1
symmetry. There is yet another consequence of the particular
shape and symmetry of the water molecule. In true hydrates
water is often found as water of co-~-ordination forming a fully
hydrated [ﬁM(OH2)6_7n+ complex ion, where M is the central
cation and'n’'is the number of electronic charges on the complex
ion. The highest symmetries which the complex may attain in
crystals are generally lower than the ideally possible octahedral

symretry for the M configuration,

1.3 Perturbation of crystalline field on vibrational
spectra of crystals

Spectroscopic studies involving the emission, absorption
or scattering of electromagnetic radiation are the most widely
used methods to investigate the dynamics of constituents in
solids. The theory of crystal vibrations will not be reviewed
here because extensive reviews are available in literature (r52-89_;ﬂ
A brief description of various topilcs related to the present

study is given here,



1,3,.1 The crystal potential

In harmonic approximation the potential energy of a unit

cell of the crystal can be written as / 65_/ -

Y4
V=vV. + E v +v)) + E (Voo + Vol) Feuus
L J J ik Lj

Jk
eeee (1,21)

where summation extends over all the molecular units in the unit

cell, The various terms in the above expression are as follows =

]

v Lattice potential, it contains terms involving
the relative displacements and quasi rotational
orientations of molecular groups with respect

to each other and lead to rotatory and translatory
modes.,

VJ = the potential at the jth molecular ion when the
external field is zero., It has symmetry of the
unperturbed molecular ion.

7
Vj = the perturbation to Vj° due to the equilibrium
field of the crystal at the site of the jth
molecular group.

i{:v; therefore, gives the stati¢ field shifts of
frequencies from their free state values
determined by 5:\30. Also the change in the
symmetry of the potential field can lead to
changes in the selection rules and hence lift
the degeneracy of the internal vibrations,



ij = interaction between vibrations of different
molecular units within the unit cell. This
term gives rise to dynamic coupling among the
vibrations of different molecules, Such an
interaction between the correspornding vibrations
of molecules at equivalent sites in the unit
cell 1lifts the degeneracy and gives rise to
splitting of bands. This splitting is often
called the correlation or dynamic field splitting.
This splitting is in addition to the site or
static field splitting arising from the inequality
of Vj at different sites.

VLJ = the perturbation to V

L and it involves inter-
action of lattice with the jth molecule., This
may lead to multiphonon processes involving -
lattice and internal modes, but this term is
very small in comparison to the other terms in
the expression and is generally neglected,

Most often crystals are anharmonic and hence give rise to
many modifications in the vibrational spectra. Moreover in order
to include modifications in the charge distribution of nuclel
due to interactions with neighbours, an anisotropic short range
potential has to be added / 90_/. These anharmonic considerations
make the actual crystal potential very complex, We shall discuss

anharmonicity in the next section,

1.3.2 AnhamniCitz

When the amplitude of a vibration is very swall, only the
quadratic terms in the potential energy need be considered for

normal vibrationss; but for accurate calculations cubic, quartie



or higher order terms in the potential eneigy must be taken into
account. In such cases the vibrations become anharmonic Zt91_7;
The anharmonicity manifest itself in two ways. Firstly the
selection ruleg derived for harmonic oscillator Z52>= Y140

not hold strictly and transitiondwith AY =<2, 23, ... etc
become allowed. Secondly the vibrational levels are not equally
spaced and so overtones will have different energy than twice the

energy of the fundamental modes,

Deviations from the harmonic potential lead to mechanical
anharmonicity whereas asymmetric variation in the dipole moment
of a molecule leads to electrical anharmonicity. In case of
crystals, anharmonicity is responsible for providing coupling
for energy decay processes and controls the temperature dependence
of the properties of the crystal i.e. frequencies and half widths
of the vibrational modes of the crystal £r§2-94_7'etc. Sood et ai
éf95d7'have deduced expressions for the temperature deperdence of
half width of vibrational modes in cases where the cubic or
quartic anharmonic process dominates.The cubic anharmonic terms

contribute to half width as

| -1
DYy, = A éxP[*““/z"BTj}

cees (1.22)
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while the contribution from quartic terms is given by

-1
Aih = B [{ -QXP(*%/S/QT) -1} +3/z] 2+-‘1§}

EEK (1.23)

where A and B are constants.

At high temperatures, these equations reduce to

LD % ~° T for cubic terms
[&i) % ~ 12 for quartic terms in potential energy.

A completely temperature-independent half-width would indicate

absence of anharmonicity.

1.,3.3 PFermi Resonance

Fermi resonance alsc perturbs a normal vibrational
spectrum. This may occur when two vibrational modes, one
fundamental and other overtone, have nearly the same energy,
and belong to the same symmetry species. In such cases the
cvertone steals some intensity from the fundamental, and instead
of appearing as a weak band, it becomes nearly equally strong
as the fundamental / 96_/. Moreover the two energy levels repel
each other, so that the one with greater energy moves to higher
frequency and the one with lower energy moves to lower frequency.
A great deal of research work has been reported in the literature
where Fermi resonance processes cause intra and intermolecular

energy transfer zr§7-99_7ﬁ



The separation of the unperturbed levels ‘do' and the
Permi coupling co-efficient,-fL. , can be calculated by the

following equations /100, 101_7.

_ R -1
do - d‘R + 1 ) EEX (1.24)
‘ )
2 2\/2
d® - d
___()...g ( . [e) ) ee s e (1.25)
2
where d = observed frequency separation
R = observed ratio of intensities of the two bands

In case of fundamental frequencies ( él and.-ﬁz) for water, the
frequencies of ?1 and Zi)z are very near, and resonance may
occur. Then the unperturbed frequencies of the doublet can be

calculated by the following equation =

D1 22 a
(2 °)2§2°) = 5_ 2 : 2 s (1.26)

where 3, and ), are the observed frequencies and 7510 and
25;0 are unperturbed frequencies of water molecule. The displacement
parameterf Z&F =d - do is the energy separation between the

two perturbed levels,

1.,3.4 Hydrogen Bonding

A hydrogen bond is said to exist when the distance
between the atoms H and Y in the structure O~H...Y is shorter
by at least 0,20 2 tha" the sum of their van der Waals contact
radii | and 7V, where Y represents an electro-negative atom

such as 0, F, Cl1, Br, I, etc. In the process of formation of


file:///inperturbed

such a bond, the distribution of charge may be 6-H...Y+

and the
electrostatic interaction may lead to the formation of Hydrogen
bond 4771;7. The exact nature of this bond is not completely

known, Much work has been done to understand the hydrogen bonds

and their significance in vibrational spectra £t102-109_7.

Formerly the hydrogen bonds were considered to be
straight and single, but later it was found that both linear
and bent (bifurcated, trifurcated) hydrogen bords exist / 105_/.
From deformation energy calculations / 110-113_/ and neutron
diffraction studies / 102_/ it has been confirmed that the bent

and bifurcated hydrogen bonds are more common in different systems.

Spectroscopic techniques are capable of providing infor-
mation regarding the nature and formation of the bond. Some of
the effects of hydrogen bonding on vibrational modes are given
below -

(1) The fundamental and overtone vibrational bands due to the
O-H stretching modes shift to lower frequency as compared
to those in free molecules with increase in hydrogen bond
strength.

(11) The shifted vibrational bands are much broader than the corres-
‘ponding non-hydrogen bonded O~H group bonds due to the
presence of geveral different hydrogen bonded molecular
species undergoing anharmonic coupling, fregquency modu=-
lation and Fermi resonance,

(111) The O-H~O deformation modes slightly shift to the higher

frequency side but the shift is very small compared to the



~26=-

shift in case of O-H stretch, There is no definite
correlation between the frequency of the bonding mode
and the strength of hydrogen bond.

(iv) The temperature variation of the stretching mode (—?%%L)
indicates the multi-function or bent nature of hydrogen
bonds. If (-%%L) < 0 the bond must be bent but if (—%‘?—f—))o
the bond must be straight / 107_/.

(v) The integrated intensity of the fundamental O~H stretching
mode increases where as that of overtones decreases on
formation of hydrogen bord,

L

(vi) Corresponding, the H...Y stretch and deformation modes,

A
weak new bands may appear at lower temperatures,
(vii) The vibrational modes of H,..Y shift in frequency but the

shift is much smaller than that of the(O-H)stretches.

1,3,5 Lone=-pair co-ordination

The water molecule has two tetrahedrally directed lone-pair
orbitals., These orbitals form cation-oxygen bond through ion dipole
interactions which provides a suitable environment to water for
forming hydrogen bonds in crystals. The geometry in which the
bisector of the lone-pair is directed towards a polyvalent metal
ion is generally found in FeSiF 16H,0 type of compourds /112 7.
The charge donated by the water molecules attached with cation
shortens the O=H,..Y hydrogen bond length and therefore it

contributes to the spectroscopic effects observ«d in hydrogen



bonding. The length of the hydrogen bond varies inversely with
the electrostatic bond strength / 114_/. In most of the cases,
however, the lone=pair co-~ordination may be considered weaker as
compared to the hydrogen bonding strength / 115,116_/ provided

a correlation between hydrogen bond strength and O,..0 distance

exists,

The lone=-pair on oxygen play an important role in deter-
mining the strength and direction of hydrogen bonds and calcu-
lations on water indicate that the shortest bond is formed when
the O=-H axis of one molecule is collinear with lone-pair axis

on the oxygen atom of a neighbouring water molecule,

1.4 Isotopic dilution

The isotopic dilution method provides an important way
for uncoupling the vibrations of neighbouring molecules, and
thus eliminates the interactions arising from correlation field
splittings. By this technique it is possible to distinguish
between static and correlation field effects 4-117,118d7. The
static field for the molecule remains almost unchanged, but the
dynamic coupling of the vibrations of a molecular group with its
neighbours is eliminated provided the transition frequencies of
the two species are sufficiently apart. This method was applied
to crystal hydrates by J. Schiffer / 119_/. In the crystal, H,0
is replaced by D20 which is of great help in the assignment of

vibrational bands due to water molecules.
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Fig-11

Momentum energy transfer in Raman scattering.
-5
Ke and ?s are wave vectors of exciting and

—
scattered radiations and I<0 i5 a wave vector
of a glven lattice mode ‘Se and ﬁq are
frequencies of exciting and gcattered radia-

tions and 250 freqency of the lattize mode.
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2e Introduction

The crystal growth is the science and technology of
controlling phase transitions which lead to a crystalline solid.,
The solution growth method is probably the oldest, but this method
does not always give good results in many cases, Hence other
methods and techniques such as melt, vapour and gel methods were

developed from time to time.

In the case of cadmium fluoro silicate hexahydrates (CFSH)
and cadmium fluoro titanate hexahydrate (CFTH) which are very
hygroscopic and decompose at about 70°C before melting, the

solution growth method has been adopted.

2.1 A brief account of the theory of crystal growth

Many theories have been proposed to explain the mechanism
of crystal growth based on different concepts like surface
energy theory / 1-4_/, diffusion theory / 5-11_/ and surface
absorption theory é712-15_7. The surface enerqgy theory is briefly
discussed here. This theory was first proposed by Curie ZPL;7
based on the postulation of Gibbs which states that an isolated

droplet of a fluid is most stable when its surface free energy

Papers based on part of this chapter have been accepted for
presentation: (1) in the Symposium on 'Crystal Growth'

Dec. 24, 1983, Anna University, Madras; and (2) in the
Second National Seminar on'Crystal Growth' Aug. 27-30, ~ 984,
'Crystal Growth Centre' Anna University, Madras,



is minimum. In a super saturated system when a few atoms or
molecules join together a change in energy takes place in the
process of formation of the cluster. This cluster is termed as
embryo. An embryo may grow or disintegrate and disappear completely
depending upon its size. If the embryo grows to a particular size
called critical size, then there is a greater probability of the
embryo to grow to become a crystal. Thus the birth of a critical
nucleus is called nucleation which 1s an important prhenomenon

in the crystal growth. There are four stages in the birth of a
stable nucleous. The first stage is the development of super-
saturated stage. The second stage is the birth of an embryo
(nucleation). The nucleation may be either homogeneous in which
atoms or molecules build themsleves in the interior of the parent
system or heterogeneous in which the molecules or atoms build up
on an impurity atom or dust particle or on the surface of the
container or on any other imperfections., The third stage 1is the
growth of embryo from unstable to stable state. The fourth stage
1s the relaxation processes in which the texture of the newly

born nucleous changes.,

The nucleation is not an easy process. Not only the atoms
or molecules have to coagulate resisting the tendency to redissolve

but they also have to orient to occupy a fixed lattice.

A crystal is normally bounded by different faces and each
face has surface energy characteristic of that face. According

to Curie, when the volume ‘ree energy per unit volume is constant



then the sum of the surface energies of all faces of the crystal

will be a minimum /1_/ i.e.

n
—
‘;f A, ﬁ/‘ = minimum ceoe (2.1)
_ i i
i=1
where Ai = area of the ith face
j/i = surface energy per unit area of the ith face
n = the number of faces of the nucleous of the

crystal.

When the number of molecules associated with a critical
nucleus is not large, the critical nucleus will not have a regular
morphology of a crystal. So it is considered to be spherical to

a first approximation.

If /\G is the free energy change due to the formation of

an embryo, then / 16_/

AG = 4Kr2)/ + 'g-ﬂ‘ r3 Ag oo e e (2.2)

where r = radius of the embryo

i

the surface energy per unit area of the interface
separating the parent and product phases,

1

v

Q
L]

Gibbs free energy change per unit volume and is
negative = dg — 91 < O.

g, = free energy of solid phase

g, = free energy of liquid »hase


file:///xnit

Since A g is negative, the /G passes through a maximum. The
values of the radius 'r' by setting df di) = 0, 1is called the

*
critical radius and is denoted by r

* 27
= - ——— es e (2.3)
r A9
242 Experimental methods for the growth of crystals

As already mentioned in the introduction of this chapter,
there is a good number of methods for growing single crystals

(monocrystals) only solution method has been tried by us.

2.2.1 Solution method / 17,18 /

In the solution method the techniques developed and
modified by the following persons can not be applied here in our
systems (CFSH and CFTH) because in all of the methods evaporation
technique at constant temperature is used. A few of them are

mentioned below -

(1) Johnsen (Johnsen's rotating crystal method)
(2) Barlett (Barlett single chamber method)
(3) Kruger and Finke (Kruger and Finke U=tube method) and

(4) vVvaleton (Valeton's method),

The main reason for discarding the methods of evaporation

at constant temperature or slow cooling is the high humidity at

this place and hygroscopic nature of the materia's, The preparation

of the constituent components for the crystals used in this study

is described below,



203 Preparation of the constituent substances

The cadmium fluorosilicate hexahydrate (CFSH) and cadmium
fluorotitanate (CFTH) were not available commercially. Therefore
we synthesised the same in our laboratory. For this purpose
H251F6 and H2T1F6
acid, because these acids were not available easily.

acids were prepared in our laboratory from HF

2.3.1 Preparation of H,8iF, acid / 18()_/

2

This acid was prepared from commercially available HF acid
48% dilute (S.D.'s electronic grade) and 99.99% pure quartz

powder (8102) from FLUKA company of West Germany.

The stoichiometric amount of SiO, powder was dissolved in

2

HF acid in a polyethylene beaker (50 gm of Si0O., was dissolved in

2
200 ml of HF acid). The reaction was exothermic and therefore to
control the heat evolved, the beaker was placed in cold water

bath and left over night,
The chemical reaction is =

6HF + 8102 = H251F6 + 2H20

The H,SiF  acid was gently warmed to make the solute (8102)

dissolve completely, and then filtered by using Whatman ~o-4¢
2m

f£ilter paper. The presence of the /SiF. /°" ions in the H,SiF,

acid was confirmed by IR spectra. By this method 500 ml of

H231F6 acid was prepared and its gpecific gravity was found to

be 1,446,



23,2 Preparation of H2T1F6 acid

The preparation of this acid was similar to the preparation
of H251F6 acid except with some modifications. The TiO2 in
powder form was obtained commercially. The stoichiometric amount
of TiO, (55 gm) was mixed with 200 ml of HF acid (48% and
specific gravity 1.175). The chemical reaction is similar to

the former reaction =

6HF + TiO2 = H2TiF6 + 2H20

The reaction was very slow in this case. The polythene beaker
containing acid was placed in water bath whose temperature
initially was kebt below rcom temperature. The mixture was
stirred with a magnetic stirrer. The temperature of the bath
was very slowly increased, by regulating the heating current in
the electrical heater attached to the magnetic stirrer, and
raised to 50°C within two days. The experimental arrangement is
shown 1in the Fig. 2.la. The stirring was done continuously. This
slow heating was necessary to check the evaporation of HF acid,
The excess amount of TiO2 was filtered out and the filtrate was
H2T1F6 acid, Its specific gravity was found to be 1,382 and its

strength in percentage was 62%. The ZTT1F6;72' ions were monitored
by IR spectra.
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QO and C4TiF,_:6H.0 salts

26343 Preparation of CdSiF6:6H 6 5

2

150 ml of H281F6 acid prepared by us was taken in a 500 ml

polythene beaker. Then 100 gm of CdCO, was added slowly to the

3

H251F6 acid stirring the solution constantly with a solid rod

of polyethylene. The reactlon was vigorous and the beaker was
filled with foam., The reaction was complete when evolution of
C02 gas ceased., The solution was then diluted, filtered and

warmed, and left for crystallisation overnight. The chemical

reaction is =

HZSiF6 + CdCO3 = CdSiF6 + CO2 + HZO

The needle shaped, extremely fine crystals were collected
from the solution and the mother liquid was warmed again and
left for further crystallization. In this way crystals were

collected from the mother liquid,

The chiF6:6H20 was prepared in a similar manner starting

acid and cd4coO_,

from H2TiF6 3

Similarly, starting with different salts like MnCO3, CoCO3,
pure Fe=powder, and ZnCO

3 and dissolving them in HZSiFé or

H2T1F6 acids, the following substances were also prepared in

the laboratory :~ MnSif_:6H,0, MnTiF_:6H

6 2

¢ 16H,0, FeTiF

g 16H,0, COS1iF16H,0,

$16H_ O and Z2nSiP_:6H.O and

CoTiF_:6H,.0, FeSiF 6 5 6 5

6 2

ZnTiF6z6H20.



2.4 Growth of single crystals (Monocrystals)

The solution=growth method with some modifications in the
procedure of controlling the evaporation and maintaining slow
and constant temperature gradient has been adopted in growing
g 16H,0 (CFSH) and other members of the
:6H20, where M = Z2n, Mn, Co and Fe,

single crystals of C4SiF

system MSiF6

2,4,1 Growth of single crystals of CFSH

The compound CFSH prepared in the laboratory was recrystalli-
zed several times and its purity was checked by IR spectroscopy.
The CFSH is highly hygroscopic and its saturated solution also
absorbs moisture when the humidity of the environment is above
65%. A slight variation of temperature and humidity dissolved

the seed in the solution disallowing the growth of single crystals,

N To overcome these difficulties the concentrated solution of
CFSH was taken in a polyethylene beaker of 100 ml capacity and

was warmed in a water bath to 30°C, Then the beaker was immersed

in another beaker of bigger size and was wrapped with cotton to
check the rapid heat dissipation., The whole system was then put

in a descicator (3 litre capacity) containing 150 gm. of blue

solid silica gel of medium size grains at the bottom, The descicator

itself was placed in a constant temperature water-bath. The experi-

mental arrangement is shown in Fig. 2.1(b),



From the initial temperature of 25°C, the temperature of
the bath was lowered at the rate of 2°C per 12 hours, After
4 days crystals having nearly 5 mm diameter and 20 mm length

were obtained,

The single crystals of other compounds such as

ZnSiF :6H,0, MnSiF :6H,0, CoSiF

also grown in a similar way.

6:6H20 and FeSiF6:6H20 were

24462 Growth of single crystals of CFTH

The single crystals of CFTH (C4dTiF :6H20) were also grown

6
in the same manner as those of CFSH crystals with slight
modifications. The most difficult part of the solution=-growth
method is the preparation of proper saturated solution to prevent

dissolution of the nucleous or seed and to prevent rapid initial

mushroom growth of small crystals.

A general common technique is to make a slightly unsaturated
solution and allow =vaporation to bring it to exact saturation
(super saturation) point. But in case of very hygroscopic
substances like CFTH, this technique cannot be used, for the
-slightly under saturated solution exposed for evaporation absorbs
moisture and becomes less saturated instead of being super-

saturated,

The solubility characteristics of a solute=~solvent system
have very profound influence on the selection of a method of

crystallization as shown in Fig.2.2.



In case of CFTH therefore, the £ollowing arrangsments were
made, The ccncentrated solution of CFTH in a volyethvlene beaker
was warmed in a water bath to 30°C. The beaker containing CFTH was
then placed inside another beaker of bigger capacity which was
insulated from outside by cotton. Roth of these beakers were placed
inside a descicator containing 150 gm. of blue solid silica gel of
fine size grains. The ventilator of the descicator was attached
with a side-tube filled with the same kind of blue silice gel. The
experimental arrangement is shown in Fig. 2.2, The whole svstem
was placed in a BOD Incubaratcr. From the initial temperature of
30°C the temperature of the Incubarator was lowered at the rate of
1°C per day. After about 10 days, good guality single crystals were

Obtained,

Similarly, single crystals of other compounds like

ZnTiF_:6H,0, MnTiF :6H20, CoTiF_:6H, 0O and FeTiF, :6H.0 were also

6 2 6 6 2 6 2
grown /T19~22_/.
265 Crystal structure of MTiF6:6H2O 4—23_7

The table 2.1 gives the crystal structure data of systems
having general formula MTiF6:6H2O, where M stands for divalent
metal ion. In the table 201'ao, Co ard & are the unit cell para-

meter, 24 is the number of formula units per unit celle,



Table 2,1

Rhombchedral Unit

" : A% o : v 20 A2
%o . f 1% 1 % 2
L ' 1 41 L L

Zn 6.410 96 ° 20! 1 9,610 9,940 3

Mg 6,520 96 ° 57! 1 9.750 9,830 3

Ni 6.40 2,03 96° T 18 1 - - -

Mn 6,51 96 ° 421 1 - - -

2e551 Crvstal structure data of the svstems having general

formula MSiF6:6H2O

The Table 2.2 shows the structural data of the systems,

where M stands for divalent metal ion such as Zn, Mn, Co, etc.

2,6 Measurement of Spectra

The Raman and IR spectra were measured in our laboratory at
room and low temperatures. The Raman spectra were measured on a
SPEX Raman Spectrometer using lasers as excitation sources. Here we

give only brief discussion of the equipment used in our studies,

20641 Laser source

The commercially available Spectra-Physics Model 165-09
Argon-Ion Laser was used as excitation source in our studies, This
model is a CW Argon=-ion laser of maximum 5 watts output power in
all the lines. The assembly consists of mainly two units; one laser

head and the other, exciter (Spectra-Physics Model 265). The plasma
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tube 1is cocled by circulating chilled, deionized and distilled water
at constant temperature of 15°C at a pressure of 40 FSIG. The water

supply source used was NESLAB Mocdel HX-500 water chiller vlant.

The input power stabilization for the laser source was
achieved by using three single phase 8,3 XKVA cavacity NELCO Voltage

Stabilizers.

2.6,2 Raman Svectrometer (Details in SPEX manucl)

The Raman spectrometer used in our studies was a SPEX Model
1403, This is a £/7.8 instrument covering frequency range from
3 3 -1 . + -1 .,
31 x 107 to 11 x 1G™ cm with an accuracy of = 1 cm in the
10 x 10° en™t range. The spectral repeatibility and resolution of
. . + -1 -1 .
tne instrument are - 0,2 cm and 0,15 cm respectively., The holo=-

graphic gratings having 1800 groves/mm are mounted on a modified

C-Zerny-Tunner mount which utilizes the fundamental grating equation:

mx = d(Sin« + Sin B ) (2,4)

where m = spectral order , A = wave length
A

<

&

By substituting oK =(8§ + <) and /3 = (§ -~ & ) the above equation

grating spacing

angle of incidence

angle of diffraction

may be reduced to

mA = 2d Sin § Cos ¢ (2,5)

where § = angle of grating rotation

©
i

the angle-dependent constant of the instrument design.



-66=

Since in the Ramalog 1403 model the Faman peaks are observed as
frequency shift in cm-1 on a linear scale, it utilizes a cosecant

drive for the grating rotation with <# = 10°%,

Before exciting the sample by the laser beam, the laser
light was passed through the SPEX 1459 UVISIR illuminator and
lasermate, a small grating monochromator, to isolate the back-
ground plasma lines. The filtered laser beam is deflected upwards
by a mirror ard focussed onto the sample by a fused silica con-
densing lens. The diameter of the beam on the sample was approxi-

mately 10 x 10™° m. Fige 2.4 (a) and 2.4 (b).

20643 Spectrometer control and data processing

The SPEX DATAMATE is used for controlling the spectrometer
and for data acquisition. The DATAMATE is a 8-bit dedicated micro-
computer which is capable of manipulating the spectral data by
background subtraction, division, differentiation and integration,
whenever necessary. The incoming and the manipulated data could be
stored in the 8 files of variable length. The stored data can be
plotted on a strip-chart recorder or can be transferred to external
peripherials to a general computer through the standard IEEE inter-

face for further data manipulation.

2604 Low temperature cryogenics device (Details in the manual

of Air Procducts Model CSA 202 E)

An Air Products closed-cycle helium cryo-cooler Model -

Displex CSA 202E was used for low temperature studies upto 10k,



The helium gas is circulated by compression pump. The expander
module DE 202 of the system is shown in Fig., 2.5 in which the
principal parts are labelled. The Figs. 2.6 and 2,7 show helium

gas flow and displacer movement during the intake and exhaust phases
of the expander's operating cycle. The cycle is phased and timed

by rotating valve disce.

The high pressure helium gas admitted by the rotating valve
disc flows through passages in the slack cap and at the same time
enters the regenerators. The regenerators cooled during the pre-
vious exhaust stroke, cool the incoming gas. The helium gas flowing
through the slack cap passages pushes up the slack cap which, in
turn, lifts the displacer, thereby an space for expansion is crea=
ted at the heat-stations. As the displacer lifts the gas above the
slack cap, it is partially compressed and pushed through the ori-

fice into the surge volume,

Before the displacer reaches the valve-stem, the valve
closes, The compression of helium gas becomes slow above the slack
cap and therefore stops the displacer before it can collide with

the valve stem,

The exhaust stroke is shown in Fig., 2.7. When the valve
opens to exhaust, high pressure gas at the heat-station is free
to expand and refrigerate them. The regenerators are alsoc cooled
by the outgoing gas. As the pressure drops, partially compressed

gas comes out from the surge volume, pushes the slack cap ard



displacer towards the heat-stations and to position the displacer
for the next cycle. The valve closes again and the residual gas
acts as a cushion to decelerate and to stop the displacer before
it collides with the heat=-stations. In this way after a good
number of cycles, the temperature is gradually reduced to a mini-
mum (10k) after about one and half an hour of operation of the

cryo-cooler,

The sample holder is attached with the second stage heat=-

station having a cold finger not shown in the Fig, 2.7.

A Digital temperature controller model APD-E, was used with
gold-chromel thermo-couple to control and measure the temperature

of the heat-station.

2,6.5 Recording of IR spectra

The IR spectra of polycrystalline samples were recorded
using a Perkin-Elmer Model-~ 983-IR Spectrometer. A small amount
of the compound MXF6:6H20 was grounded 1lnto fine powder and then
mixed with a suitable amount of KBr to keep the absorption within
scale, A pellet was made by a press-machine and the spectra were
recorded by placing a pellet of pure dry KBr of the same thickness
in the path of the reference beam. Nujol 0il was used in place of

KBr for the deuterated compounds. ¥he IR spectra of cdsipsgsDzo

and CdTiF6: 6D20 in Nujol medium are given in Figs. 2.8 and 2,9.
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Sample

Polarizer

geometry for z(xz)x measurement

Fig-2-4(b)

Fig- 240)The arrangement for { z(xz)x} polarization geometry
is shown in this figqure. The X,y and z-axes are
orthogonal co-ordinate axes,
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The section diagram of the expander module DE 202

of the helium cryo-cooler Model Displex CSA 202 E,
The principal parts are “abelled,
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DISPLACER
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Fig. 2°6 Fig:2-7
The section diagram of the The section diagram of the
expander module when the expander module during
displacer movement is exhaust phase., The arrows
upward during intake phase, indicate the flow of helium
The arrows indicate the flow gas during the exhaust

of helium gas during the intake., processe.
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3. Group Theoretical Analysis

The different approaches for analysing normal modes of
crystals have been suggested by many workers, namely by Horning,
Winston, and Bhagavautam / 1-3_/. The correlation method which
was suggested by Fately et al ZP4_7 is commonly used in the factor
group analysis of the crystal vibrations., A few of them are briefly

discussed below:

361 Pactor Group Analysis (Unit cell approach)

This method was suggested by Bhagavantam et al in 1951 éf3_7o
In this method the problem of analysis of 3Nm normal modes of a
crystal in which there are N units cells and 'm' atoms in each
cell is reduced to the problem of classifying 3m modes of the
unit cell., The assumption in this case is that atoms or molecules
at equivalent lattice positions are in the same state of vibration.
Therefore in this approach the total character representation for
the unit cell is worked out. When the inter-atomic forces within
a polyatomic group in the unit cell are stronger than the inter-
molecular forces between the groups, the distinction is made
between internal and external group motions. The external modes are
librational and translstional in nature. In order to classify the
translational modes, each group of atoms, i.e., ion or molecule,
is treated as if it were a single entity. Thus for a total of 'p'
polyatomic groups and 'g' mono-atomic groups, the chracter represen-

tations associated with these vibrations are given by:
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mj(p)(z cos 4 j Iy (3.1)
(2 cos 8 I (3,2)
(m, (p) - 1) (2 cos 6 Iy (3.3)
mj(p-q)( 22 cos &j + 1) (3.4)

character representation

acoustic modes

translational modes (external modes)
librational modes

number of atoms which remain invariant
by an operation of class 'j’.

In the above expression, (+) sign is taken for proper rotation

where as (=) sign
6:_ . 8 1is taken

improper rotation

The number
found by reducing

following formula

where g

Te]
.
|

(7)

is for improper rotation., For symmetry operation
as 0  and 'i' (inversion) is considered as

with 4 = 180°,

of modes belonging to a particular species is
the above character representation using the
L2/

(¥ )
= 1

N - 1 Z oy (7)) X, (3.5)
3

order of the group of symmetry operations

= order of the ith class

N = number of modes in the symmetyry species
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bd
:k;( ) = the character of irreducible representation
for the species ' 7 ' of jth class
}3 = character of reducible representation in the
jth class.

The summation sign ) indicates that the sum goes over all the

classes in the point group of the unit cell,

362 Site Symmetry Approach

R,S. Halford in 1946 proposed this method / 4_/ based on
the assumption that the local potential is responsible for the
dynamics of the monoor polyatomic groups in the crystal. The vibra-
tional modes are obtained by correlating the symmetry species of
the free molecular point group to those of the local symmetry point
group. This method, however, n=glects the interaction between

different groups in the same unit cell,

3.3 Correlation method

Fately et al in 1971 /5_/ proposed an alternative method
called the correlation method. This is a quick amd simpler method
which provides information about vibrational modes of a crystal
without any ambiguities and has been followed by us in our analysis
of different systems. The different terms and symbols, used in the

correlation method, are defined here:~



t = the number of translations in a site species'?'.
This number may take values zero, one, two or
three depending on whether none, one, two, or
three translations are contained in the site
species ! Y’ ' respectively. This information is
obtained from the character table,

r = the number of rotations included in the site
symmetry species ' ¥ ‘.

f = the degrees of vibrational freedom present in each
site species ! ?ﬂ (= & e« N, where'n’is the number

of atoms or molecules in an equivalent site.)

Jf = r .+ n = degree of rotational freedom present in
each species ' 2.

ay = the degree of freedom contributed by each site
species y to a factor group species )

{7 £
3] r
Cls CL&
- ?
where C% = the degeneracy of the species ! & '.

(3.6)

Species

Cs

The following steps are followed for finding out the reducible
representation corresponding to the various degrees of freedom of

atoms or molecular units in the primitive cell:-

1) The crystal structural data of the system ¢.10uld be known or
can be assumed and group theoretical predictions of vibrational
spectra can be made and compared with experimental observations to

confirm the structure,



2) In case of a molecular crystal, the lattice (translational ard
librational) modes of both the +ve and ~ve ions are calculated.
Then the intra-molecular (internal) vibrations of the ions are
calculated,

3) These are combined to obtain all the modes in the unit cell.

3.4 The crystal structure of MXF6:6H20

The class of compounds having general formula MXF6:6H20

. . - 2+ — 52
contain two octahedral ions [ M(CH,) /" and [/ XF../" as shown
in Fig. 3.1(a)-(3), where M = divalent metallic ions (Cd, Zn, Fe

etc) and X = Si or Ti,

Most of the members in this series have the space group
R 5'(C§i) where as some of them have space group R 3m (ng) at
room temperature / 6_/. From crystal structure data given in
Chapter II (Sec. 2.5 to 2.5.1) the Zn and Ni salts of the systems
are known to have a unimolecular rhombohedral unit cell of space
group R 3 (Cgi). No structural data are available for CASiF _:6H,0

2
or CdTiF6:6H20 to our knowledge.

3.4.1 The structure of the éfXF6_72- ions

In most of the compounds, the AFXF6_72- ion (where X =
Si, Ti) is a regular octahedron having Qh molecular symmetry, see

Figo 3.1 (a)“(g) .
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3.4.2 The structure of / M(OH,). 7°* ions

The complex ion ZPM(OH2%;72+ is normally a distorted

octahedron of Th molecular symmetry ard occupies a site of symmetry

]
C3i in a crystal of space group C3i‘ The.HZO molgcufes have sz
symmetry and also occupy sites of symmetry C2v £P7;7, see

Fige 3.1(a)=(g).

3.5 Calculation of lattice vibrations of [_M(OH2)6__72+ ion

and zfXF6_72- ions

By applying the correlation method (Sec. 3.3) we cbtain

the vibrations as given in the following Table:-

T B ] ] [}
£ H i Site Symmetry C,. 1 Factor Group C,. ;C ' a
] ' 3i h 31 ' .
1 A ot 1 :
2 2(T._ ) E 5 E 2 1
Xy’ u u
1 1(T) a , A 1 1

Therefore the lattice vibrations (external modes) belong to the

Au and Eu symmetry species.,

The ion zfXFa 72- has 05 molecular symmetry and in a

crystal of space group C it occupies a site of symmetry D3d’

31
Therefore tne number of lattice vibrations of this ion i1s the same
as that of the ion Z_M(OHz)5 7%% as explained in Sec. 3.5. Therefore

the lattice vibrations of the crystal having these two ions are:-

(A, +E) + (A +E) - (A +E) =A_+E
u u u u u u u u
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Lattice vibr. Lattice vibr,.
Acoustical

of Z-M(OHZ)G_J2+ + of [X.F6_72- - vibr.

S0 the lattice vibrations of MXF6:6H20 are classified as Au + Eu'

3451 Internal vibrations of é—M(OH2)6_72+ ions,

This complex ion has the molecular symmetry Th whose

internal modes are classified as / 8_/ -

3Ag(R) + 3Eg(R) + SFg(R) + Au(ia) + Eu(ia) + 8Fu(IR)

In the crystal of space groups Cgi its internal modes are

shown in the following correlation diagram:=

]
1

Free ion molecular symmetry Site and Factor group
L]

—+
[}
T ; Cii
1
A A

g
A L A
u 7 u
E
u
F s B
u 7 ou

The triply degenerate modes of Fg and Fu symmetries split into A

and Eg and Au and Eu species respectively under C31 site symmetry.
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Thus the total internal modes of the complex ion

K—M(OH2)6;72+ are -
8A (R) + 8E (R) + 9A (IR) + 9E (IR) = 51
g g u u

Therefore the Raman inactive modes of symmetries Au and Eu in

case of free ion become active in the crystalline form.

3¢5.1.1 Internal vibrations of ZfXF6_72- ion

The internal modes of the complex ion ZFXF6_72- having

point group symmetry Oh are:-

A, (R) +E (R) +F
g g

1 (R) + 2F1u(IR) + F2u(ia) = 15

2g

In the crystal of space group Cgi or D3d"the internal modes are
classified as given in the following correlation diagram because

only D3d site is possible-

]
' and
Free ion symmetry : Site Factor group

]

[)
%h : P3g

1
Alg r Alg
E ; A
g 29
F —E
29 T g
F1u Alu
F2u ? Eu




Therefore in a crystal of space group D3d' the internal rnodes are:=

2A1g + 2Eg(R) + Alu(ia) + 2A2u(IR) + 3Eu(IR) = 15

6H,0

36562 Symmetry and selection rules for MXFG: 5

As shown in the above sections 3.5 to 3.5.1.,1, there are
78 phonon branches expected for the crystal MXF6:6H20. The symme=
tries and selection rules are given below for a crystal with space

2
group Cy, -

—k
T 1 [ ] [ []
] 1 [} ? [ ] ]
Species ; Lattice | Acoustical | Rotation | Internal ! Spectral; Total
! modes ! modes : or ' vibrations | activityl modes
H \ y Librations) H 1
A - - 2 10 R 12
g
E - - 2 10 R 12
g
A 1 1 - 12 IR 14
u
E 1 1 - 12 IR 14
u

12Ag(R) + 12Eg(§) + 14Au(IR) + 14Eu(IR)

12 + (12 x 2) + 14 + (14 x 2) = 78 modes.

Similarly for a crystal of space group D3d the following table

gives the details-
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¢ K Y o K ,
Species ; Lattice | Acoustical | Rotation | Internal | Spectral | Total
! modes | modes ! or ' vibration ! activity ! modes
: : ' Libratior ' ‘
{ | - i i i 1
- - - R 5
Alg 5
A - - 2 5 ia 7
29
E - - 2 10 R 12
g
- - - 1
A1u 2 a 2
A 1 1 - 10 IR 12
2u
E 1 1 - 12 IR 14
u

(R) (ia
5a1(R) + 7a, (1) + 1280+ 2a,F 1 12a, (IR) + 14E_(IR)

S + 7 + (12 x2) +2 +12 + (14 x 2) = 78,

3.6 Frequencies of normal modes of Z’XF6;72-

The frequencies of the normal modes of the hexahalide ions
of the general formula Z;XX£72- where X = 51, Ti, Zr or Sn and
Y = F, Cl, Br or T were obtained by Peacock et al in 1959 Z;9;7.
Since the mas§ of the central metal is large, all the vibrations

are expected to be observed below 660 cm-l.

The following table gives the frequencies of ZPXF6_72-
(wrere X = Si, Ti) and 4?Tic16_72- ion observed by Griffith et al
/ 10-/ and Evans et al / 11-11(a)_7.



LB | ] [] )
1] [} [} L [ IS
- ' [} [ ' ] 7S
L L [ ] L]
fon A ®) | :SZEg(R) P yr ) | DR () | RE, ®)
i i : 1 1
a— - - - - - - -1
[S5iF _7°7 655 cm™' 474 cm™t 740 em™l 485 em™l 395 cm
* -1
510 cm™>
4?T1F6;72‘ €13 cm ! - 560 cm - 275 cm™t
— —o- = - -1 -1
/"Ticl,_7°7 321-331ci’284,27lcn 302-330cm”™ 188-193cm™ 186-94 cm

* — —
Reported by Nakagawa Ref. / 8 /

367 Resolution of the overlapping bands

The neighbouring bands overlap generally in the IR absorption
and Raman spectra. It is necessary therefore to resolve such spec=-
tral features geometricsllv on the basis of the expected shapes of
the overlapping components. In the condensed phase the Lorentzian
shape for the band contours is justified / 12_/ while for the
electronic absorption bands, Gaussian band shape is a reasonable
approximation / 13_/. In many cases neither Lorentzian nor Gaussian
curves provide a complete fit to the experimental curves. Hence

the Voiget like functions are generally used / 14_/.

However, in cases where the actual band width is much
larger than the instrumental slit width, the Lorentzian shape gives
a reasonably good fit, especially if one is not interested into the
tail of the band.

A Lorentzian function is given by the expression =

2

3 b
I(S ) = 1(D) (52 (3.7)




where zSO is the frequency at peak intensity I( éo) and '2b’

is the FWHM intensity ( ADY. Similarly the full band width at
Oel, 062, 043 eeeee 068, 0,9 of the maximum intensity are 6b, 4b,
3606D eeeee b, 0,66b respectively, The Fig. 3.2 shows the relation-
ship between I( 250) and 'ob'. The product of I 250) and AJY

is a measure of the intensity of a band, usually called integrated
intensity. It is useful to evaluate the relative integrated inten=-
sities (RII) of different bands assigning RII = 100 to one typical

bard,

3e761 Selection of a base line

The selection of a proper base line is essential for the
anal ysis of overlapping bands, The following considerations are

necessary in the selection of the base line:-

(a) the base line should not touch the tail of a absorption
profile or a scattering profile,
(b) A base line with increasing absorption towards lower

frequency region is avoided,

Analysis is then made choosing the more obvious components
first, and then affixing Io( :S) and A?S% parameters for them,
The residues were then found. The following main criteria were used

in this analysis:=~

(2) The minimum number of the Lorentzian components
warranted by the observed contour was found,
(b) Minor residues or deviations were neglected for the

bands with doubtful existence,
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(c) In case of alternative analysis giving equally good
fit, the one which maintained the peak positions nearer the
observed ones was preferred,

(d) An indistinct component in the band contour was
introduced only in those cases where repeated Lorentzian trials

failed by wide marginse.

3.8 Correlation of -)SOH and 7>QD frequencies

The correlation between the Z)OH and ikD frequencies for
single OH and D oscillator as a function of O...0 distance has
buen extensively studied / 15,16_/. The following correlation was

suggested by Falk ZP15_7 -

H®® )

= -1
= 2727 - exp / 20,96 = 5.539 Ry, . o/ cm

(3.8)
oD

where é%HOD are the decoupled i%D frequencies of HD oscillator

whose gas phase limit is 2%0 = 2727 cm-1 and R is the distance

O.OOO
between the hydrogen bonded oxygen atoms in Angstrom unit,

At present no useful correlations between the RO 0 and

force constant for the O-H bond are available. A typical correlation
obtained by Berglund et al ZP17_7 on deutron quadrupole coupling

parameter is as follows -~

4 — —
2%D 2727 -~ 7.0 x 107 exp / =~3,.02 Ry...o _/ and

Pop = 2727 = 8,97 x 10* exp [-3.73 Ry o 7
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The value of Y?OH) - the bond length of O-H, can be

obtained using Badger's rule ZP18_7.

=

_ _ 3
Fioy = 04335 + / (1.86 x 10°)/aR 2 tec? oS 7 (3.9)

2,998 x 1010 cm sec

1.562 x 10724 gm

where C

At

and jﬁOH = frequency of the symmetric stretch in cm-1

A rough estimate of f?O-H) can also be made from the Rg o

value using empirical correlation éf15_7 given below =

_ + +
Mo—y = (14376 = 0.193) - (0.143 = 0.069) Ry

(3.10)

Statistically in a hydrate-deuterate mixture the molar percentage

of H20 : HOD : D2O would be X2 : 2x(1=-x) : (l-x)2 where 'x' is the

molar fraction of H, For 20%, 80%'and 95% deuteration of the

sample the following shall be the proportion of D20, HZO and HOD
in the sample / 18(a)_/ -
Sample % DZO % HZO % HQD
I 20% deuterated 4% 64% 32%
II '80% deuterated 64% 4% 32%

II1I 95% deuterated 90,25% Q.25% 9.,5%

The first (I) sample shall have most of its D_O surrounded by HCD

2

and HZO to exclude other DZO's. Hence one expects the (D oscillators

of D20 to be dynamically uncoupled, Similar arguments apply for OH
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.oscillators of HZO molecules in the II sample., In the III sample,
‘the D and OH oscillators of HOD are surrounded by D,0 and hence
‘dynamical coupling is absent again. In this case the decoupled

modes belong to vibrations of indivisual OH and (D oscillatows of

HOD, These yield a degree of asymmetry in a particular H,O molecule,

2
Although the isotopic dilution technique has been used by
many workers on tacit assumptions to study modes of water in
crystal~hydrates, formal attempts to justify the techniques theore=~
tically by calculating potential functions and the isotopic frequency

shift ratio has been made only recently / 19 /.
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STRUCTURE OF M SIFG-GHZO .

Flg-3’l

Crystal structure of CdSiF6:6H20 based on Cgi space group -

L] - 2-
@) A vertical column of / SiF._/ and
- 2+
[Cd(OHZ)6 /“" ions. The ions are alternate.

(e) The details of the arrangement of Z—SiF5 72"

and zﬂid(OH2)6_72+ ions. in one unit cell of
rhombohedral of fig. 3.1(a).
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STR iF.. -
UCTURE OF (CdSiRIgH,0) MSiFg:6Hy O

(f ) @ = M .
® =Si (Q)
® zo
O -H
O=¢
. | Fig- 31
Crystal structure of CdSiF6: 6H20 based on Cgi Space group -

(f) structure of the crystal showing hydrogen bond between
the two ions / SiF, / °~ and [Cd(OH2)6_72+; 0-H...F in 1-1 position

(g) Structure of the crystal showing hydrogen bond in 1-2 position.

1
i
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Lorentzian shape of the band contour. I is peak

intensity and '2b' is the FWHM intensity (AU./)

The figure shows the relationship between Io
and 'b‘'.
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Chapter IV

Laser Raman Study of Phase Transformation in Single

*
Crystals of Cadmium Pluoro-titanate Hexahydrate (CdTiF6=6H20)

4,1 Abstract

A detailed temperature dependent Raman study of oriented
single crystals of CdTiF6:6H20 down to the temperature of 10k was
carried out in the regions of internal vibrations and lattice modese
The line width, frequency shift and intensities of the modes asso-
ciated with the [fbd(H20)6_72+ and éfTiF6_72- octahedra show abrupt
changes at temperatures around 200 and 80k respectively, and many
doubly degenerate modes split into two components. These studies

suggest that this system undergoes two structural phase transitions

at 200 and 80k. A mechanism for these phase transitions is suggested.

4,2 Introduction

As stated in the synopsis of this work, during the last few
years there has been considerable interest in the study of metal
hexahydrate complexes containing the anions [PXF6_72- and cations
Z_M(OH2)6_72+° Some members of the series of general formula
MXF6:6H20vﬁEre M = divalent metal ions and X = Si or Ti are known
to undergo structural phase transitions from their room temperature
space group C§i (R 3) to the space group Cgh (Pﬁ.l/c ) at low

temperature, The metal hexahydrate complexes having X = Si and M =

Paper based on this chapter has been published:
Thakur G and Verma A L, J. Raman Spectrosc. 17(2), 207 (1986),
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Mg, Mn, Fe and Co are known to undergo structural phase transitions
at 298, 230, 240 and 24fFk respectively, whereas the complexes having
X =81 and M = Zn and Ni do not undergo any phase transition upto
temperatures of 10k éfl_7. Moreover, the complex with X = Ti and

M = Zn undergoes two successive phase transitions at 217 and 182k,
whereas the complex with X = Ti and M = Co shows only one phase
transition at 244 I 2k / 2+3_/. We could not f£ind any report on the

vibrational studies of CATiF :6H2O except an EPR study of Petrakovs-

6
koya et al in 1984 / 3(a)_/.
It is clear from this brief survey that the dynamics of
structural phase transitions in different metal hexahydrate complexes

is quite different., Vibrational spectroscopy can play an important
role in elucidating the mechanism of structural phase changes in
solids and we therefore undertook a systematic study of the Raman
spectra of oriented single crystals of CdTiF6:6H20 and CdSiF6:6H20
at different temperatures., From a temperature—dependent study of
half width, frequency shift and splitting of some bands at different
temperatures, we fourd two structural phase transitions in the
C4TiF :6H20 system at 200 and 80k, whereas there is only one phase

6

change in the CdSiF6:6H20 system at about 200k. In this chapter we

give the results of the experimental studies on CFTH {(Cadmium Fluoro-

titanate hexahydrate CAsSiF :6H20)°

6

463 Experimental details

As given in section 2.4.2 of Chapter II the single crystals

of Cadmium fluoro titanate hexahydrate (hereafter abbreviated as
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CPTH) were grown from solution through controlled evaporation by
maintaining a slow and constant temperatura gradient / 4_/. The
crystals grew in the form of hexagonal pillars elongated along the

c-axise

Taking the c-axis as the z-axis and the line passing through
the two opposite edges of the hexagonal as the y=-axis, the crystals
were cut in rectangular cross-sections making the y~ and x-axes
perpendicular to the adjacent faces of the rectangular cross-
section / 5_/. Fig. 4.1 illustrates the cross-section for cutting

the crystals.,

The crystal was cut by rubbing the edgeson a filter
paper (Whatman No, 40) which was made wet with few drops of triply
distilled water. After cutting, the crystals were polished on a dry

filter paper (Whatman No., 40) and then on a 'Rayon' cloth,

For low temperature measurements, where the crystals have to
be mounted on a cold-finger in a vacuum chamber, the crystals were
rubbed on a paper slightly soaked with mineral oil (white oil), to

prevent surface dehydration of the crystals during experiments,

The Raman spectra of the crystals were measured in all the

six orientations, the details of which have been given in Chapter II

sections 26641 to 20604,

The Raman spectra were excited by linearly polarized 514,.5
and 488,0 nm radiation from a Spectra-Physics Model 165 Argon-~Ion

laser. The laser power at the sample was approximately 200 mW.
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A SPEX Laser-mate was employed to remove plasma lines. The scattered
light in the 90° scattering geometry was analysed with a SPEX Ramalog
triple monochgomator equipped with a cooled photomultiplier tube

and a SPEX Datamate photon counting arrangement. The spectra in
different geometries were recordéd with a resolution varying between

1. The low-temperature spectra were measured down to

2 and 4 cm
10kx. The low temperature was achieved with the help of an Air-
Products closed-cycle helium cryo=-cooler, the details of which have

already been mentioned in Chapter II,

4,4 Theoretical analysis and crystal structure

The theoretical analysis in detail has been given in Chapter

I1I. However, here we give only the correlation diagram for C3i-0h-
=T

D3q and G337y
expected in the spectra. One excepts 12 Ag and 12 Eg = 12 + 24 = 36

(Fige. 4.2) and the total number of Raman bands

modes. If Eg irreducible representation is counted as giving one

band, the total number of Raman bands expected is 24,

Again for a crystal belonging to the space-group ng, the
Raman active bands would be of species - 5 Alg + 12 Eg =5 + 24 = 29,
If the Eg is taken to contribute one band the total bands will be 17.
Experimentally it is difficult to observe all the modes in the

Raman spectra / 6=8_/.

4.5 Results and discussion

It is expected that when the CFTH system belongs to the

space group Cg , one should observe 16 Raman active modes for the

i
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~ e —2- ' 2 .
/caon,)  7%% ion and 4 Raman modes for the / TiF. /" ion in the

internal vibration region of the ions. When the space group is

5
D3d’

scattering for the above ions are 11 and 4 respectively. Here

the number of internal vibrational modes expected in Raman

doubly degenerate modes are counted as one mode,

2s will be explained subsequently, the similarity of the
Raman spectra of CFTH with that of ZnTiF6:6HZO and polarization
measurements on single crystals in different geometries make it
clear that the CFTH system can exist in the space group Cgi only

at room temperature as D3d is not a sub~-group of the free mole-

e =2+
cular ion group T, of ?he Zrbd(OHz)s / ion,

4,5.,1 Room temperature spectra

Representation spectra of single crystals of CFTH at room
temperature in four geometries are shown in Figs. 4.3 and 4.4 with
the polarization of the incident and scattered radiations given in
Porto's notation with the z=direction parallel to the c-axis of the
crystal, Under the space group Cgi the Ag ard Eg components of
the vibration are expected to be present in all the orientations
except that the Eg ccmponents should not be observed in the
{ x(zz)yg orientation as the polarization tensors for the c?

31
space group areile-

a o) o c d e d -c =f

o a o d ~c f -c =4 e

o) o) b e £ o -f e o)
A E E
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We measured the polarization behaviour of Raman bands in different
orientations of single crystals of CFTH and found it to be consis-
tent with the Cgi space group for this system. Moreover, the room
temperature Raman spectra of single crystals of CFTH in different
orientatio?s resemble very closely to those of ZnTiF6:6H2O measured
under the same experimental conditions in our laboratory. The spectra
observed by us foir the ZnTiF6:6H2O system are the same as reported
by Chaudhury et al /9 7.

One would expect 4 Raman bands in the lattice mode region
out of which 2 modes are of Ag species and 2 are of Eg species
under the Cgi space group, but only two lattice modes (2Eg) would
be allowed under the D,4q space group. We have observed at least

four distinct Raman bands in the lattice mode region, and thus

supporting the Cgi space group for the CFTH system.

The freguencies of the Raman bands in different polarizations
for the single crystal of CFTH are given in Table 4,1 together with
the assignment of the bands. The spectral correlations are based on
group theoretical predictions, group frequencies and available

assignments in the literature for similar systems éin_?.

At room temperature (RT) in the lattice mode region we
obtained 4 Raman bands in the §y(xx)z} and {x(yy)z{ orientations
of the crystal., All the bands are very weak but distinct in this
region with the frequencies at 56, 67, 82 and 125 cm'-l in the

{y(xx)z} orientation and are of Ag+Eg species,
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We got only one band in the{ x(zz)y; orientation at 131 cm

and this band is of Ag species.

A clear shoulder at 183 cm"1 in the ?y(xx)z} geometry is the
deformation mode & (0-Cd=-0) of the Cd=0 bonds which is not observed
in other geometries, The bands at 265, 304 and 354 cm-'1 are asso-
ciated with the ‘%S(Cd-o) (asymmetric stretch of Cd-0 bond and is
:of Eg type), ® (F-Ti-F) (Ag + Eg type) and fg(Cd-O) modes respec=-

' tively. The band at 611 cm™ ' is very strong compared to the other
bands in the spectrum. This band arises due to symmetric stretch

of Ti and F, 42(T1-F)° This band belongs to the Ag species but

it appears in the gy(zy)zg geometry also due to polarization leakage,
as its intensity in this geometry is very low, where as in the

fx(zz)y} geometry it is very strong.

The bands arising from the water stretching modes are very
broad and appears at 3477 cm™ % (peak) in the {y(xx)z}
orientation but in other orientations, fk(yy)z} and gx(zz)y} '

! and 3485 cm-1 respectively., At RT the

they appear at 3480 cm”
bands due to the éﬁ and 53 modes of water are superimposed to give

a single broad band centred at around 3480 cm-l for CFTH,

The assignments suggested by different authors for the

systems ZnTiF_:6H_O, NiTiF_:6H.0 and MnTiF :6H20 are compared with

6 2 6 2 6
our assignment for the CFTH system, as shown in Table 4,2,



-111-

4,5,2 Low temperature spectra

In an attempt to resolve the closely spaced lines, we recor-
ded the Raman spectra of a single crystal of CFTH at 10k and found
that the spectra showed a complicated structure. The Table 4,3
shows the Raman bands in 4 selected~orientations of the crystal at
10k. Therefore, we undertook a systematic temperature-dependent
study of the Raman spectra of CFTH from room temperature to 10k at
intervals of 10-20k. The spectral data are shown in Table 4.4.

The main features of the temperature evolution of the Raman spectra

of CFTH are summerized as follows:=

1, Most of the bands became sharp and many shoulders and
unresolved components appeared as distinct features with
decreasing temperature.

2, The freguency shifts, half-widths and intensities of some
bands showed anomalous and sudden changes at temperatures
around 210 and 80k.

3o Several modes of Eg species in the internal vibration and
lattice mode regions split into two components around 210
and 80k,

4, The broad band associated with the (0-H) stretching modes

at RT splits into six sharp components at 10k,

These observations strongly suggest that the system undergoes
two successive structural phase transitions. around 200 and 80k, We
shall return later to the nature and mechanism of these phase
transitions, but let us first elaborate on the temperature vagiation

of the Raman spectra.
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Fig. 4.5 shows the Raman spectra of:éingle crystal of CFTH
in the-{x(yy)z} geometry at a few selected temperatures. The fre-
quencies of the vibrational modes at different temperatures are
given in Table 4.4. The Raman spectra in different geometries at
10k are shown in Fig. 4.6. The deformation mode & (0-Cd-0) associa=-
ted with the éﬁ:d(OH2)6_72+ ion is found at 176 cnr:"1 in the room
temperature spect;um consisting of Ag + Eg components., Around 200k,

1 1

the bands become sharper and appear at 176 cm (Ag) and 180 cm

(Eg).

At 200k, the E_ component at 180 em™! splits into two bands
at 185 cm-l and 199 cm-1 but the Ag component remains at 176 cm_lo
Similarly, the lattice mode of Eg symmetry associated with the
libration of the /0d (OHy), /2% ion at 83 cm™ splits into two

1 at 200k, The vibrational modes associa=-

components at 84 and 90 cm_
ted with the éfTiF6_72- ion do not show any splitting or anomalous

behaviour in thiy temperature range,

When the temperature is reduced further, many bands associa-
ted with the é’TiF6_72- ion either show abrupt changes in frequency,
half=-width and intensity around 80k, or some degenerate modes split
into two components. The 300 cm“1 room temperature band associated
with the o (F-Ti-F) mode having (Ag + Eg) symmetries split into
three components a+ 301 (AJ), 284 and 310 em™ at 80k. The 3 (Ti-F)
stretching mode at 612 cm © shifts abruptly to 605 cm % at 80k

The half-~widths and intensities of many vibrational bands show
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anomalous behaviour in this temperature range. Figg.4.7 - 4,11 show
frequency shift (splittings), full-width at half-maximum (FWHM) and
intensity variations as a function of temperature for some selected

and isolated bands in the Raman spectra of single crystals of CFTH,

4,5.,3 Structural phase transformations

From the above described temperature dependent Raman studies
on oriented single crystals of CFTH, wé have discovered two struc-
tural phase transformations in this system at 200 and 80k. The
higher temperature transition is triggered by distortions in the
geometry of the ['Cd(OH2)6_72+ ions as most of the bands associated
with this.ion show either splitt;ngs of the modes of Eg symmetry or
anomalous behaviour of half-width, etc. There is no such sudden
change in the vibrational modes associated with the é&TiF6_72- ion
and therefore it retains its octahedral symmetry in this tempera-

ture range.

As the temperature is reduced further, the vibrational modes
of E, species associated with the éfTiF6_72- ion show splittings
into two components. The frequencies, half-widths and intensities
of most of the bands associated with the Z’TiF6_72- ion change
abruptly and show anomalous behaviour around 80k. Before 80k, there
are gradual and minor changes in the band positions and half~widths,
These changes indicate that there is a distortion in the geometry
of the éfTiF6_72— ion arouné 80k and the space group of the system
changes to a lower symmetry in which there are no degenerate

vibrational speciese
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Both of these transitions appear to be first order, charac-
terised by abrupt changes in frequency shifts, FWHM and intensities

of some of the bands at the phase transition temperatures,

Without any structural information available on this system,
it is not possible to say much about the low-temperature space
group of this system in the temperature regions around 200 and

below 80k,

There are at least eight components observed in the lattice
mode region around 10k arnd all the doubly degenerate modes split
into two components. These similarities with the ;ow-temperature
Raman spectra of MgSiF6:6H2O indicate that the lowest temperature

(

space group of CFTH crystal may also be C5 in the mono=-

on ‘P 1/c)

clinic series ét10_7°

It appears that, as the system is cooled from room temperature,
the lattice contracts and around 200k the water molecules lose their
reorientational freedom to some extent resulting in distortion of
the [fbd(OH2)6_72+ octahedra. The lattice dimensions and crystalline
field in this temperature range are such that they do not distort

the / TiF,_7°" octahedra,

As the temperature is further reduced, the lattice further
contracts and a situation arises when around 80k the Ti4+ ion does
not fit into the octahedra of the 6F ions. Therefore, this octa-

hedron distorts and triggers another phase transformation at 80k

/11 /.
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This mechanism of the phase transitions in this system is
consistent with our Raman studies on single crystals of CdSiFs:GHZO
where we have discovered only one phase transition due to distortions

in the /cd (0H,) 7% octahedra around 220k /12~137

The details of the study on CdSiF6=6H20 are given in
Chapter V.,
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Table 41

Raman spectral data at room temperature of CdTiF,-6H,0"

Raman bands {cm™') observed in different polanzations

67

125
172
176
183
265

304
354

611
un

{y{xx)z}

$3%8%

2T va g

Vs

(7]

66
84
134

180
261

293

611

{rizy)z}

ziiigéég

{xlyy)2}
85 VVW
67 VWW
83 S
131 vWW
172 wWw
176 M
261 M
300 S
354 W
453 VWWwW
613 VS
3480 S

{x{2z)y}

131 vww
172 vWWwW
178 vww

275 (sh)}
305 S
354 VW
614 VS
3485 S

Assignments

Lattice modes

restricted H,0 trans., A,
8{0-Cd-0), A, +E,

vee (Cd-0), £,
8(F-Ti-F), A, +E,

v, (Cd-0). Ay
v, (T-F). £,
v, (Ti-F), A,

v,, {(H-0)

* VVW =very very weak, VW =very weak, W =weak, M=medium, S =strong, VS =very strong
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Table 4-3

Raman spectral data at 10 K for CdTiF4-6H,0®

Raman bands {cm™') observed in different polarizations

{y(xx)z} {y{zy}z} {x(yy)z} {x{zz}y} Assignments
58 Vwww 58 VVvw 56 VVW
68 vw — 67 VVW —
80 VvVVW 80 Vvw 80 VW —
98 M 97 vwW 95 M 85 vw Lattice modes
113 W 12 VWW 114 VWW 114 VW
121 VW —_ 121 vW —
—_ — 131 vwWwW 131 vww
177 VW 172 VW 17w 172 M Restricted H,0 trans
182 M 181 W 181 M 183 M
192 sh —_ 180 W 200 vvw } 3{0-Cd-0)
215 WW — - 217 VW
254 M 254 W 254 S 255 W
266 M 268 W %8 S 269 VVW } Vas(Cd-0)
285 W 286 W 285 S 286 vwW
300 M 301 W 300 S 293 S } 8(F-Ti-F)
313 W 314 M 314 M 318 vw
365 M 364 W 363 S 362 W v,(Cd-0)
389 vvw — — /T VW
418 VW — 413 W — } V,s(T1—F)
454 VW — - —
604 VS 603 W 603 S 604 S v {Ti-F)
—_ - -— 3429 VVW )
345 S KY:7. SEAYY 3446 S 3446 VW
3452 S 3451 W 3451 S 3451 W 9 (h- 0)*’
3461 W 3461 W 3461 W 3462 M 3
3488 sh 3487 VW 3486 VW 3487 M
3503 VS 3437 M 3497 VS 3497 VS
3506 sh _ 3506 sh —
3530 M 3529 W 3529 M 3530 w J
® Abbreviations as in Table ;.1
»q and 233 modes of H,0
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Correlation diagram

(a) [}w(OHZ)G]2+

Site and factor Free ion group
group
C3i Th
Aqg Ag
::::3>><::f’59
Eg = Fq

(b) [XF6]2
Site and factor Free ion group 1
group
D3d Oh
Alg Alg
Eg Eg

Fig. 4-2

Correlation diagram for C3i - ’I‘h and D3d - Oh

groups.
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-
i . (2y)
I | [ | | l
3600 3500 3400
WAVE NUMBER CM

Fig-

2

4-3

3300

Raman spectra of single crystal of CFTH at room temperature in
a few selected polarization geometries in the region 3300 to

3600 cm™%
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Cd TIF6 6H20

300K
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650 550 450 350 250 150 50
WAVE NUMBER CM'
Frg- 4-4

Raman spectra of single crystal of CFTH at room temperature in a1
few selected polarization geometries in the region 50 to 650 cm .
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i 1
‘650 600 ., 550
WAVE NUMBER}CM

Fig4-5(b)

Raman spectra of single crystal of CFTH at different
temperatures in the region 550 to 650 cm-l. 2)‘('!':’—- F).
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Chapter V

Laser Raman Study of Phase Transformation in Single Crystals

%*
of Cadmium Fluoro-Silicate Hexahydrate (CdSiF,:6H,0)

6
561 Abstract

A detailed temperature dependent Raman study of the oriented
single crystals of CdSiF6:6H20 upto 10k has been made in the region
of internal vibrations and lattice modes. Freguency shift, line-width
ard intensity of some of the Raman bands associated with the modes

of the / cd (OH 7% ana é_SiF6_72- ions show abrupt changes in

2)6—
the temperature range around 220k, and soOme doubly degenerate modes
split into two components. These studies suggest that this system

undergoes structural phase transition at 220k. A mechanism for

this transition has been suggested.

502 Introduction

Considerable effort has been made in understanding the
phase transitions in the metal hexahydrate complexes containing
the éfXF6~72- anions and éfM(OH2)6_72+ cations during the last few
years, but the behaviour of some of the complexes is not yet pro-
perly understood. As mentioned in Chapter IV some of the members in

the general formula MXF_:6H,0O (where M = divalent metal ions and

6 2

*
Paper based on this study was accepted for presentation in the

DAE Symp. on Solid State Phys. Vol 27C pp 282, Dec., 23 (1984),
BARC, Bombay, and also paper based on part of this study is
accepted for publication in J. Raman Spectrosc. 20, 00 (1989),
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X = Si or Ti) undergo structural phase transitions from their room
temperature space group Cii (R 3) to the space group Cgh (P2 1/c)’
but a few members of the series do not show phase transition upto

very low temperaturesé?l-3;7.

We could not find any literature on CdSiF6=6H20 regarding
its structural phase transition. Badachhape et al [—4_7;have reported
two Raman bands in saturated aqueous solution of CdSiF6:6H20 at
room temperature. From the literature survey on this system, it is

clear that the dynamics of structural phase transitions in diffe-

rent metal hexahydrate complexes is quite different,

The vibrational techniques play an important role in eluci~
dating the mechanism of structural phase changes in solids., We,
therefore, undertook a systematic study of the Raman spectra of
oriented single crystals of CdSiF6:6H2O at different temperatures
in order to gain an insight about the behaviour of this system. We
have detected only one phase transition in this system whereas we

found two phase transitions in case of CATiF_:6H.,0 as discussed in

6" 2
Chapter IV /5 /.

The results on the study of deuterated analogues of these

systems are given in Chapter VI and VII,

503 Crystal structure and group theoretical analysis

Most of the members of the series MXF_:6H,0, have sSpace grou

6 2
R 3 (Cgi) where as some of them have space group R 3m (ng) at room

temperature [f6,7_7° No str ctural data are available for CFSH in
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the literature to our knowledge. The crystal structure data for
the ZnSiF6:6H20 mentioned in section 2.5.1 of Chapter II show that
this system has a uni-molecular rhombohedral unit cell of space
group R 3 (Cgi). We can start from the assumption that the
OdSiF6:6H20 is iso-structural with the ZnSiF6:6H20 system and may
belong to either the R3 or the R3m space group because most of the

members of the general formula MXF6:6H O belong to a rhombohedral

2
systemo, On this assumption, group theoretical predictions can be
made and compared with the experimental observations based on both
the space groups and then it can be seen which space group can
explain the experimental data correctly. The Fig. 3.1(a — @)

illustrate the possible structure of CAdSiF_ :6H,O,

6 2

The detailed group theoretical analysis has been given in
Chapter III for this system also. However, we only mention in this
chapter the total number of Raman bamds expected in the spectra if
the system belongs to either the space group Cgi or ng. The total
number of Raman bands is expected 24 (12Ag + 12Eg counting Eg
species as giving only one band) in case of space group Cgi; and
if the space group is ng, the total number of expected Raman bands
would be 17 (SAlg + 12Eg). Experimentally it is sometimes difficult

to observe all the bands at room temperature [ﬁ6-8_;1

5.4 Experimental Procedure

The single crystals of CdSiF6:6H20 were grown from agqueous

solution by maintaining a slow and constant temperature gradient.ZPQJ7


file:///ini-molecular
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The details are given in Chapter II, The growth of the crystal was

like hexagonal pillars elongated along the c-axis. Th. crystals of

CdSiF6:6H20 are very hygroscopic and therefore extra care was taken
for preserving them. The crystals were taken out from the mother

liquid ir a dehumidified room,

The crystals were cut / 10_/ and polished in the same manner

as stated in Chapter IV, section 4.3,

The Raman spectra of the crystals were measured in the same
manner at room temperature as explained in the case of single
crystal of CdTiF6:6H2O. The details of the procedure are mentioned
in Chapter II sections 2.6.1 to 2,6.4. The linearly polarized 4880
and 5145 g laser %ines from the Spectra-Physics model 165 Argon-Ion
laser were used for excitation of the Raman spectra. The scattered
light in the 90° scattering geometry was analysed with a Spex
Ramalog Triple Monochromator equipped with a cooled photomulti-

plier tube,

565 Results and Discussion

It is expected from the group theoretical analysis that if
the CFSH belongs to the space group Cgi one would expect to observe
16 Raman active modes for the [’Cd(OH2)6;72+ ion and only 3 Raman
modes for the é&SiF6_72- ion in the internal vibration region. Here
doubly degenerate modes are counted as one. If the CFSH belongs to
the space group ng the internal modes expected are 11 and 4 for
the Z-Cd(OHZ)e_?Z+ and ZPSiF6_72- ions respectively. As it will be
explained later on, the similarity of the Raman spectra of the CFSH

with that of the ZnSiF6:6H20 under the same experimental conditions
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at room temperature do not leave any doubt that CFSH also belongs

to the space group Cgi at room temperature.

We also recorded the IR spectrum of CFSH at room temperature.
(Fige 5.1) A comparison cf the room temperature IR and Raman spectra
of CFSH (Table 5.1) shows that the system gives different frequen-
cies for IR absorption and Raman scattering bands for the same
(Si=F) stretching mode., Therefore, from the principle of mutual
exclusion, the CFSH possesses:bentre of symmetry. This does not,
however, rule ocut the possibility of D3d space group for CFSH

gi and ng space groups have centre of symmetrye.

because both the C
But if we look at the Raman scattering tensors and irreducible
representations of Raman active modes, we find that the polarization
study in different orientations does not help in distinguishing
between the D3d and C3i space groups because in both the cases E
modes are expected to be present in the (xx), (yy). (xy), (yz) and
(zx) orientations but absent in the (zz) orientation. However the
intensities corresponding to the Eg modes in the C3i and D3d space
groups are expected to be different. Therefore one way is to record
the spectra of the systems having the space groups C3i and D3d
under the same experimental conditions as that of CFSH and compare
the spectra of CFSH with the spectra of these systems and see with
which the intensity of the Eg modes of CFSH resemble., The otherway
is the group theoretical analysis for both the C3i and D3d space

groups and from this predict the number of Raman active modes.
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Hence a group theoretical analysis for the two groups was

made to eliminate the possibility of D3d space group,

We followed both the approaches and concluded that CFSH
belongs to the system having space group C§i° The Raman tensors

for the C31 and D3d groups are given here:-

a o o c o 0} o =c «d
| \.
= o a o 0 =~c d | -c O o
R 3m ( D3d)
\? o b/, o 4 o -d o o
A E E
1g g g
a o o c d4d e d =c =f
- 0o a o d - £ -c =d e
R 3 (C31=56
0O O b e £ o ~f e o
A E E
g g g
565601 The room temperature spectra

Fig. 5.2 shows the representative spectra of single crystals
of CFSH at room temperature in 4 orientations expressed in Porto's
notation. Under the space group Cgi the Ag and Eg species of the
vibrations are expected to be present in all the six geometries

except in the fx(ZZ)yz geometry where Eg species are absenty

Under the Cgi space group une would expect 4 Raman bands

(2Ag + 2Eg) in the lattice mode region, but only two lattice modes
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(2Eg) would be expected under the ng space group. Experimentally,
only cne distinct band has been observed by us, as we also got only
one band in case of ZnSiF6:6H20, in the lattice mode region at
room temperature,
The position of the Raman bands in different polarizations
for the single crystals of CFSH are given in Table 5.2 along with
an assignment for the observed bands. The spectral correlations
are based on group theoretical expectations, group frequencies
and available assignments in literature on similar systems ZhlLJ7o
The half width of most of the bands associated with the
ZPSiF6;7Q- ion in the room temperature Raman spectra is 20-22 cm™2
while those associated with the é)(Cd-O) and & (0=Cd-0) modes is
30 cm-l. This indicates a larger disorder of the cations compared
to those of anions in the lattice, The site symmetry splittings of
the O (F-Si~F) mode of ng symmetry is almost negligible while the
> (0=-Cd=0) mode of the cation shows 6 cm-'1 splitting into the A
and Eg components under Cgi space group. The maximum site splitting
of 20 cm™! is observed with the IR active < (Si-F) mode of Ty
symmetry while the & (F-Si-F) mode does not show any detectable site
splitting. The 2 (O-H) modes show only one broad feature. The absence
of the twisting and any detectable librational modes associated with
the water molecules support the view that HZO molecules are almost

freely rotating or reorientating in the lattice and all the six

H20 molecules are equivalent at room temperature.
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5¢562 The low temperature spectra

In order to resolve the closely spaced lines, we recorded
the Raman spectra of a single crystal of CFSH at 10k and found that
the spectra contain a complicated structure. The spectral data at
10k are presented in Table 5,3, We therefore undertook a systematic
temperature dependent study of the Raman spectra of oriented crystals
of CFSH from room temperature down to 10k, The spectral.data at
intervals of 20 or 10k are shown in Table 5.4, The Raman.SPectra
of a single crystals of CFSH in the {x(yy)z} geometry at few
selected temperatures are shown in the Fig. 5.4, while the spectra
at 10k in different geometries are displayed in the Fig., 5.3a and b

in different spectral regions,

The variation of band positions and the full width at half
maximum intensity (FWHM) as a function of temperature for some
selected and isolated bands is shown in Fig. 5.5 and Fige. S5e6.

The FWHM was calculated taking into account of slit width correlation

by using the formula Zr12_7

2.
étz %&E—‘ —é——d) ] ’ . .. . . - - . . (Sol)

true line width

where bt
%

s = slit width

observed line width

: . -1
The probable errors in the measurements of FWHM is - 1,0 cm ~.
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As the temperature of the system is reduced, many spectral

changes take place. The important features of the temperature

dependent Raman spectra of the system are given below:-

(1)

(2)

(3)

(5)

(6)

Most of the bands became sharp and the shoulders and
unresolved components appeared as distinct features:;

The frequencies, FWHM and intensities of some bands showed
anomalous changes around 220k;

The frequencies of the bands associated with the internal

modes  (0=Cd=0) (182 em™t

), o (Cd=0) (353 cm 1) and the
lattice mode at 88 cm-'1 showed abrupt discontinuties at

~» 220k (Fige. 5.5 and 5,8) while the frequencies of the
bands associated with the ZﬁSi-F6_72- ions did not show any
change at ~ 220k;

The FWHMs of most of the bands show discontinuity around
220k (Fig. 5.6);

The broad band associated with the 2 (0-H) vibrational modes
at room temperature splits into 4 sharp components below 60k;
Several new features appear in the low temperature spectra
below 60k in the lattice mode region and weak features at

556, 622, 675, 703 cm ! which are mainly related with the

HZO librations and other water modes,

The deformation mode of (Ag + Eg) species associated with

the [-Cd(OH2)6__72+ ions is found at 183 cm-'1 at room temperature;

but at about 220k the frecuency suddenly rises to 187 cm“1 and as

the temperature goes down the band broadens (Figs. 5.4). The Eg and A
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components are not clearly resolved upto the temperature 210k, but

below this they separate out. The Ag component 1s observed at

173 em™! while the Eg component is observed at 182 cm™t

1

« Although
the 187 cm - band is not resolved clearly at 220k but its broad
pattern indicates that the two components of the Eg mode are very
close, The Ag component of the & (0-Cd-~0) vibrational mode is mixed

with the 181 cm !

(Eg) band. Similarly the frequency of the lattice
mode at 88 cm-1 of Eg species suddenly increases to 93 cm'-1 at 220k
and there after its value increases slowly and gradually as the
temperature is lowered from 220 to 10k. The frequency variation

as a function of temperature for some bands is shown in Pigo. Se Se

The 658 cm ™t

ié(Si—F) symmetric stretching mode gives the
strongest band which is well isolated from the other bands. The
FWHM in this case rises suddenly at about 220k. Before reaching
this transition temperature the rise is gradual and smooth and also

after Tc the rise is gradual following more or less Arrhenius type

of relation / 13_/

A?)l=A+BeXp(‘ U/T) (502)
2
where A and B are constants, U is potential barrier or activation

energy, T is temperature.

Moreover, the 356 em™! band ié(Cd-O), is also strong and symmetri-
cal. The FWHM of this band also increases suddenly at about 220k,
then as the temperature rises it decreases and then again rises

rapidly. The 397 cm-1 band is associated with the deformation mode
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of (F-Si-F). We have also plotted its FWHM as a function of temper- -

ture and found that it suddenly increases at about 220k.

The peak intensities of the 397, 356 and 658 cm - bands
were plotted against temperature (Fig. 5.7). In all the three
cases the intensities decrease suddenly at about 220k. When the
temperature rises the intensity rises again in all the three caseso
The relative intensities of the bands are compared in terms of
the count rates for different Raman bands. The variation of peak
intensities as a function of temperature also confirms a phase
transition at about 220k. As the temperature decreases the peak
intensity increases gradually and becomes maximum at 10k in all

the three cases dque to sharpening of the bands.

55,3 Structural ohase transfermation

The sharp changes and discontinuties observed in the fre-
quency shift and half width of some of the bards at 220k are
typical features associated with structural phase transitions of
first order type involving ordering of the ions. As most of the
modes associated with the [de(OH2)6_72+ ions show either splitting,
change in frequency or anomalous behaviour of FWHM at the critical
temperature, this transition is mostly associated with the changes
in these ions. Since there is only a gradual and uwniform change in
the frequencies of the ZfSiF6_72- ions in going to lower tempéra-

tures which may arise due to thermal changes in lattice parameters,

these ions do not play any major role in the phase transformation.
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The appearance of 4 sharp components associated with the i)(O-H)

vibrational modes and modes related to H.,O librations below 60k

2
indicate that the HZO molecules become ordered only well below Tco
This also indicates that the equivalence of the H20 molecules in

the éde(OH2)6_72+ octahedra is destroyed below the T_ andat least

two different types of H,O urits can be inferred. The large number

2
of lines observed below 150 cm-1 in the lattice mode region and
other parts of spectra and splitting of all the Eg modes indicates
that the space group symmetry of the system has reduced from Cgi

to the stage where there are no degeneracies and/or the unit cell

has at least doubled in size,

50564 Structure of the low-temperature phase

The polarization behaviour of Raman features in the low
temperature phase does not provide unambiguous information about
the space group of the system below phase transformation temperature. .
The crystals were cut ard mounted in the helium cryo-cooler chamber
consistent with the room temperature space group Cgi of the system.
When the temperature is lowered below 220k, the system undergoes
structural phase transition and the crystallographic axes of the
crystal in the new phase may be at different angles with respect
to the laser beam polarization direction. This may give rise to
intensity leakage for certain modes in specific geometries other-
wise forbidden in those geometries if the crystals were cut and

mounted consistent with the new geometries after phase transformation.
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However, an increase in the number of Raman bands in the
lattice mode region and the splitting of most of the modes of the
Eg species manifest a lowering of the symmetry of the system below

220k

If one has to infer about the space group of the low-tempera-
ture phase, one must recognise the fact that the space group of the
low-temperature phase need not necessarily be a sub-group of the

disordered phase for a first order transition.

We have established that the space group of CFSH at room
temperature is Cgi and is a disordered phase. It is possible for
this system that the room temperature Cgi phase has a high tempera-
ture parent phase (prototypic) having space group D,q+ Within the
limitations of polarization leakage, the polarization measurements
of Raman bands in different geometries at 10k (see Table 5.,3) and
in analogy with the reported results for the MgSiF6:6H20 system,
it is likely that the low temperature phase of CFSH also belongs
to the CZh space group in the monoclinic series, This is only a
tentative proposal and with the available data it is difficult to
draw any firm conclusion about the symmetry of the low-temperature
phase,

It appears that as the system is cooled the lattice contracts
and at about 220k the water molecules loose their orientational
freedom to some extent by occupying ordered positions. This may
destroy equivalence of the six H20 molecules with the distortion of
the / cd (OH2)6_72+ octahedra triggering a phase transition in this

system / 14-19_/.
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Table S,1

IR and Raman bands for<2dSiP6:H20 at room temperature (RT)

T 1 1
' [ 1
IR bands . Assignment ! Raman . Assignment
: !  band :
(Cm-l) 1 Of ) -1 ) Of
\ IR banrds ' (em ) ! Raman bands
] 1 1
- - 88m Lattice mode
- - 182m $ (0~Ccd=0)

- : -0
358vw 2(Cd'O)F1u 353s D (ca )Ag
483vs 9, (F-Si-F)F, 397m ® (F=Si-F)

- - 457w 2 (Si-F)
as
608vw (O=-H) wag - -

. S5 (g1
743vs 4 (81 FIF 660vs ) (s1 r)Ag
763sh

1080vvw - - -
1120w - - -
1120w ’ - - -
1382vw - - -
1585m sharp - - -
1622m - - -
2915vvw - ‘ - -
3550m,b ,)s (0-H) 3505vs '55 (0-H)
3640m P, q (0-H)

vs = very strong, s = strong, m = medium, w = weak, vw = very weak,
b = broad, sh = shoulder,
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Table 5.3

Raman bands (cm-l) observed in different polarizations for

single crystals of CdSiF6:6H O at 10 K.

2

H 1
1
1

{x(zx)?ﬁ{k(zz)y}é Assignment

{y(xx)z}é{k(yy)z}é{%(yx)z}?{;(zy)é}

]
— r
1

b - - 4 -
-~~~

3 Y 4

1 L2 ! 5 ., 6 7
48vvw 43vvw - - ~- - Bg
64w 64w 64vw - - - Bg
83w 83w 83w 83m 83m - B
g Lattice
93vvw 93vvw - - - 93vvw Ag modes
108ms 108ms 108ms 108m 108m 108vw Bg
117s 117s 117m 116vw 117vw 117s Ag
137vw 137vw 137vvw - - 137vw Ag
147vw 147vw - - - - Bg
171s 171s 171m 171m 171m 171vys A
9 & (0<ca-0)
201ms 201ms 201ms 201m 201m - Bg
273vw 273vw 273w 273vw 273vw - A
g 7a>s(Cd-O)
- - - 293vvw 293vvw - Bg
348s 348s 348ms 348m 348m 348s A, zSS(Cd-o)
391lms 391ms 391lms 391ms 391ms 391s A
9 0§ (F=si-F)
424w 424w 424vw 424vw - - Bg
447m 447m 447m 447w 447vw - B
9 si-F)
468vw 468vw 468vw - - 468vw A a

Table 5.3 continued...



-153=-

Table 5.3 continued

1 2 3 4 5 6 7
- - - 482vvw,b 482vvw,b - Bg
556vvw 556vvw,b 558vvw,b 552vvw,b 556vvw,b - Ag HZO
- 622vvw 607vvw - - 623vvw - Ag Libration
653vs 653vs 653s 653m 653m 653vs Ag zé (Si~F)
- - 675vw 676vw 676vw - Bg HZO
- 703vw - - 703vw 703w,b Ag Libration
3469s 3469s 3469s 3469m 3469m - Bg
3510vs 3510vs 3510vs ‘ 3510m 3510m .3510vs Ag
3524m 3524y 3524vvw 3524w 3524w 3524vvs Ag
3540s 3540m 3540w 3540m 3540ms - B
g 5 (4=0)
3557w 3557w 3557vw 3557vw - 3557w Ag
- - - 3568vw - - B
g

Assignment is made based on C2h space group for the low

temperature phase.
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Table 5,4

6

:6H20 at selected temperatures in the

{ x(yy)23 orientation (Frequency in cm-'1 and temperature in 'K)

Assignment

270K 230K 220K 215K. 210K 200K 190K _1OK
48vvw
64w
87m 87m 83w
91m 91m 93m ° 93m 93m 93vvw Lattice
108ms modes
117s
137vw
147vw
171s
182m 183m 182m 182m
187m,b 187m,b 187m,b $ (0-cd=0)
196m 195m 201ms
273vw - 2 (cd-0)
as
353s 353s 356s 356s 35683 355s 355s 348s ’%(Cd-O)
3¢7m°  397m 398m,b 398m,b 398m,b 399m,b 400m,b 391ms
: - & (F~Si-F)
424w
457w 457w 456vwb 456vwb 456vwb 456vwb 456vwb 447m %
468vw as(si-F)
H..O Libre
| B +3 A e
659vs 660vs 660vs 659vs 658vs 658vs 658vS 653vs ... (Si-F)

703vw H.O Libr.

2
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FREQUENCY (CM )
Fig. 52

Raman spectra of a single crystal of CdSiF,:6H,0
at room temperature in a few selected orientations.
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CdSiFg 8H,0
! AT 10K

I J 1 nS ! 1

440 340 240 140 40
FREQUENCY (CM ")

Fig-5:3(a)

Raman spectra of a single crystal of CdSiF636H20 at 10k in

a few selected orientations in the 40-500 c:m“1 region, Full
scale count rates for the spectra A=C is 2 x 103 C/sec .
while for D and E, it is S5 =x 103 and 6 x 103 C/sec respectively.
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3
FS=12X10 ¢

3600 35bo 34900
FREQUENCY (CM )
Frg-5-3(b)

Raman spectra of a single crystal of CdSiP6:6H 0 at 10k in a
few selected orientations in the 2400-3600 cm regiocn. The
spectral conditions are the same as in Fig. 5.3 (a) except the
full scale count rates, which are indicated in the figure.
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Relative peak intensity variation as a function

of temperature for a few selected bands.
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Chapter VI

Laser Raman and Phase Transformation Studies of Single

Crystals of Deuterated Cadmium Fluoro-Silicate (CdSiF6:6D20)

6.1 Abstract

Laser Raman study of oriented single crystals of
CdSiFGzGDZO at room temperature as well as at 10k in all the
six polarization geometries has been made. A detailed tempera-
ture dependent Raman study from room temperature to 10k in the
{x(yy)z} polarization in the region of internal vibrations and
lattice modes has also been made. Abrupt changes as a function
of temperature have been observed in frequency shift, line-width
and intensity of some of the bands around 235k while some doubly
degenerate modes show splitting at this temperature. From these
observations,a phase change at about 235k is inferred for this
salt. It has been suggested that when the system is cooled the
lattice contracts and the water molecules lose their reorien-
tational freedom to some extent resulting in the distortion of

the éfbd(OD2)6_72+ octahedra which may trigger a phase transition,

6.2 Introduction

CdSiF6:6H20/D20 systems belong to a class of compound of
general formula MXF6:6H20/D20, where M = divalent metal ion and
X = S8i or Ti., Much effort has been made to understand the

mechanism of phase transition in this class of compounds.
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When 6H2O is substituted by 6D,0 in the compound of the

2
general formula mentioned above, there is a rise in the TC
(critical temperature) in most of the salts, but in case of
the Zn-salt there is no change in T, (182k), but the second
critical temperature T (217x) is changed to 230k on deutera-
tion. / 1,2_/, We, therefore, undertook this study to monitor
the effect of deuteration on the critical temperature for
structural phase transition in case of CdSiF6:6H20 replacing
H20 by D

spectra of the salt. The critical temperatures at which some

2O and to confirm the assignment of bands in the Raman

members of this class of compound show structural phase transi-
tion detected by Raman and IR studies are given in Table 1,2

in Chapter I.

We have not found any literature on CdSiFsstZO/DZO
regarding its phase transition or single crystal study, except
that Badachhape et al / 3_/ in 1966 observed two Raman bands
(656 cm-1 strong and 395 cm-JL medium) in the spectra of satura-
ted aqueous solution of CdSiF6:6H20. We, thgrefore, discuss the
variable temperature laser Raman studies of the deuterated

single crystals of CdSiF6:6HZO in this chapter.

6.3 Crystal structure and group theoretical analysis

2+
This ;lass of compounds has two octahedra ZPM(OD2)6_7
and ZTXF6_72-. These octahedra are arranged in trigonally

distorted structure of CsCl type as 1in the case of
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CdSiF6:6H20 / 4 /s the details of which have been explained in

its hydrated analogue in section 6.2

The group theoretical analysis has been given in Chapter III
for this system. However, we only mention here the total number
of Raman bands expected in the spectra if this salt also has the
same structure as its hydrated analogue CdSiF, :6H,0 which belongs

6 2

to the space group C2i at room temperature éf5;7- The total

3
number of Raman bands expected is 24 (12Ag + 12Eg) counting Eg

species as giving only one band.

6.4 Experimental procedure for deuteriation

The single crystals of CdSiF6:6D20 were grown by repeated

crystallization of the crystals of CdSiF_:6H,0 dissolved in D,O

6 2 2
in a polythene tube (dia. 1,5 cm and length S cm). The procedure
of growing single crystals was the same as in case of CdSiF6:6H2O
salt /[ 6-8_/ except that the temperature was maintained constant
at 28°C in an incubator. The recrystallization was done several
times and the IR spectra of the sample were measured in an envi-
ronment of 50% humidity. The percentage of DZO was calculated by
measuring the ratio of the integrated intensities of the absorp-

tion bands of D20 and HZO in the IR spectra.

About S5% of the Hzo was replaced by D20. The growth of the
crystals was like a platlet elongated along the c-axis of the
crystal. The platlet looked like a section of a hexagonal pillar
through a plane parallel to the c-axis and passing through the
lst and 4th edges of the hexagonal cross-section, From the plate
b’ c/ d’ edges were

’
a

like section abcdd cba, thedcb a 1

1
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cut by rubbing out the edge a a’so that it became a figure

/
a, b b d; as shown in Figs. 6.la-b, The cross-section of the
resulting figure became a parallelograme whose obtuse angle is

120°, The X, Y and Z axes were chosen as per convention given
in ref. / 9/

The linearly polarized 4880 and 51452 Laser Lines from the
'Spectra-Physics' model 165 Argon Ion Laser were used for excita-
tion of the Raman spectra. The scattered light in the 90° scat-
tering geometry was analysed with a SPEX Ramalog Triple Monochro-
mator equipped with a cooled photo-multiplier and a SPEX DATAMATE

photon counting device.

The SPEX laser-mate was also used to eliminate any plasma
lines from the Raman spectra. An Air Products closed=-cycle helium

cryo-cooler was used for measuring Raman spectra at lower tempera-

tures,

6.5 Results and discussion

The group theoretical analysis is the same as in the case of
the hydrated salt of the system. Therefore both the systems should
display nearly similar spectral patterns except for some charnges

related to the HZO/DZO modes o

6.5.,1 The room-temperature spectra

The spectral data of single crystals of CdSiF, :6D,0 at room

6
temperature (290k) are shown in Table 6.1, Under the space group
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gi ,the Ag and Eg species are expected to be present in the

C
Raman spectra in the five-orientations of the crystal, except
in the ;‘x(zz)y} orientation where only Ag species of the vib-

rations are expected.

Although 4 Raman bands (2Ag + 2Eg) are expected in the
lattice mode region, but only one band is observed in the spec-
trum, as we also got only one band in the case of hydrated salt
in the lattice mode region at room temperature under similar
experimental conditions. The relative intensities and assignment
of bands are given in the Table 6.1. The frequency shift in the
Raman bands associated with the lattice modes, @ (0-cd-0),

52(Cd-0) and the symmetry stretch of D,0 molecule have been
observed as per expectétion on deuteration. There is practically
no shift in the Raman bands corresponding to the @ (F-Si-F)

g;(Si-F) and ﬁ%(Si-P) modes upon deuteration,

In case of deuterated salt CASiF :6D.0, the S (0-Ccd-0)
and lg(Cd-O) modes are associated with the Raman bands at 171

and 345 cm-l where as in case of hydrated salt the corresponding

bands appear at 182 and 353 cm 1 respectively.

6e5e2 The low temperature spectra

In order to resolve the closely spaced lines and to compare
the spectra of the hydrated and deuterated systems, we recorded
the Raman spectra at 10k and found that the lines became sharp
and intensities of some of them changed very crapidly. In order

to probe the structural changes at low temperature, the Raman
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spectra in all the six orientations of the crystal were recorded
at 10k. The spectral data is given in the Table 6.,2. The polari-
zations were not sharply distinct except that a few lines were
absent in the {x(zz)y} polarization geometry. The Raman bands
associated with Eg species showed splitting and six bands were
observed in the lattice mode region. A Raman band at 268 em™t
corresponding to '%S(Cd-o) appeared at low temperature which
was not seen in the room temperature spectra. The deuteriation

showed a very clear shift in the librational modes of water

1 1

molecules from 703 cm ~ to 511 cm-l and from 623 cm_1 to 453 cm .

The change in the stretching modes of D,0 molecules was as

2
expected,

The Raman spectra in the ;x(yy)zs polarization geometries
were recorded at different temperatures at the intervals of 10k
from room temperature to 10k. Near the phase transition the
intervals were narrowed down to 5k. The spectral data is shown in
the Table 6.3, The representative spectra at a few selected tem-~
peratures are shown in the Fig. 6.2, There is no significant
change from 215k to 10k except that broad bands are resolved.

The 176 cm > band at 235k is clearly resolved at 215k. The 81 and
171 cm-l bands show frequency shift between the temperatures 240
and 235k as shown in Fig. €.3. The broad band associated with the
D (0-D) vibrational modes at room temperature splits into 4
components at 235k, and then into 5 components at 230k. There after

down to 10k these components become more and more: sharp as shown
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in Fig. €.4. The peak intensities and FWHM of some of the bands
at 345, 397 ard 600 c:m'_1 showed anomalous changes at about 235k

as shown in Figs: 6,5 and 6.6,

The intensity variation with temperature has been plotted in
Fige 6.5 for the temperature near the phase transition. The Raman

1, 397 and 660 cm™? change their intensities

bands at 345 cm
drastically at the same temperature of 235k. This indicates that

there is a change in the structure of the crystal at about 235k,

The full width at half maximum (FWHM) has been plotted
against temperature for the same bands at 345, 397 and 600 cm-1
in Fig. 6.6. It is found that the change in FWHM occurs for all
the three bands at the same temperature. From these observations

it is inferred that CdSiF6:6D O undergoes a phase transition at

2

235k, where as its hydrated analogue (CdSiF :6H20) undergoes a

6
phase transition at 220k, Hence there is a rise in Tc of 15k in

the case of the deuterated salt / 10_/.

665,3 Temperature dependence of the ig(O-D) band

We have studied the temperature dependence of the symmetric
stretch vibretional band 2§(O-D) which appears at 2567 cm-'1 at
10k. As the temperature of the crystal is gradually increased
from 10k, the intensity of the band decreases gradually upto
235k. After this temperature the intensity of the band decreases
very rapidly upto 240k, Thereafter upto room temperature (290k),
the intensity decreases gradually, The Raman spectra of the

crystal in the 3 (0-D) region at few selected temperatures are
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shown in the Fig. 6.4. There is a sudden discontinuity in the
intensity between 235 and 240k indicating a phase transition at

about 235k,

The variation of FWHM of the J_(0-D) mode of the crystal
with temperature is shown in Fig. 6.7. The slit width correction
to the FWHM has been made using the formula 5,1 in chapter v
The formula provides a fairly accurate value of the true line
width because the observed line width of the band was much larger
than the slit width even at 10k.

The symmetric stretching band ig(O—D) of Ag type appears at

2567 em™

o« This band is not completely isolated. Therefore the
graphical (geometrical) method was adopted for its resolution and
then its FWHM was measured, The error in the measurement is

1. The half width (FWHM) decreases rapidly

expected to be = 1 cm”
below room temperature upto 100k. Below 100k it remains almost
constant. The asymptotic value of the Ay (FWHM) of D,0 band
in the crystal at very low temperature is interpreted as the
vibrational relaxation-width. The variation of d&bLEWith

temperature was fitted to the Arrhenious type of relation -

Aé;i=A+Bexp[-U/T_7 cees  (641)

where A is a constant and incorporates the 1inelastic decay,

inhomogeneous broadening etc, of the QS(O-D) mode and the
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constant 'B' is related to the inelastic decay of low frequency
mode of energy 'U'. It turns out that 'U' is related to activa-

energy

tion/for DZO reorientation and T is temperature in k.

A good fit to our experimental curve was achieved for

A = 5,62 cm-l, B = 155 cm"1 and U = 480k values of the parameters
in the Arrhenious cype of expression (6.,1). We believe that the
activation energy of 480k obtained in this case is the energy of
the first excited vibrational level of DZO molecules., The value
of 'U' obtained in our case is very nearly equal to the corres-
ponding value obtained in case of water molecules in the
NiSiF6:6H20 salt, by Jenkins and Lewis / 11_/. We believe that
the anomalous temperature variation of FWHM of the ég(O-D) mode
is due to a pure vibrational dephasing process caused by elastic
scattering of the molecules in the excited vibrationzl state and

some low frequency vibrational state. The thermal activation
from a well in the ground state to the first excited state
separated by the barrier to DZO re=crientation would restrict the
life-time of the ground state and give rise to a damping of the

1%(O-D) vibration, The value of the average time between re-orien-

tations of the D20 molecules at room temperature (290k) has been
obtained from the following relation considering the spectral band

shape as a Lorentzian -
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where: 7 = average time
¢ = velocity of light
AY L = half width

The average time calculated is 3,013 x 10713 seconds. This

reorientation time is again very similar to the reorientation
time of water molecules at room temperature found in the

NiSiF_:6H,0 salt /11_7.

65,4 Structural phase transformation

The changes and discontinuities observed in the frequency
shift, intensity and half-width of many bands at 235k are typical
characteristics of a first order type phase transfcrmation invol-
ving ordering of the ions, The FWHM of most of the bands associa-
ted with the (SiF6)2- ion is 20-22 cm™ ! at room temperature while
that associated with the D (Cd-0) and & (0<cd-0) modes is

30 cm-'1 indicating a larger disorder of the cations compared
to those of anions in the lattice, The 2 (O-D) modes show only
two broad features associated with the symmetric and asymmetric
stretch and no librational modes related to D,O molecules are

2

detected at rcom temperature. This indicates that the D,O mole-~

2
culés are almost freely reorienting in the lattice and all the
six molecules are equivalent at room temperature. However, at
temperature below 50k, the two broad bands associated with the
D (0-D) vibrational modes split into six components and one low
frequency band related to D20 libratio.:al mode also appears.

These observations indicate that the D20 molecules become ordered
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only well below Tc' the equivalence of the six DZO molecules in
N 2+ .
the Arbd(OD2)6_7 octahedra is destroyed and at least three

different types of DZO units can be inferred,

Cn the other hand, there is only a small and gradual change
in the vibrational modes associated with the (SiF6)2- octahedra
as a function of temperature. It is therefore clear that the
phase transition in this system is triggered by distortions in
the geometry of éfbd(002)6_72+ ions., The appearance of more bands
in the lattice mode region and splitting of most of the Eg modes
into two components suggest disappearance of three-fold axis ard
lowering of symmetry of the system to the stage where there are

no degenerate modes in the system,

66545 Structure of the low temperature phase

In lieu of X=-ray or neutron diffraction data on the crystal
structure of this salt, it is-not possible to say much about its
space group at low temperature below the critical point from the
Raman polarization measurements alone. From the above discussion
in section 6.5.3, it is obvious that the space group must be lower
than C3i having no degenerate representations. The crystal systems
having lower symmetry than the trigonal or hexagonal are ortho-
rhombic and mono=-clinic. In the orthorhombic series, there are

only three groups D C, and D,. ., None of these 1s either a sub-

2 72 2h
group of the possible high temperature prototypic parent phase of
space group D3d or a sub-~group of room temperature s mmetry C31

of the system. Therefore it is unlikely that the low temperature
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phase corresponds to the ortherhombic system. In the mono-clinic
system, there are three groups Cz, CS and C2h' By similar argu-

ments, the C, and Cs space groups can be eliminated as they are

2
also not the sub-groups of either D3d or of CBi' The remaining

possibility is that the system belongs to the C space group

2h
which is a sub-group of the prototypic phase having the D3d

space group. Independent support for the mono-clinic series is
provided by our polarization measurements at 10k. The symmetric
stretching mode ig(Si-F) appears in the (zx) polarization geometry
with medium intensity at 10k which i1s forbidden under anj point
group within the orthorhombic system but it can appear in the

mono~-clinic series.

From a comparison of the vibrational pattern of

CdSiF6:6D20 with other systems (NiSiF6

find that there is no structural phase transition in the

:6D20) in this series, we

NiSiF6:6D20 system and we observe only one band at room tempera-

ture and at 10k in the 9 (0-D) stretch vibrational region /1,11,

12_7.

A comparison of the Raman bands of the systems is shown in
the Table 6,4, In case of MgSiF6:6H20, cix bands are observed in
the  (0-H) vibrational region at 15k / 13_/ which undergoes a
structural phase transition at 298k to the Cgh space group, well
characterized by X-ray and vibrational studies / 14_/. Our

experimental data are consistent with the C space group for the

2h
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low temperature phase of CdSiF6:6D20. We therefore suggest that

the low temperature space group of this system is Czh'



6.6

{57
L6/

aw

£/

[10/

117
£1z/

L1137
L1/

-178-

References

Poulet H and Mathieu J, C.R. Acad. Sc. Paris, t-286(12)
Series B, 331 (1978),

Bose M, Roy K and Ghoshray A, Froc. Nucl. Fhys. and
Solid State Phys. Vol 24C, pp. 389, Dec. 28 (1983)
BARC, Bombkay.

Badachhape R B, Hunter G, McCory L D and Margrave J I,
Inorg. Chem., 5(5), 929 (1966).

Wyckoff R W G, "Crystal Structure" Vol, 3, 2nd ed. Wiley
Interscience (1965),
Hamilton W C, Acta Crystallogr. 15, 353 (1962),

Thakur G, Froc. Symp. on "Crystal Growth" Dec. 24 (1983)
Anna Univ. Madras.,

Thakur G and Verma & L, J, Raman Spectrosc. 17, 207 (1986).
’

Thakur G and Verma A L, J. Raman Spectrosc. 20, 000 (1989].

Turrell G, "Infrared and Raman Spectra of Crystals",
Appendix F, Academic Press, London and New York (1972),

Thakur G and Verma A L, Proc. DAE Symp., Vol 27C, pp. 282,
Dec, 23-25 (1984), BARC, Bombay.

Jenkins T E and Lewis J, Physica Scripta 18, 351 (1978).

Rubins R S and Haghighatjou T, J. Phys. Chem. Solids 43
491 (1982).

Jenkins T E and Lewis J, Spectrochim Acta 3734, 47 (1981),

Jehanno G and Varret F, Acta Crystallogr. A31, 857 (1975).



-179-

Table 6,1

Raman bands in cm™ > observed in different polarization geometries

at room temperature (20°c). (CdSiF6=6D20)
’. H i \ : !
y(xx)z: x(yy)z., x(yx)zl x(zy)z; x(zx)zt x(zz)y i Assignment
' \ L L L 1
81m 81lm 81lm 80w 80m - Lattice mode (Ag’Eg)
171m 171m 172m 171w 171w 166m (8 _’ag) $ (0=C3 =0}
345s 345s 345m - - 345m Ay , 7)5 (cd~0)
397m  397m  397m  399vw  398vw  400s B (F-8i-F)(A  E)
453w 453w 453vw  453vvw  453vvw - Eg/ .‘Sas (Si~F)
660vs  660vs  660m 660vw  660vw 660vs Ag’ yg (8i-F)
2565s  2565s  2565m 2565w 2567w 2571s D (D=0, (Ag’Eg)

vs = very strong:
s = strong;

m = medium;

W = weak:;

vw = very weak;

vvw = very very weak:;

b = broad;
sh = shoulder;
ms = medium strong;

sp = sharpe.

£
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Table 6,2

Svectral data of CdSiF6:6D O at 10K in different polarization geometries

{
{

2

! ' H } 1 i s .
{y(xx)%h{k(yy)zk{x(yx)zh{%(zy);f@}(zx)z}H&(zz)y} E Assignment
! ! N } L 1 1
1 b2, 3 4 ) s, 6 ; 7
! - P L Fil 1
| 63w 63w 63w - - -
77w 77w 77w 77m 77m -
88vw 88vw - - - 28vvw Lattice
102ms  102ms  102ms  102m 102m 102vw mode
111s 111ls 111m 110vw 11ivw 111s
130vw 130vw 130vvw - - 130vw
162s 1l62s 162m 162m 162m 162vs
» (0-ca-0)
190ms 190ms 190ms 190m 190m -
268vw  268vw  268vvw 268vvw - 268vw bas (cd=-0)
338s 338s 338ms  338m 338m 338s g (€a-0)
391ms 391ms 391ms 391ms 391ms 391s
- 410vvw - - 410vvw -
® (F=S8i-F)
424w 424w 424vw 42 4vyw - -
- - - - - 443vw
447m 447m 447m 447w 4477vw -
éas (Si-F)
468vw 468vw 468vw - - 468vw

Table 6,2 co.zinued...
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1 2 3 4 5 6 7
653vs  653vs  653s 653m 653m 653vs hé(Si-F)
- - - 350vvw  350vvw -
D2O
410vvw - - 409vvw 410vvw -
- 511lvw - - - 453vvw Libration
2544m  2544m  2544m 2544w 2544w -
2567vs 2567vs 2567vs 2562m 2562m 2567vs
. 2581s 2581s  2581s 2581m 2581m  2581vvs é (D=-0)
I 2601m  2601lm 2601w 2601w  2601lm -
2619s  2619s 2619s 2619m - 2619s
- 2631w - 2630vw - -
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Fig- 61

(a) The cross-section of the hexagonal pillar of a crystal of
CdSiF6:6(H20/D20). The edges are marked as 1,2,3,4,5 ard 6.
The z~-axis 1s perpendicular to the plane of the paper.

(b) The vertical section cut by a plane passing through the z-axis
and tne 1 ard 4 edges of the hexagonal pillar.
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stretching region in the {x(yy)z} orien-

Raman spectra of CdSiF6.6D

tation of the crystal at a few selected
temperatures,
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Variation of peak intensity with temperature

Oof a few selected Raman bands of the crystal

Ve ﬁL(Si-F) at 660, 2 (Cd-0) at 345 and
(F=Si-F) at 397 em™"_7
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Temperature-Dependent Raman and Phase Transition Studies of Single

Crystals of Deuterated Cadmium Fluoro-Titanate (CdT1F6:6D20)

71 Abstract

A detailed temperature-dependent Raman study of oriented
single crystals of deuterated cadmium fluoro titanate (CdTiF6:6D20)
has been made in the region of internal vibrations and lattice
modes. The Raman.Spectra have been measured from 10k to room
temperature (290k) in the ‘{x(yy)z} polarization geometry.

Changes have been observed in the frequency shift, line width and
intensity of some of the bands at about 218k and 110k. Some doubly
degenerate modes show splittings at low temperature. These studies
suggest that CdTiF6:6D20 undergoes two structural phase transitions
at 218k and 110k. Hence a rise of 18 and 30k in the high and low
temperature phase transitions is observed in case of the deuterated

analogue compared to the hydrated (hydrogenated) salt (CATiF :6H20).

6

Te2 Introduction

CdTiF6:6D20, cadmium fluoro titanate hexa deuterated (here
after called CFTHD for convenience) is a deuterated analogue of
the salt CATiF, :6H,0 (we called it CFTH for convenience in
Chapter IV} which undergoes two structural phase transitions = one
at 200k and the other at comparatively low temperature 80k éfl_7.
The other members of the systems of general formula MXFG:GHZO/DZO

(where M = divalent metal and X = Ti) also undergo phase transi-
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tions, i.e. NiTiF_:6H_ O and CoTiF,:6H,O show phase transitions at

6 2 3 2
120 and 244K respectively é72,3_7. Two phase transitions have been

detected in ZnTiF :6H,0 - one at 217k and the other at 182k 4.

2
Moreover, when H20 is replaced by D20 in the complexes of the
‘general formula menticned above, there is a rise in Tc (critical
temperature) in most of the mermbers of the systems kut in case of
Zn-salt of the system, there is no change in the Tc for the 182k
transition, but the Tc corresponding to the 217k’transition changes
to 230k on deuteration 4?4,5_7. Ve have not found much l:iterature
on CdTiF6:6(H20/D2O) regarding its phase transition or single
crystal study except Petrakovskaya E A et al [f6_7 in 1984 reported

the EPR spectra of CFTH (CATiF

:6H20) doped with MnF. at 77k and

6 2
~reported a phase transition at 13%. The critical temperatures at
:which some members of this class of compounds show structural phase
transitions detected by various techniques are shown in Table A1
in the Appendix. In this chapter we shall deal with Laser Raman
study of the deuterated single crystals-of cadmium fluoro.titanate

(CFTHD) with a view to gain some insight about the mechanism of

phase transition in these systems.

763 Crystal structure and group theoretical analysis

Most of the members of the series of the general formula
mentioned in section 7.2 have space group R 3 (Cgi) whereas a few
of them belong to space group R 3m (ng) at room temperature / 7_/

No structural data are available for CFTH or for CFTHD in the
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literature to our knowledge. The crystal structure data for the

ZnSiFGxGH O mentioned in section 2.,5.1 of chapter II show that the

2
system has a unimolecular rhombohedral unit cell of space group

R 3 (C§1)° We can start from the assumption that the CFTH is iso-
structural with the ZnSiF6:6H20 system (as we assumed in -Chapter

IV) and may belong to‘either the R 3 or the R 3m space group because
most of the members of the general formula belong to a rhomobohedral
system. Cn this assumption group theoretical predictions can be made
. and compared with the experimental observations based on both space
groups and then it can be seen which space group can explain the

experimental data correctly. The Figs. 3.1 (a,b,c) in chapter III

illustrate the possible structure of CFTH,

The detailed group theoretical analysis has been given in
chapter III for this system also. However, we only mention here the
total number of Raman bands expected in the spectra. 1f the system
belongs to Cgi space group the total number of Raman bands expected
is 24 and if the system belongs to the space group ng, the total
number of expected Raman bands would be 17. Experimentally it is

sometimes difficult to observe all the bands at room temperature/ 1_/.

Ted Experimental procedure

The single crystals of CATiF :6D,0 (CFTHD) were grown from

the DO solution. The CdTiF6:6H

5 O (CFTH) crystals were dissolved

2
in DZO in the dehumidified room, and repeated crystallization in

DZO was done, The detalls for the growth of single crystals of the
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salt CFTHD were similar as in the case of CdSiFGzeDZO crystals
(section 6.3 in chapter VI). The crystals were cut and polished for
Raman measurements in the same manner as in case of CdSiF6:6D20
crystals [f8_7} The details of the experimental procedure for

measuring Raman spectra are given in chapter II, section 26,1 to

2.6.4 L 1_/.

75 Results and discussion

The Raman spectra of CFTHD were measured at room temperature
(290k) in all the six polarization geometries using 4880 and 51452
laser lines., The laser power at the sample was kept less than
200 mW to avoid burning of the crystals. The spectra of CFTHD were
also measured at various low temperatures upto 10k in the ZX(yy)z}
polarization geometry., Moreover, the Raman spectra were also

measured in all the six polarization geometries at 10k,

7541, Room temperature spectra

The Raman spectra of CFTHD were recorded in zll the six
polarization geometries at room temperature as stated in the above
section 7.%. The spectral data of the salt is given in Table 7,1
while Fig. 7.1 shows the Raman spectra at room temperature. Under
the space group C31 the Ag and Eg species of the vibrations are
expected to be present in all the five orientations of the crystal
except in the %x(zz)y} orientation where only Ag species of the
vibrations are expected to be present. We ¢“served one band at

80 cm-'1 in the lattice mode region although 4 Raman bands
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(2Ag + 2Eg) are expected in the lattice mode region., We also got
only one band in case of CdSiF6:6D20 in the lattice mode region at
room temperature / 8_/. The spectrum of CFTHD resembles very closely
with that of its hydrated (hydrogeneted) analogue CFTH except for
some shifts in the position of few bands. Therefore we have taken
Cgi as the space g;oup of the CFTHD crystal at roor temperature in
analogy with that of the hydrogeneted system [f9_7. The relative
intensities and assignment of the observed banmds are given in
Table 7.1+ The band at 80 cm-1 in the lattice region is of Eg
species because it does not appear in the gx(zz)y} orientation.
There is practically no shift in this band on deuteration and so we
associate this band with the libration mode of L?T1F6;72- ion. The
next band of medium intensity appears at 166 cm-l. There is a
corresponding b§nd at 176 cm-1 (medium intensity) in the hydrated
analogue CFTH, because the ratio of frequencies of ©(0-Cd-0) of
of CFTH and %(0=Cd~C) of CFTHD is 1,062 which is consistent with
the same ratio in case of Zn, Mn and Ni salts and their deuterated
analogues in these systems £P10,11_7. We do not prefer to associate
the 166 cm~ band with the 172 cm~! bard in the spectrum of CFTH,

1

because the 172 cm - band is extremely weak ard their frequency

ratio also does not agree with the expected ratio of 1.06. The next
strong band is at 256 cm_1 in the spectrum of CFTHD and is assigned
as igSQZd-O). It is of Eg species and corresponds to the 265 cm™t

band in case of its hydrogeneted analogue. The ratio of the fre-

quencies bears an acceptable value of 1,03, In case of CdSiF6:6H20



=199~

ard its deuterated analogue the correspornding ratio is also
1,03 478;7. The 297 cm - band of CFTHD is assigned as deformation
mode O (F-Ti~F) of éﬁTiF6;72- octahedra, because practically there
is no shift in this band on deuteration., It has (Ag + Eg) symme -
tries. The medium intensity band at 343 cm-l is assigned as
bs (€d-0). It is of Ag species and the ratio of és(Cd-O) (HZO) to
? (Ca=0) (0,0) 1s 1,032 which agrees well with the same ratio in
cases of ZnyMn-fluoro titanates / 10_/ and cd-fluoro silicate / 8_/.
The band at 613 cm™ is the symmetric stretching mode of the
[ TiF, 7°" octahedra. Practically there is no shift in this bard
from its hydrogeneted salt. The medium intensity bands at 2536 and
2556 crn'-1 are due to symmetric and asymmetric stretching modes of
D_O, The ratio of frequencies of this mode to its corresponding

2
hydrogeneted salt is found to be 1,37 which is acceptable,

TeSe2 Low temperature spectra

In order to resolve the closely spaced lines, we recorded
the Raman spectra at 10k, as in case of its hydrogeneted salt. We
found that the lines became sharp and intensities of some of the
bands (lines) increased very rapidly and indicated strong tempera-

ture dependence. The DO stretching modes became clearly resolved.

2
In order to get information about possible change in the Tc and in
the structure of the crystal, the spectra at different low tempera-
tures and at 10k in all the six orientations were recorded. Figs.
7.2 and 7.3 give the spectra at different temperatures. At 10k some

additional bards appear which were not observed at room temperature.
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The spectra were compAared with its hydrogeneted analogue at 10k in
all the six polarization geometries. The spectral data are given in
Table 7.2. In the lattice mode region, there are six bands in the
Raman spectra of CFTH but only five barmds were obserted in case of
CFTHD, The bands at 80 and 98 cm"1 of very weak and medium strong

intensities respectively in case of CFTHD,

A clear shift of 3 and 5 em™» in these bands is observed on
deuteration of the sample. The ratio of these bands of hydrogeneted
and deuteriated samples is 1,053 in the lattice mode region. This
is slightly less than the ratio of 1,08 in case of CFSH (CdSiF6:6H20)
" and NFSH (NiSiF, :6H,0) for the similar bands /8 _/. We, therefore,

1

assign the 77 and 93 cm ~ bands as libration modes of

Zer(OD2)6;72+ ions. The 69 cm * band which corresponds to 68 em™?
band of CFTH is assigned as the libration mode of ZfTiF6_72- ions.

1

The strong band at 172 cm © and weak band at 165 cm © correspond to

171 and 182 em™® bands respectively of CFTH. These bands are assig-
ned as $(0-Cd-0) modes. There are clear shifts of 6 and 10 cm *
respectively in the Ag and Eg species of 3 (0cd~C) modes. The
frequency ratio of these bands to its hydrogeneted analogue is
1,058 in case of Ag species and 1,036 in case of Eg species, These
ratios are consistent with the other members such as 2n, Ni and Cd4d
salts of the systems. In case of ﬁgs(Cﬁ-O) mode there are only 3
ard 2 crn-'l shifts in the bands at 254 and 268 cm-1 respectively on
deuteriation., Practically no shift in the position of bands at 300

and 604 cm-l is observed in the spectrum of deuterated sample. We

assign these bands as & (F=Ti-F) and i%(Ti-F) modes. The medium
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strong band at 365 cm—l appeared with weak intensity at 348 cm-1 on
deuteriation. We assign this band as 1%(Cd-0). The frequency ratio
of these bands' also agrees with the ratio for corresponding bands

in case of other systems of the series,

The 7 (D=0) stretching modes appeared at 2532, 2546, 2574, 2588
and 2611 cm © corresponding to the 3452, 3461, 3488, 3503 and 3529
cm™) bands associated with the stretching modes of (H-0) in its
hydrogeneted salt (CFTH), The frequency ratios for the hydrogeneted
and deuteriated systems is nearly 1,36 which agrees well wich other

members of the series. The number of Raman bands at 10k in CFTH is

nearly equal to the number of bands in case of CFTHD at 10k,

The main features of the temperature dependence of Raman

spectra of CFTHD are as follows =

1. Most of the bands became sharp and many shoulders and
unresolved components appeared as distinct bands with

decrease in temperature as in the case of CFTH,

2. The frequency shift, half-width and Raman intensities of some
bands showed sudden changes or anomalous behaviour at low

temperature.

3e At low temperature several modes of Eg species in the lattice

mocde and internal vibration regions split into two components.

4. The broad bands associated with the (0O-D) stretching modes at

room temperature split into five sharp components at 10 k.
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a
The Fige 73 shows the Raman spectra ofksingle crystal of
CFTHD in the {x(yy)zg orientation of the crystal at a few selected

temperatures, The corresponding Raman spectral data are given in

Table 7.3.

In the lattice mode region the band at 80 cm™! at room
temperature shows a gradual shift of frequency ( AD) from 110k
to 70k and assumes lowest value (71 cm-l) at about 80k. At a
temperature of 110k, two more bands appeared at 90 and 113 cm"1 in
the Raman spectra. The frequencies of these bands increase gradually
as the temperature is decreased from 110k to 10k. At 10k the bands
shift to 95 and 116 cm - respectively. The deformation mode
% (0€d=~0) which appeared at 166 cm-1 at room temperature shifts

to 170 em™}

at about 220k, thereafter it remains at 170 cnr\.-'1 down
to the temperature of 120k, I'rom 110k it rises and becomes maximum
at about 90k, thereafter it decreases gradually up to the tempera-
ture of 60k, From 60k to 10k it remains constant at 166 cmm1

(Figo 7‘1' )o

The izs(Cd-O) mode showed anomalous behaviour between the
temperatures of 12C and 60k, Moreover this band splits into two
cemponents at 110k. Fig. 7.4 shows the sudden shift in frequencies
in the D (Cd-0) and D (Ti-F) modes at about 220k and at 110k,
The vibrational modes associated with the / Ti-F 7~ ion show only
slight change at 220k which may be due to corresponding changes in
other zé(Cd—O) internal modes or due to changes in lattice para-
meters with temperature. However, we did not observe such changes

in case of its hydrogeneted salt (CFTH).
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The Raman peak intensities of éé(Ti—P), ig(Cd-o) and

d (F-Ti~F) bands showed sudden changes at temperatureSof about
218 and 110k as shown in Fig. 7.5. In case of %é(Ti-F), as the
temperature is gradually increased from 10k, the intensity decrearses
gradually upto 90k from 37.5 units (arbitrary units) to 37.2 unitg
but at 110k the intensity suddenly drops down to 35,9 units,
Thereafter it decreases very slowly upto 200k, Then again at 210k
it drops down suddenly to 35.5 units and afterwards the intensity
decreases very slowly as shown in Fige 7.5+ Similar is the case
for intensities of the bands associated with other two internal
modes {é(Cd-O) ard & (F=Ti-F). The change in intensities shows a
maximum in case of 2¥(T1-F) and a minimum in case of & (F=Ti~F)
mode, The relative intensities of these modes are also shown in
the Fige. 7.5. vie have observed sudden change in intensities at
two temperatures (218 and 110k) for all the three bands. The full
width at half maximum (FWHM) of the bands associated with the
symmetric stretching modes ié(Ti-F) and 1%(Cd-o) showed strong
temperature deperdence. As the temperature is gradually increased
from 10k to room temperature the FWHM increases rapidly. The plots
of FWHM versus temperature for the two modes are shown in Fig. 7.€.
The FWHM in both the cases suddenly increase at 110k and 218k.
The nature of the curves in both the cases is very similar. The

FWHM of ig(Ti-F) mode remains practically constant below 30k.

1 1

It is 6.C cm - at 10k but at room temperature its value is 16,0 cm .
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If we overlook the points near 110k armd 218k, the curve from 40k
to 290k is nearly a straight line, This straight line can be
fitted to the equation with parameters as:=

ADy (em™) = 0.0384T + 4,5 (en™)
where T is in k. Similarly, in case of the 2§(Cd-CO mode, if we
overlook the values of ‘335% (FWHM) near transition temperatures,
the curve can be represented by two straight lines = one from 10k

to 90k and the other from 150k to room temperature., The first part
of the curve can be fitted to the equation =

Azj% (em™?) = 19,3 + 0,0134T
and the second part to the equation =

ady (em™) = 16.4 + 0,0344T :

where 19,3 and 16.,4 are in cm-1 and T in k.

76563 Temperature dependence of the line-width of the

symmetri¢c stretching vibration of D20 molecules

in CFTHD

The 2)(0-D) bard of the CFTHD which appears at 2536 em™2

shows anomalous temperature dependence, When the temperature is
gradually increased from 10k to room temperature, the line-width
of i§(0~D) increases exponentially upto the temperature of 210k
as shown in Fig. 7.7. Then there is a sudden increase in the line-

width at about 218k, After this temperature the line~-width increases
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rapidly again. We observed a break in the smooth exponential curve
at 218k as seen in the Fig. 7.7. This is indicative of a phase

transition at this temperature,

It is well known that a number of physical processes contri-
bute to a given line-shape and the relaxation mechanism of an
excited vibrational gtate may be studied by careful measurements
of the line-width of the correspording Raman bands., The main
physical processes contributing to line shape are - (1) population
or life~time relaxation of the excited vibrational state, (2) re-
orientational motion of the molecules or molecular ions and

(3) anharmonic interactions.

Under the approximation that the vibrational and rotational
motions are statistically independent, it is possible to separate
out the line broadening contribution due to reorientational motion
from other intrinsic vibrational contributions. The reorientational
motion results in the loss of phase coherence and thus contributes
to the anisotropic part of the Raman scattering tensor (off-dia-
gonal Raman tensor). The intrinsic vibrational part contributes to
the isotropic part of Raman scattering tensor (diagonal components

of Raman tensor).

We have measured the line width of the symmetric stietching
mode i%(O-D) in the diagonal scattering geometry of the Raman
spectrum, This mode is of Ag species and results from diagonal part

of the Raman scattering tensor. The symmetric Lorentzian line-shape
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rules out the possibility of any significant contribution from the

reorientational processe.

The grbd(OD2)6_72+ and ZPT1F5;72— ions are bound mainly by
hydrogen bonds which are strongly anharmonic. This anharmonicity
gives rise to temperature dependence of the vibrational modes in
two ways. The first way is due to thermal expansion of the lattice
leading‘'to a frequency shift but it does not contribute to line
broadening. The second way is due to thermal fluctuations which
effect random variation in the crystal potential and hence a
coupling between different vibrational modes., This compling causes

a frequency shift as well as line broadening.

The excited vibrational state may decay into a numpber of
phonons according to symmetry selection rules due to cubic ard
quartic terms in the potential energy function / 12,13_/. The

most expected process in the hexa-agquo salts is a decay into
deformation mode of the water molecules 6(H20) at ~ 1650 cm-lo
For this mode, hw ) kT below 300k and hence this process would not

contribute any significant temperature dependence to the line width,

Pure vibrational dephasing of excited state takes place via
quartic terms in the expansion of potential function and can be
visualized as an elastic scattering process between the excited
state ard some other state which creates a fluctuation in the
energy of the excitation and thus a loss in phase memory (coherence).

This procezss is known as exchange modulation [E4a,§7and gives rise



-207~

to Arrhenius type of dependence of FWHM on temperature as given in

equation 6.1 chapter VI =

FWHM (2 5)y) =A+Bexp[-¥_7

where A is a measure of the decay of the excited state via an
inelastic three phonon process (here inelastic decay of SQ(D-O)
which will be temperature independent) and B is related to the
inelastic decay of the low frequency mode of energy U equal to
—%}EL coupling with the ‘%(D-O). U is called activation energye.
The plot in Fige. 7.7 is a fit to the Arrhenius type of relation
given above, in which A, B and U are respectively 5.46 em™l, 175.2
and 455k. The relation so obtained explains the curve correctly

upto the temperature of 210k, But from 220k to room temperature

(290k}, the curve is fitted to the equation :-
387 .
AQS% = 175.2 exp [ -7 _7

Therefore, the value of U is decreased by 68k at higher temperature,

We, therefore, suggest that the broadening of line from 10 to
210k is due to vibrational dephasing of the excited 2, (D-0) state
by elastic scattering with the thermally excited torsional vibra-
tion of D20 molecules observed at‘328cm-éompared to the predicted
value of U = 455k,

It is interesting to note that the value of U obtained in our

case compares very well with the value of 475k in the case of hexa~

fluoro silicate of Ni by Jenkins and Lewis / 15_-/.
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Te5e4 Structural phase transformation

From the temperature~dependent Raman studies on the deuterated
crystal of CFTHD (from Figs. 7.4 to 7.8), we have observed two struc-
tural phase transformations -~ one at about 218k and the other at
110k, Therefore there is a rise in the critical temperature (Tc) on
deuteriation by 18k and 30k respectively in the phase transition
temperatures at the high and low temperatures compared to the case
of CFTH. The mechanism of structural phase transition in this system
appears to be similar as in case of CFTH which is mentioned in

section 4,5,3 in chapter IV,

At low temperature the appearance of 5 sharp bands associated
with the 2)(0=D) vibrational modes and appearance of libration modes
indicate that the D20 molecules becone ordered at low temperature
below Tc' This also predicts the inequivalence of D, O molecules in

2
the éfbd(CD2)6_72+ octahedra at low temperature. At least three

different types of D2O units can be inferred,

In this series of salt, the /Cd(on,)  7°" amd /[ Tir, 7%~
octahedra are bound by hydrogen bonds. The hydrogen atoms of the
/ca(on,)  7°% octahedra are bound to the fluorine atoms of the
Z-TiF6_72- octahedra as illustrated in Figs, 3( f& ¢) in chapter III,
It is known that the strength of hydrogen bonding becomes weaker
when hydrogen is substituted by deuterium due to heavier mass of
deuterium and to its. lower electron affinity in comparison to
hydrogen. As the first transformation at higher temperature takes

place due to ordering of the HZQ/DZC molecules and distorticns in
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the éfbd(OH2)6_72+ octahedra, this ordering may occur at somewhat
higher temperature in deuterated salt compared to the hydrogenated
system due to weakening of Hebonding strength. In other words,

the ["Cd(ODz)6_72+ octahedra gets distorted at an earlier tempera-
ture when the sample is cooled from room temperature than the
distortion in the zf-'Cd(OH2)6_72+ octahedra. Therefore there is a

rise in TC on substitution of D, O in place of H,O in most of the

2 2
systems of this series of general formula mentioned in the section

7.2 in this chapter / 5,16-20_/.

The second phase transition takes place due to the distortion
in the éfTiF6_72- octahedra. As the two octahedra éfbd(OD2)6_72+
and [_TiF6_72- are bound by hydrogen bonds, the substitution of H,0
by DZO weakens the H-bonding strength which may result in the
increase of bond strength between the Ti and F atoms in the
ZFTiF6_72_ octahedra i.e. decrease in bond length,between Ti and
F. As the temperature is reduced below 220k, the lattice contracts
further and the Ti®" ion does not £it into the octahedron of the
6F  ions. This process may occur at slightly higher temperature
in the deuterated salt compared to the hydrogenated system.
Therefore, the ZfTiF6_72- octahedra may be distorted at an earlier
tenmperature when it is bourd to the [7Cd(O02)6;72+ octahedra
than wh2n the same is bound to the Z_Cd(OH2)6_72+ octahedrae.
Therefore the second phase transition takes place at higher
-temperature in case of deuterated salt than its hydrogenated
salt, Some support for this hypothesis comes from the observed

1

higher frequency for the ig(Ti-F) A mode at 607 cm - and
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lower frequencies for the és (Ti-7) Eg and b(F—Ti-F) Ag modes
at 407 and 296 cm“1 in the deuterated salt compared to the values

1

at 603, 419 and 300 cm ! for D_(Ti-F), 9__(Ti-F) and O (P=Ti-F)

modes respectively in the hydrogenated salt at low temperature.

To5e5 Low temperature phase structure

In want of X-ray or neutron diffraction data of the crystal
structure of CFTHD, it is not possible to say much about its space
group at low temperature below 110k from Raman polarization data
alone, From the observations shown in Fig. 7.4 amd Fig. 7.8 it is
obvious that the space group must be lower than C3i having no
degenerate representations. The spectra at 10k of this salt (CFTHD)
resembles the spectra of its hydrated salt at the same temperature.
The space group at 10k in case of its hydrated salt has been

2h in the monoclinic series / 1_/, We therefore,

infer that the low temperature space group should be Cgh in this

established as C

case (CFTHD),
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Fige 7-1

Raman spectra of CdTiF6:6D20 (CFTHD) at room temperature

in a few selected polarization geometries in the region

30 to 400 cm t,
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0 at 10 K
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Fig. 7-2(b)
Raman spectra of CFTHD at 10k in a few selected polarization

geometries in the region 2500 to 2650 cm™t,
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CdTiFg:6D,0 ; »(D-0)
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Fig. 7-3(b)

Raman spectra of CFTHD at Aifferent temperature in the
{x(yy)z} orientations in the region 2450 to 2650 cm

1
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Conclusions and Suggestions for Further Research Worx on this

Class of Materials

Conclusion = This research work has been discussed in Chapter II

and in Chapters IV to VII, The Chapters I and III give General

Introduction and Theoretical Aspects relating to the work.

A new experimental arrangement for preparation of H2T1F6 acid
in laboratory has been developed during the course of this work.
A modified solution method for the growth of single crystals of
highly hygroscopic hexafluoro silicates and titanates of divalent

metals has been devised by us,

The Raman spectra of single crystals of CdSiF6:6H20,

CdsiF_:6D .0, CdTiF6:6H20 and chiF6:6D O at room temperature and

6 2 2
at 10k in all the six polarization geometries along with temperature
dependent studies from 300 to 10k in specific geometries have been

made for the first time in this study,

CdSiF6:6H20 crystal undergoes a structural phase g?ansition
at 220k, The deuterated analogue of this crystal shows a structural
phase transition at 235k. In case of CdTiF6:6H20 crystal, we have
discovered two phase transitions - one at 200k and the other at
80k, In case of its deuterated analogue, there 1s a rise in Té

by 18k in the high temperature and by 30k in low temperature phase

transition temperaturescompared to the hydrogenated system,
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The high temperature phase transition is triggered by
distortions in the éfbd(OH2)6_72+ octahedra in all the systems

(CdSiF6:6H20/D20 and CATiF :6H20/D20) investigated in this study.

6

The low temperature structural phase transitions, in case of
CdTiF6=6H20/D20 systems are triggered by similar distortions in the
[fTiF6_72- octahedra.

The room temperature space group of these crystals

2
6 31

(R 3), The space group of the low temperature phase in these systems

(Caxr :6H20/D20 where X = Si, Ti) has been established to be C

is proposed to be C2h in monoclinic series of the crystal class.

The anomalous behaviour of the full width at half maximum
(FWHM) of the {é(O-D) mode as a function of temperature from room
temperature to 10k has been explained in terms of pure vibrational
dephasing of the excited f;(O-D) state due to coupling with the

thermally excited torsional vibration of DZO molecules,

The IR spectra at room temperature of CAdSiF :6H20 and

6
CdTiF6:6H20 between 200 to 4000 cm-l region have been measured for

the first time. The IR spectra at room temperature of CdSiF6:6D20

and CAdTiF,:6D 0 between 1800 to 3800 cm™! have been measured which
have helped to establish the room temperature space group of the

systems.

Suggestion for further research on these systems

- In order-te confirm and support the structural and phase
transformation information on these systems, the X-rays, neutron

diffraction, magnetic resonance, specific heat etc, studies at
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different temperatures shall be of great help. Further Laser
Raman studies on similar systems at different temperatures
alongwith temperature-dependent infrared measurements on single
crystals of these and other systems shall help greatly in arriving
at comprehensive picture of the mechanism of structural phase

transformations in this class of compounds.
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Table A1
Table  Previous studics of phasc transition tn the system of general formaia MXF, 6(D,0/H,0) with critical
temperature [

M X HO0D,0 T (K) Method /techmmgue Ref
Zn S H,0 IPOCPL, Raman [1,2]
Zn T¢ H,0 1R0, 182, 173, 185 LLPR, NMR, Dielcc, Raman 3-73
Zn T+ D,O 182, 180-200, 182, 230 NMR, Raman [4.8,9]
Nt S H,0 100-270 Dielec [9(a)]
Ni &t H,0 - IPOCPL, Raman, LPR JJ. 10,117
Nt Tv H,0 121, 120, 122-126 SR, Raman, NMR {12, 2. 12a)]
Nt Tt H,0 134 137,136 EPR. Magn Susc [13-15]
Nt T DO {29 NMR [16]
Co &1 H,0 143-173 X-ray [18]

246, 259, 246, 240, 230 Muagn Aniso, IPOCPL, PR [17,19,1,23, 24}
Co & D,0O 263, 262 Magn Aniso,1r, NMR [20,21]
Co T D,O 262, 261 2D NMR [22.25]
Mn S&& H.O 223, 143-173 230 OB, X-ray, IPOCPL {26, 18, 1}

No Ist order but 2nd Nir [27)

order SPT
Mn T» H,O 144 ir [N
Mn T D,O 200 Raman | 28]
Fe S H,0 240, 225 230 IPOCPL PR, X-rav, DSC,

DIA [1.23,29-37]

Fe T+ H,0 278 DSC [33]
Mg St H,0 Z98. 302, 298 X-ray. DSC LPR IPOCPL = {38, 31 1]
Mg T H,0 318 FPR [3t
(Cu. Zn)*Sit,0 255-228 DO 391
(CoMg)*SiH,0 212 257 Nir {40]

[POCPL =inteiference Fattern of Conwvergent Polanzed Light
OB = Optical Birelnigerence

*Cu and Co= Diluted with Zn and Mg ons

S PT =Structural Phase Transition
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